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Quaternary tufas in the Serra do André Lopes, 
southeastern Brazil 

Luis Henrique sapiensa aLmeida (*),WiLLiam saLLun FiLHo (**), 
ivo Karmann (***)  & pauLo Cesar Boggiani (***)

____________________
(*) Geology undergraduate school, Instituto de Geociências, 

Universidade de São Paulo. Rua do Lago, 562, 05508-080, SÃO PAULO. 
E-mail: luisalmeida87@hotmail.com

(**) Instituto Geológico, Secretaria do Meio Ambiente do estado de 
São Paulo. Av. Miguel Stefano, 3900, 04301-903, SÃO PAULO. E-mail: 
wsallun@gmail.com

(***) Departamento de Geologia Sedimentar e Ambiental, Instituto 
de Geociências, Universidade de São Paulo, E-mail: ikarmann@usp.br, 
boggiani@usp.br

is comprised of phytohermal tufas, with micrit, oolitic, 
peloidal and pisolithic portions of allochthonous tufa, 
with intraclasts of phytohermal tufa and reworked pi-
solites, lithic fragments, abundant fossils of terrestrial 
gastropods and molds of plant trunks and branches 
(Fig. 1). Two of the dated sequences cover the period 
from 10,194 to 3,375 cal yrs BP.

The Frias deposits is located at the southwestern 
portion of André Lopes Highlands region, associated 
with the Claro River, with active and eroded deposition 
on the riverbed, as well as associated ancient hillside 
deposits. These are a rigid laminated tufa, with a large 
quantity of dispersed clasts, generally matrix-supported, 
of varying sizes, with levels of cemented conglomarates 
(clast-supported), being able to be classified (according 
to penteCost, 2005) as a cemented rudite, formed in a 
high-energy environment.

 The active deposits in current drainage channels, 
including Sapatú and Claro rivers, the morphology typi-
cally observed, according to pedLey (1990), was that of 
hillside waterfalls and dams (Fig. 2), varying according 
to the declivity and flow rate of the drainage. It is possi-
ble to observe various types of plant remains, gastropod 
shells, living gastropods in dry portions of the riverbed, 
lithic fragments and terrigenous sediments. In some 
levels, laminated structures show rounded stromatolitic 
formations, in the shape of domes or stromatolitic col-
umns, characterizing autochthonous deposits.

Key Words: tufa, karst, Quaternary, waterfall.

INTRODUCTION

Active and ancient deposits of tufas occur along 
drainage channels in the Serra do André Lopes region, 
state of São Paulo, southeastern Brazil, associated with 
the karstic system developed on a dolomitic plateau with 
a superhumid subtropical climate. The predominance 
of autogenic waters enables groundwater to become 
enriched in calcium carbonate, with low terrigenous 
sediment content. In the Serra do André Lopes region, 
the occurrence of tufas was mentioned in geological 
mapping studies dating from the 1980s. According to 
CampanHa et alii, 1985, tufas are very commom in the 
region, with two principal ancient occurrence: 1-Sapatú, 
on the watercourses known as Córrego Angico and 
Córrego Sapatú; 2- Frias, on the watercourse known as 
Ribeirão do Fria.

DEPOSITS FEATURES

The Sapatú deposit is associated with the drainage 
channel represented by the Angico River drainage, on 
the northwestern slopes of the highlands, with signifi-
cant deposition of tufas, not only in the form of ancient 
deposits, but also in active deposits in the current drain-
age channel. The ancient hillside deposits have an ap-
parent thickness of around 12 m and a real thickness 
of approximately 3 m, with a minimum width of 30 m. 
These are composed of stratified friable tufas with ir-
regular to plane-paralell layering and layers on a mil-
limetric to centimetric scale, in accordance with the 
inclination of the slope. In general, the Sapatú deposits 

Fig. 1 – Tufas in Sapatu deposit.
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 The hydrochemical parameters of some drain-
age channels showed a high magnesium and calcium 
content, high conductivity and pH up to 8 (Table 1). At 
some drainage channels the water is less saturated in 

Fig. 2 – Barrage and dam system of tufa deposition, at the Arivá 
River.

carbonate due to mixing with water circulating in non-
carbonate rocks. In the case of the Ostras River, after 
crossing 10 km in the cave, its resurgence has no tufa, 
and the reasons for a lack of deposition require further 
detailed studies.
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Sedimentology of tufa deposits:
some clues to interpret past depositional scenarios 

ConCha arenas abad (*), Marta Vázquez urbez (*) & Gonzalo Pardo tiraPu (*)  

____________________
(*) Estratigrafía. Departamento de Ciencias de la Tierra. Universidad 

de Zaragoza. Calle Pedro Cerbuna, 12, 50009 Zaragoza, Spain. E-mail: 
carenas@unizar.es, m.vazquez.urbez@gmail.com, gpardo@unizar.es 

sis –although not yet commonly applied within the tufa 
context- is revealed as a fundamental  method  to  re-
construct  the depositional framework (fig. 2, 3) and 
eventually elaborate sedimentary models (arenas-abad 
et alii, 2010; Vázquez-urbez et alii, 2011b). Indeed, the 
stable-isotope composition of some facies may record 
short-term changes in environmental parameters linked 
to climate (e.g., temperature, discharge, etc.).

The lecture aimed to provide the basis to search 
for paleoenvironmental information (depositional, hy-
drologic, climatic) from the sedimentologic analysis of 
tufa deposits, focussing on several Cenozoic examples 
of Spain. It was intended to give the principal clues for 
field and laboratory investigation that helped infer sedi-
mentary facies models. 

Key words: tufas, stratigraphy, facies analysis, sedimentary 
models. tufa, karst, Quaternary, waterfall.

Tufa deposits represent excellent archives of past 
environmental conditions, the interpretation of which 
partly relies on sedimentologic, geomorphologic and 
geochemical studies. 

Detailed stratigraphic and sedimentologic analysis 
of tufa deposits provides valuable information to iden-
tify distinct depositional units (fig. 1), know the distri-
bution of facies throughout a basin and reconstruct 
the evolution of a tufaceous system through space and 
time (Vázquez-urbez et alii, 2011a). Chronological data, 
when available, can be a useful tool to correlate such 
units within a basin and among basins. Facies analy-

Fig. 1 - Detailed stratigraphic and sedimentologic analysis of tufa deposits 
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Fig. 2 – Field view tufa deposits at Los Bancales (Pleistocene, River 
Piedra Valley, Iberian Range, Spain). Mounds (associated with 
barrage-cascades) and lenticular deposits (associated with damming) 
between these mounds.

Fig. 3 – Field view of stromatolites formed in subvertical cascades 
at Los Bancales (Pleistocene, River Piedra Valley, Iberian Range, 
Spain).
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Terrestrial carbonate palynology: aims and 
perspectives 

Marianna ricci (*) & adele Bertini (*) 

____________________

(*) Department of Earth Sciences, University of Florence (Italy); 

E.mail: adele.bertini@unifi.it; marianna.ricci@unifi.it

Key words: Terrestrial carbonate, palynology, paleoenviron-
mental reconstructions.

Fossil pollen grains are a powerful proxy for flo-
ristic-vegetational, environmental and climatic recon-
structions both in marine and continental deposits. The 
palynological investigation of terrestrial environments 
is especially concentrated on clays and peats whereas 
is more rarely applied in the study of carbonates (trav-
ertine, calcareous tufa, speleothems) because the idea 
that pollen is not preserved in carbonate deposits. Any-
how, very recent finds of well-preserved pollen grains in 
different Quaternary terrestrial carbonates of central It-
aly (Rapolano Terme and Valdelsa basin), demonstrate 
the possibility of face this approach in such deposits, 
sensible indicators of environmental and climatic varia-
tions.

The palynological protocol (objective, field and lab-
oratory methods, general applications, data manage-
ments) as well as some cases study will be illustrated to 
point out and discuss the utility of carbonate palynol-
ogy in the:

- definition of the flora and vegetation from local to 
regional scale;

- reconstruction of paleoclimatic changes;
- characterization of depositional environment re-

lated to different lithofacies;
- interpretation of isotopic fluctuations (δ13C, δ18O).
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Travertine deposition and tectonic activity

AndreA Brogi (*) 

____________________

(*) Dipartimento di Scienze della Terra, Università degli Studi di 

Siena. Via Laterina, 8. 53100. SIENA. E-mail: brogiandrea@unisi.it

Key words: Neotectonic, travertine, hydrothermal circula-
tion. 

During the past few decades, studies on the relation-
ships between travertine deposition and tectonic activ-
ity have improved the field of neotectonic investigation. 
Faults and fractures are the most ubiquitous and ef-
ficient avenue for fluid migration in the Earth’s crust. 
Faulting guaranties the opening of fractures in the bed-
rock, favoring the circulation and upwelling of hydro-
thermal fluids in those areas characterized by anoma-
lous geothermal gradients. Structurally controlled ther-
mal springs aligned along the traces of relevant faults 
represent the superficial display of deep geothermal 
systems. In this case, thermal springs can deposit trav-
ertine masses if the hydrothermal fluids are character-
ized by suited salinity. 

In geothermal systems, fluids circulating in the bed-
rock have high fracture-sealing capacity. This process 
disrupts the permeability inhibiting the fluids circula-
tion. Consequently, fluid flow and faulting are generally 
more or less contemporaneous. Thus, travertine depo-
sition becomes indicative for the age of the tectonic 
activity. It derives that studying travertine masses is a 
primary circumstance for tectonic studies. Additionally, 
the morphology of travertine deposits can be strictly 
controlled by the geometric setting and kinematics of 
faults and related damage zones. In this view, the analy-
sis of travertine masses in terms of morphology, spa-
tial distribution and age opens new ways for studying 
brittle deformation and defining the geometry and age 
of faults.
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Outside to understand inside: 
sedimentology of travertine deposits

Enrico capEzzuoli (*) 

____________________

(*) Dipartimento di Scienze della Terra, Università degli Studi di 

Siena. Via Laterina, 8. 53100. SIENA.  E-mail: capezzuoli@unisi.it

KEy words: Sedimentology, travertine, litofacies. 

The term “Travertine” comprise a widespread group 
of terrestrial carbonates which petrologic and geo-
chemical proprieties closely reflect the genetic relation-
ships with the physico-chemical conditions of the par-
ent waters, the associated microbial processes and the 
geo/tectonic and morphological context of the deposit-
ing environments. In this view they can be considered 
particularly sensitive and accurate proxy-indicators of 
environmental change and of anthropogenic influences 
for the most recent ones. 

The sedimentological-petrologic study of the trav-
ertine allow to establish its genetic microenvironments 
of deposition and to define the depositional processes 
of the different lithofacies, in order to reconstruct the 
respective parent depositional systems and the paleo-
geographic frame. Defining the fabrics and genetic con-
nexions of the sedimentary facies will help in the facies 
analyses and finally will lead to the restoration of the 
depositional systems which produced the diverse cal-
careous bodies in the frame of the neotectonic evolu-
tion of the depositional area. This characterization of 
the litho-/micro-facies and supporting the understand-
ing of paleoenvironmental conditions and paleoclimat-
ic changes also recorded in continental carbonates of 
other localities.

The obtained data set a figure in the stratigraphic, 
tectonic and geomorphologic background, will contrib-
ute to the interpretation of the paleogeographic, envi-
ronmental and climatic evolution of similar sediments 
in recent times.

Mediterranean examples of these reconstructions 
were showed during the keynote.
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The Baltaşı travertine field is located to ~45 km east-
southeast of Elazığ,  on the East Anatolian Fault System 
(EAFS), Turkey. The Baltaşı travertines are developed 
along the left lateral strike slip fault with normal com-
ponent. The fault plane inclines to the northwest.  In the 
study area travertines are at elevations between 900 and 
1100m above sea level. 

The travertines were precipitated on the Guleman 
ophiolith, which thrusted on the Permo-Triassic 

Fig. 1 - Tectonic setting of the Baltaşı travertine site.

metamorphics composed of mainly marble with schist 
intercalations.

They are mostly horizontally bedded, laterally ex-
tensive up to a few hundreds of metres and yellow in 
colour. The succession have green mudstone interlayers 
with composition of 50 % smectite, 15 % kaolinite, 10 
% chlorite, 10 % quartz, 10 % calcite, 5 % amphibole 
and associated erosion surfaces. The total thicknes is 
around 35m. Karstification is widespread at the upper 
parts.

The travertine occurances were cut by the fractures 
N-S and NE-SW trended in some places. Vein traver-
tines filling the fracture spaces are almost calcite based 
on the XRD analyses. 

The U-series ages of the travertine samples are be-
tween 224,5ka, and 322,2ka (Middle Pleistocene). Fe 
and Mg contents of the travertine samples are higher 
due to ophiolith bedrocks. 

The Sr contents of the vein travertines, with the val-
ues of  52,1 to 83,4 ppm, formed by the shallow circulat-
ed surface waters, are lower with respect to the traver-
tine samples. The δ13C and δ18O values of the travertine 
samples are  +5.9 to -0.2 (‰ PDP) and -12.2 to -7.0 (‰ 
PDP), respectively.

The vein travertines have two different stable 

Fig. 2 - General view of the Baltaşı travertine site quarried presently. 
Travertine mass overly ophiolitic bedrocks
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isotope values. Some veins have positive δ13C  values 
[+3.7 – (-2.3)], while others have negative values  (-11.0 
and -5.1).

In conclusion, the studied travertine deposits are 
developed along a left lateral strike slip fault zone with 
normal component.

The travertine occurances were precipitated in shal-
low and extensive pools in several terraces. 

Based on the stable isotope data, two type veins im-

proved through the fractures of the travertines. First 

type, having pozitive δ13C values which are hydrother-

mal in origin, on the contrary, the second type, with 

negative δ13C values was originated from shallow circu-

lated surface waters.
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The La Celle fossil tufa is known since the late 19th 
century for its very well preserved leaf prints and its ar-
chaeological artefacts from the Early Palaeolithic. This 
sequence was assigned in the 1990’s to the Marine Iso-
topic Stage (MIS) 11 according to palaeontological and 
geomorphological data. New research started in 2005 
looked at a tufa profile of >25m long and up to 11 m 
thick investigated overlying terrace fluvial deposits of 
the Seine River (Northern France). The MIS 11 attri-
bution was confirmed by U/Th-TIMS and ESR dating 
(average of 400 ka) and new malacological data. More-
over, multidisciplinary studies at La Celle have provided 
very coherent palaeoenvironmental and palaeoclimatic 
reconstructions. 

Geochemical proxies on tufa calcite record temper-
ature (δ18O) and humidity (δ13C and trace elements Mg 
and Sr). They show a warm and wet climatic optimum 
followed by two temperature decreases of about 0.7 
then 1.2 ± 0.5 °C correlated with oscillations of humid-
ity conditions. These marked climatic variations along 
the La Celle profile are strongly coherent with the pa-
laeoenvironmental reconstructions from malacological 
data that indicate the maximum development of a dense 
temperate forest when the warmest and very wet condi-
tions are recorded by geochemistry. Moreover, the two 
significant decreases of temperature are linked to im-
portant changes in the mollusc assemblages. Addition-
ally, petrographic observations allow determination of 
fossil genus of algae such as cyanobacteria and provide 
information about the depth of the water and dynamic 
conditions where the La Celle tufa precipitated. 

Our multiple proxy dataset was compared to other 

continental and marine records of the MIS 11 climate 
and environment. A clear time lag between the maxi-
mum development of temperate conditions in North-
western Europe and the temperature optimum record-
ed at a global scale in marine cores was shown. Thus 
multidisciplinary investigations of tufa provide impor-
tant data to reconstruct palaeoenvironments and palae-
oclimates and to understand their dynamic during the 
Middle Pleistocene Interglacials.
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ABSTRACT

The depositional and erosional history of the Lapis Tiburtinus 
endogenic travertine located 30 km to the east of Rome, Central Italy, 
near the Colli Albani quiescent volcano, is interpreted through three-
dimensional stratigraphy and uranium-series geochronology. Analy-
ses of large exposures located in active quarries and of cores obtained 
from 114 industrial wells reveal that the travertine deposit is about 20 
km2 wide and 60 m thick on average. The travertine thickness is over 
85 m toward its western N-S-elongated side, where thermal springs 
and large sinkholes occur aligned over a seismically-active N-striking 
shallow fault. Results constrain the onset and conclusion of traver-
tine deposition at about 115 and 30 ka, respectively. This deposit is 
characterized by a succession of depositional benches grown in an 
aggradational fashion and separated by five main erosional surfaces, 
which are associated with paleosols, conglomerates, and karstic fea-
tures. This evidence shows that the travertine evolution was mostly 
controlled by water table fluctuations. A comparison with global and 
local paleoclimatic indicators suggests that water table fluctuations 
were partly modulated by climate cycles. Other influencing factors 
may have been fault-related deformation and volcanic activity. 

Key woRDs: travertine, paleoclimate, faults, uranium-series 
method, three-dimensional methods. 

INTRODUCTION

Travertines and tufa are the product of calcium 
carbonate precipitation under hydrothermal and near 
ambient conditions, respectively, in continental ar-
eas (FoRD et alii, 1996; penteCost, 2005; CRossey et alii, 
2006). Several parameters may control the formation 
of travertines and tufa (penteCost, 1995), in particular 
climate and tectonic conditions seem strongly to lead 
their deposition. The aim of this research was to con-
tribute to the knowledge of the factors  that control the 
depositional cycles of endogenic travertines. To do so, 
we studied the Lapis Tiburtinus travertine, which is 
exposed near Tivoli, circa 25 km to the east of Rome, 
Central Italy (FaCCenna et alii, 1994), and provides an 

exceptional three-dimensional view of an endogenic 
travertine formed during late Pleistocene time over an 
active strike-slip fault nearby the Colli Albani quiescent 
volcano (ChaFetz et alii, 1984; penteCost, 1995; gaspaRini 
et alii, 2002). We used three-dimensional stratigraphic 
and uranium-series dating methods to unravel the dep-
ositional cycles of the travertine and understand their 
possible causes or influencing factors.

RESULTS

Geochronological, sedimentary, and three-
dimensional stratigraphic evidence shows that the Lapis 
Tiburtinus travertine evolved in a cyclical manner by 
alternating depositional and erosional stages between 
about 115 and 30 ka. In particular, the occurrence of 
alternated depositional benches and erosional surfaces, 
which are associated with paleosols, conglomerates, 
and karstic features, shows that the cyclical evolution 
of the travertine deposit was controlled by fluctuations 
of the water table in the Acque Albule basin (Fig. 1). 
Erosion occurred under subaerial conditions during low 
stands of the water table, whereas deposition occurred 
during high stands, when the travertine deposit grew 
by onlapping the underlying erosional surface and by 
aggrading toward the south. Fluctuations of the water 
table in low and near-coastal areas such as the Acque 
Albule basin can be modulated by several factors. The 
first and most viable hypothesis is that paleoclimate 
conditions (i.e., average temperature and humidity) 
influenced the elevation of the water table in the Acque 
Albule basin by modulating the level of both the sea and 
the continental waters (e.g., noe-nygaaRD et alii, 2001; 
pRoKopenKo et alii, 2005). The relationships between 
travertine cycles and paleoclimatic conditions suggest 
that the travertine deposition and erosion should have 
been influenced by some other factors in addition to 
paleoclimate conditions. We hypothesize that fault-
related deformation exerted an important control on 
the formation of the travertine and on its depositional 
rate (Rihs et alii, 2000; FaCCenna et alii, 2008, 2010). The 
causal link between travertine deposition and faulting is 
indeed supported by the following evidence: (1) the age 
of the calcite filling some fault-related fractures is coeval 
with travertine deposition; (2) the maximum thickness 
of the travertine deposit coincides with the underlying 
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seismically active fault; and (3) thermal springs, large 
sinkholes, and fractures inside the travertine deposit 
are well aligned over the same fault.
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Fig. 1 - Schematic models for the deposition of the Acque Albule trav-
ertine (from FACCENNA et alii, 2010, inspired by and modified from 
RHIS et alii, 2000). We propose that hydrothermal circulation along 
the fault is enhanced during periods of warm and humid climate be-
cause the groundwater recharge increases the overall fluid discharge 
and triggers the rupture of the fault zone, channelling deep fluid 
along the high-permeability damage zone.
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INTRODUCTION 

On Black Mountain, South Wales, leachate from 
19th century limekiln spoil has created an extreme tufa 
environment, which is depositing calcium carbonate 
morphologically similar to travertines and speleothems. 
This environment excludes plants due to the high pH 
(9-13) of the system (as opposed to exclusion by temper-
ature/chemistry or lack of light), but does not exclude 

all microbial communities. Despite these communities 
obviously differing from those found in hot-spring and 
subterranean environments, the microbial fabrics they 
produce are similar. Combined with the relatively strong 
influence of physico-chemical processes, this generates 
facies more analogous to travertines and speleothems 
than to most tufas (Fig.1).

CURRENT RESEARCH

The unusual chemistry of the system results in the 
precipitation of CaCO3 by an entirely different mecha-
nism from that of natural tufa and travertine systems 
(AndrEws et alii, 1997). Despite this, the facies show 
many similarities to travertine systems (EmEry, 2008).

Detailed facies maps presented here, demonstrate 
a wide range of facies. Facies analysis combined with 
measurements of the geochemical parameters of the 
system enable the relationships between facies, physi-
co-chemistry and biology to be described.
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The depositional facies that characterize old epigean 
carbonate bodies can all be recognized in present day 
fluvial and thermal systems and observed throughout 
their formation. Both deposits derive from flowing Ca/
CO2-rich waters rising from cool/ambient temperature 
karstic sources (Calcareous tufa) or thermal/warm to 
hot spring systems (Travertine). 

Their depositional features are quite different:
- in the fluvial environment they reflect the biological 

activity of a varied micro-and macro-flora and a lower 
concentration of Ca+2. Bio/phytohermal constructions 
related to rapid turbulent flows and muddy palustrine 
facies prevail in the Calcareous tufa deposition;

- in the thermal system peculiar litho- and micro-fa-
cies appear to be mostly controlled by physico-chemical 
factors. High concentrations of the solution and related 
cooling and degassing processes associated with the 
morphology of the substrate and the mechanical pro-
prieties of the water flow, define the textural character-
istics of the Travertine deposits that drastically varies 
from crystalline crusts connected with rapid laminar or 
turbulent flows to laminated microbially mediated fab-
rics such as microbial rafts and mats connected with 
wetland conditions.
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INTRODUCTION

Percolating water through organically enriched soil, 
raises the water pCO2 promoting an increase in car-
bonates dissolution. Following subaerial exposure, the 
water-atmosphere interaction, leads to an oversatura-
tion of water CaCO3 and precipitation (Pentecost, 2005; 
chaftez & folK, 1984). This precipitation can be inor-
ganic, biologic or both (Pedley, 2009). The tufa facies 
presented in this work, follow Guerreiro et alii (2010) 
and Pedley (1990) and the accumulation models follow 
Pedley (2009).

In Central and Western Algarve over de Mesozoic 
limestone substrate, there are many tufa outcrops, with 
main outcrops occurring along the streams of Alte, Mer-
cês, Cadouço, Rio Seco and Asseca.

Algarve is the southernmost Portuguese region in 
the Iberian range, developed in three main geomorpho-
logical settings (feio, 1952). In the north, the mountain-
ous area is mainly composed by Carboniferous schist 
and greywacke, and a Late Cretaceous intrusive massif 
in the west. In the south, develops the meridional Meso-
Cenozoic Algarve basin, composed by the Triassic and 
Jurassic lithologies known as Barrocal with Cretaceous 
and Cenozoic sediments and the Littoral with Cenozoic 
topographically lower and eroded by the shore realm.

HYDROLOGICAL SYSTEM

The Algibre flexure is the main geomorphological 
feature in the area, where the karst is well developed 
as aquifer’s recharge area (almeida, 1985). The highest 
hills (350 to 380 m) are bare and soddy karst plain ar-
eas, where surface runoff is very low (e.g. Cabeça Gorda 
and Rocha). Lower colluvial areas have also low runoff 

conditions, because most are also low gradients (< 3°) 
and some have dolines and sinks (e.g. Campina dos Ga-
legos or Rossinas).

Discharge areas are located on the North and the 
South, but in different settings. Discharge to Mercês ba-
sin (North) is controlled by impermeable Triassic lith-
ologies along high gradient slopes. All springs are in-
termittent and discharge is linked to the Mediterranean 
climate wet season.

In the South, the discharge occurs along low gra-
dient streams like Cadouço or São Lourenço. Different 
discharge settings result in different deposition systems 
as suggested in Pedley (2009).

Fig. 1 – Location map of the study area
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PERCHED SPRINGLINE TUFA

Springs in the Mercês basin are commonly perched 
and in low runoff karst, enhancing the development of 
perched springline model, where Pedley (1990) sug-
gested proximal and distal deposits. Mature proximal 
deposits have wedge morphology with fan-shape, shap-
ing low gradient terrace with a slow braided flow, some-
times with some ponds. In this area only the Olho de 
Paris can be classified as mature, with a 300 m long and 
wide, one small pond next to spring and many channels 
that spread from the old anthropic bank.

High gradient at downstream edge enhance the sed-
imentation on cascades, producing moss curtains (sub-
vertical moss laminar bioherm) intercalated by other 
bioherms and phytoclastic tufa on small pools and short 
low gradient channels where the upper macrophytes 
detritus (stems, fruits and leaves) accumulate leading 
to the development of tufa microdams and decimeter 
pools. Due to the high permeability in these systems, 
sometimes dissolution structures are present (ordoñez 
& García del cura, 1983). Decimeter scale holes in Pene-
dos A. are covered by syngenetic speleothems and flow-
stones, however, there could have been a former hollow 
in the waterfall deposits now partially destroyed.

Distal deposits in the above mentioned model are 
mainly composed by phytoclastic tufa and locally bio-
herm tufa developed on channels. However, in this 
model low gradient alluvial deposits exist downstream. 
Not only Olho de Paris but also Penedos Altos outcrops 
are followed by important stream sediments fed by the 
turbidite formations in the surrounding mountainous 
areas, with the high energy flow destroying the most 
recently deposited tufa. There are few situations where 
gravel and cobble is strongly cemented on modern 
stream, as in the case of the downstream of Olho de 
Paris or some strata from ancient accumulations.

There are other incrusting springs in the area, but 
the low discharge related to the geomorphological or 
hydrogeological settings prevent the outcrops mainte-
nance.

FLUVIAL TUFA

In the southern low-gradient streams, fluvial mod-
els develop. The main modern features in the area are 
the waterfalls up to 5 m and channels, where the main 
facies are macrophytes, moss and other lamellar bio-
herm tufa and oncoids.

This is an intermediate model for braided fluvial 
model and barrage model, where valleys are incised but 
incipient discharge associated to the Mediterranean cli-
mate and small aquifer produce a cascade model. In the 
studied case lakes are absent and few small pools exist 
due to the low sedimentation.

The São Lourenço stream outcrop is developed in 

a valley floor struggle, where ancient pebble conglom-
erates with massive carbonate cement are horizontally 
followed by curtain moss and algae laminar tufas and 
some low energy pool deposits.

Despite the modern deposition, both valleys are 
currently incised in older tufa deposits which are pres-
ent on river banks and terraces. The ancient structures 
show the same facies associations as the modern ones, 
with some tufa clasts and unconformities interlayered 
in some sequences of sedimentation.

CONCLUSION

Algibre flexure is the main geomorphological struc-
ture in the area, which include the recharge area feed-
ing the springs on the northern and southern slopes.

Geomorphological conditions result in distinct tufa 
structures, especially when considering slopes gradient. 
In the northern high gradient slopes, perched springline 
models are predominant. In low gradient streams like 
Cadouço and São Lourenço, deposits along the streams 
can occur. However, in this situation we don’t know 
lacustrine deposits like other Mediterranean outcrops 
despite the presence of modern and ancient waterfalls 
or just stream deposits.

Spring regime with long discharges allows the de-
velopment of bigger and more suitable structures to 
model the systems, especially when discharge extends 
to the warmer months like May or June. 
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Physico-chemical conditions of tufa precipitation 
will be presented. Geochemistry of tufa formation in-
volves also the isotopic exchange processes of carbon 
and oxygen isotopes between dissolved inorganic car-
bon and atmospheric CO2 and by the decisive role of 
biota. Assuming isotopic equilibrium during calcite 
precipitation then terrestrial carbonates such as tufa, 
speleothem or lacustrine sediment can provide a record 
of environmental and climatic information. Results of 
investigation of tufa deposits from the Dinaric Karst 
in terms of the conditions of formation, using physical 
and chemical parameters in conjunction with isotopic 
measurements (14C, δ13C and δ18O) will be presented. 
Variations of growth frequency of tufa deposits based 
on 14C and 230Th/234U dating demonstrate that the for-
mation of calcite deposits was stimulated by changing 
climate, e.g. during interglacial periods with warm and 
humid conditions.
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Water is essential for all socio-economic develop-
ment and for maintaining healthy ecosystems.

As population increases it will lead to increase de-
mand for groundwater and surface water for domestic, 
agriculture and industrial sectors. The increasing stress 
on freshwater resources brought about by ever-rising 
demand and profligate use, as well as by growing pollu-
tion worldwide, is of serious concern.

The Offin Basin which is the main source of water 
for Kumasi and its environs is also undergoing similar 
pressures, which when not managed could put the re-
sources under tremendous stress.

The aim of this study is to quantify the surface wa-
ter available in the Offin Basin.

                                                                          

In this study SCS-CN rainfall runoff model was used 
to assess the surface water resources of the Offin basin. 
The methodology involved the collection and analysis of 
rainfall data from 1965 to 2003 from the Meteorological 
Services Department, Kumasi. Also stream flow records 
of Mfensi were obtained from Hydrological Services 
Department, Kumasi for the validation and calibration 
of the model for the study.

From the studies the maximum runoff volume is 
8.11x109m3/year which occurred during 1968. The 
minimum runoff volume is 1.08x109m3/year which oc-
curred in 1990. The average runoff volume for the study 
is 3.65x109m3/year.
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Geochemical study of travertine deposits means 
mainly the analyses and interpretation of the stable 
isotope and trace elemental composition. These 
data are very useful both in paleoenvironmental and 
paleoclimate studies (e.g. AndrewS, 2006), including the 
determination of the origin of different carbon sources 
accompanying the travertine deposition. One of the most 
important application of stable isotope geochemistry 
of continental carbonates (travertines, freshwater 
tufa deposits and speleothems) is the calculation of 
formation temperatures, which can be estimated using 
various methods among them conventional carbonate-
water paleothermometry (MccreA, 1950, epStein et alii, 
1953, KiM & o’neil, 1997) is one of the most frequently 
used one. The disadvantage is that it requires knowledge 
or estimation of the oxygen isotope composition of 
water from which the carbonate precipitated. Calcite 
oxygen isotope paleothermometry generally uses 
equations (e.g. the equation of FriedMAn & o’neil, 1977) 
assuming equilibrium isotope fractionation during 
carbonate precipitation. However, as the increasing 
number of papers have shown (e.g. GonFiAntini et 
alii, 1968; FriedMAn, 1970; FouKe et alii, 2000; coplen, 
2007; Kele et alii, 2008a,b; 2009, 2011, deMény et alii, 
2010), isotopic equilibrium is rarely maintained under 
natural conditions during calcite precipitation. In 
travertine depositing environments the situation is even 
more complex isotopically than in other cases, due to 
kinetic isotope effects accompanying with elevated CO2 
outgassing and high precipitation rates. Thus, the study 
of calcite-water oxygen isotopic fractionation during 
travertine deposition is crucial for paleotemperature 
calculations. Beside the general review of the 
conventional carbonate-water paleothermometry, the 
presentation summarizes the results of the studies 
performed at recent Hungarian, Italian and Turkish 
travertine sites in the temperature range between 13-67 
ºC and aims to refine the way of temperaure calculations 
in order to get more reliable paleoclimatic signals from 
hot-spring carbonate deposits.
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Southern Tuscany is located in the inner part of 
the Northern Apennines, an area which experienced 
lithospheric thickening, during the Cretaceous-Early 
Miocene, and lithospheric thinning, during Miocene - 
Present. From Messinian, extension was accompanied 
by widespread middle crustal plutonism and volcanism. 
The interplay among extensional structures, cooling of 
magmas, and meteoric waters, determined the conditions 
for a significant hydrothermal fluid flow, leading to 
widespread Pliocene-Pleistocene ore deposits. 

Today southern Tuscany is characterized by heat 
flow of about 120mW/m2, on average, with local picks 
up to 1000 and 600 mW/m2, in the Larderello and Monte 
Amiata, geothermal fields, respectively.  

The maintenance of the tectonic setting and 
geological evolution since Messinian makes southern 
Tuscany an unique area for bridging the past and the 
present geothermal activity and therefore for improving 
our knowledge on the relationships between geological 
structures and geothermal resources.
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This lecture will give a general overview of the carbon 
cycle with particular emphasis on Co2 and starting 
from the beginning of the Earth history. Being the 
geochemistry of carbonate species particularly complex, 
an overview of all reactions involving carbonate species 
will be presented: from a shallow perspective involving 
the dissolution of limestones and a deep perspective 
involving the rising of Co2. The isotopic composition 
of limestones and Co2 in different environments will 
be presented together with their meaning from a 
prospecting point of view. Finally, being the Co2 involved 
in the present climate changes, the relationship between 
astronomic parameters and endogenous recycled Co2 
in subduction areas causing the perturbation of the 
Milankovitch cycles will be described.
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Seven texturally different facies were determined in 
the Aydıncık Tufa cropping out in an area of 2 km2 along 
the beach of Aydıncık town (İçel). These are phytoherm 
framestone facies (Tfç), phytoherm boundstone facies 
(Tfb), micritic tufa facies(Tm), crossbedded carbonate 
sandstone facies (Tçk), carbonate coated conglomerate 
facies ( Sç), pebbly carbonate sandstone facies(Tk) and 
tufa breccias facies (Tb).

 Phytoherm framestone facies is made up of 
encrusting the root, branch and trunk of plant by dark 
cream colored laminated tufa sheath and molds of plant 
parts which are either empty or filled by white calcite. 
It  was form as a result of carbonate encrusting around 
the root, trunk and branch of plant growing in the 
peripheral part of lake.

Phytoherm boundstone facies are in two types. 
Horizontally laminated stromatolitic type of boundstone 
facies occur as near-horizontal algal mat having a 
thickness between 1 and 5 m. Domal stromatolitic type 
of phytoherm boundstone facies occur as coalesced 
semi-spherical heads having 30 cm to 300 cm diameter. 
The Phytoherm boundstone facies is characteristic 
with dark and light colored or porous and non-porous 
lamina in 0.5 to 5 cm thickness. Phytoherm boundstone 
facies, either horizontally laminated stromatolitic type 
or domal stromatolitic type, develop in shallow water 
near the shore and generally represent high energy 
environments. 

The tufa breccias facies is generally intraformational 
in origin and develops as reworked deposits with irregular 
shape, commonly as lenses. It comprises angular, 
poorly sorted fragments of phytoherm boundstone and 
phytoherm framestone facies and matrix of silt and 
fine sand size. This facies deposited by fragments of 
previously formed units such as phytoherm framestone 
and boundstone by fluvial activities developed in the 
environment. 

The crossbedded carbonate sandstone facies is 
composed of planer crossbedded yellowish and pebbly 
carbonate sandstone. It has lenticular shape and, are 
interpreted as reworked deposition of the detritic 

tufa by small meandering creek (5 to 10 meters wide) 
developed in depositional system 

The carbonate coated conglomerate facies 
comprises well rounded and moderately well sorted 
pebble originated from the older rocks in the area by 
carbonate coat having 1 to 3 mm thickness. It has been 
observed only in one level. It is lenticular in shape and 
grain supported. It is interpreted as lag deposits which 
were coated after deposition by carbonate reach water 

The pebbly tufa facies is made up of yellow to light 
brown, coarse to intermediate carbonate sandstone 
bearing scattered angular pebbles of basement rocks. 
The diameters of pebble range form 5 to 10 cm. It was 
formed as debris flow of tufa material formed by water 
discharged from springs and fragments of basement 
rocks before the lake reached the stable condition 

Micritic tufa facies is the most wide spread and 
volumetrically the largest facies. It is composed of 
massive or thick bedded micritic limestone. It is 
developed as deposits covering partially or totally 
the other facies at the peripheral part of lake and as 
monolithic deposits which was cut by detritic tufa 
facies in the middle part of the lake. Parts representing 
deep section of lake or deepened periods of lake are 
generally massive, have low porosity and plant debris; 
on the other hand parts representing shallow portions 
of lake or shallowing periods of lake are characteristic 
with high plant debris content and in some level with 
desiccating crack. 
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A series of mesocosm flume experiments have been 
run at Hull over the past three years which aimed to 
simulate natural tufa forming fluvial processes. Initial 
biofilm water was taken from the River Lathkill, 
Derbyshire, UK. Flumes were controlled by pumps, 
chillers and sodium lamps.  Experiments were run 
under both summer and winter conditions.

Initial biofilm colonisation was by attachment of 
filamentous cyanobacterial trichoms. Their positioning 
appeared initially to be random yet in a short time period 
(hours) they began to arrange as loose coils in contact 
with the substrate before throwing up vertical filaments 
at intervals. Gradually, filamentous phototrophs (e.g. 
Phormidium/Lyngbya) became establish in clumps 
around the loose coils and a crude polygonal fabric of 
densely associated individuals developed. EPS ‘clouds’ 
containing coccoid heterotrophs rapidly developed 
in the associated hammocks of phototroph filaments 
and grew discontinuously along the full length of the 
filaments. EPS developed most rapidly at the biofilm 
base and extended (in association with coccoid 
heterotrophs) to occupy much of the cellular polygonal 
areas. At the same time monogeneric Nostoc segregated 
in to the central areas where it formed irregularly coiled, 
freestanding growth-forms associated with EPS.  

Importantly, the flume generated biofilms also host 
carbonate precipitates thereby demonstrating some 
of the internal functions of both individual bacteria 
and their associated EPS. Ubiquitous carbonate 
precipitation takes the form of 20 nano-metre diameter 
‘nanospheres’ throughout  the EPS clouds around the 
polygonal margins but not in the Nostoc dominated EPS 
areas. As these nanospheres aggregate within the EPS 
they transform into microspar rhombs and ultimately 
into discontinuous calcite crystal aggregations around 
the margins of the original polygons and basal layer.  
Eventually, filamentous cyanobacteria within the walls 
arch over to form a vaulted roof to each of the polygonal 
cells and a second tabular calcite lamina forms.

The time interval between successive basal layers is 
variable and is not dependent on daylight length, water 
flow or temperature but must be determined by internal 
metabolic functions. The resulting cellular structure 

effectively forms the thrombolitic fabric well known 
from tufa deposits. No purely laminar fabric has been 
grown in the flumes to date but partial success reveals 
that in high turbulence conditions the cellular fabric 
becomes distorted down-flow or fails to form. In this 
situation the basal laminae alone develop and a multi-
lamellar fabric results.

The multi-lamellar biofilm remains alive throughout 
its thickness. This is achieved by means of EPS which 
ramifies throughout the fabric at all levels. Crystal sizes 
continue to increase in the deeper layers demonstrating 
that ion streaming within the EPS occurs beyond 
photic depths. This crystal growth is accommodated by 
attenuation within the EPS fabric. 

These precipitate-associated biofilms provide an 
example of complex intercellular collaboration serving a 
communal purpose (here, the removal of calcium ions). 
They provide a tangible example of how the transition 
from single to multicellular organisms might have been 
accomplished  in the Proterozoic.
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INTRODUCTION

The Montirone is a travertine-made hill (max. height 
15.75 m a.s.l.) located in the Abano Terme area of the 
Euganean Geothermal Field (EGF), that extends on a 
plain band of 36 Km2 to the south of Padova (Veneto-
Italy). The existence of an extensional relay zone, buried 
hundred meters beneath the alluvial cover, between 
segments of the Schio-Vicenza fault system (SVFS) has 
been proposed (ZaMPieri et alii, 2009). This structure 
accommodates a local extensional regime that keeps 
open fractures in the subsurface of EGF and enhances 
the uprising of hot waters. The temperature of thermal 
waters, used mainly for spa and health purpose, ranges 
from 60°C to 86°C. 3H and 14C measurements suggest 
a residence time greater than 60 years, probably a few 
thousand years. At present, about 250 wells are active 
and the total average flow rate of exploited thermal 
fluids is 15 Mm3/Y.

Until the 1960s (Fig.1), the only natural occurrence of 
thermal waters in Abano was located on the Montirone 
hill; hot waters fed several pools located on the flat top 
and at the base of the hill and were partially channeled to 
move a mill-wheel. The intense exploitation of thermal 
waters, linked to the increasing number of thermal 
wells, lowered the potentiometric level from more 
than 16 m a.s.l. to -15 m a.s.l. (year 1982; at present 
is 5 m a.s.l.) and dried up the hot springs. The hill has 
a sub-circular shape, covers an area of 10000 m2 and 
can be classified as a regular shaped travertine mound 
(PenTecoST, 2005).

FIELD MEASUREMENTS & DATA ANALYSIS

The mound is affected by a network of fractures 
mainly composed of two sets (WNW-ESE and NNE-
SSW; Fig. 2a) that can be interpreted as a fracture mesh 
developed in a dilational stepover between strike-slip or 
transtensional fault segments of the SVFS. The trend of 
fissures (Fig. 2c) parallels the trend of the main regional 
structural elements (e.g. SVFS; mainly oriented NW-SE) 
and is consistent with the direction of the anisotropy 
depicted in the variogram analysis of transmissivity 
calculated in the bedrock of EGF (N110°E; Fabbri, 
1997).

Two drillings (about 1m deep; green dots in Fig.2a) 
were made to study the depositional facies of the 
travertine because of the absence of relevant cross 
sections. Thin sections of the core samples show the 
dominance of layered travertine made of lime-mudstone 
with paper-thin rafts and laminae of bacterial shrub, 
locally covered by crystalline crusts made of feather-
like calcite. Moreover, soft sediment syndepositional 
deformations and repeated phases of karstic dissolution 
and redeposition have been observed. 

Isotopic analyses on uranium-series, carried out 
on crystalline crusts sampled during the drillings, have 
given ages from 30±4 kY to 25±5 kY. Moreover, the low 
content of U (from 3 to 12 ppb) and the high activity 

Fig. 1 – Historical picture of the Montirone hill in the 1960s.
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ratio of 234U/238U (>2) clarify the high interaction 
between rock and water, typical of a deep geothermal 
system. Geophysical methods, and particularly 
Electromagnetic survey (EM) and Electrical Resistivity 
Tomography (ERT) were used to determine the 
mound geometry. The map of EM measurements (Fig. 
2b; depth of investigation around 1.5m) shows the 
presence of two resistive areas along the slope and a 
more conductive region on the top of the mound. The 
latter can be interpreted as indicative of the uprising 
of thermal waters through a more fractured zone. ERT 
surveys confirm the vertical extent of the conductive 
and resistive anomalies, and support the interpretation 
above (Fig. 2d).

CONCLUSION

The presence of the Montirone travertine deposit 
strongly supports the existence of a releasing structure 
in the subsurface, which controls the development of 
the EGF, and an ongoing activity of the SVFS, which is 
generally considered inactive. The analysis on U-series 
isotopes gives another important constraint on the 
deep circulation and a long residence time of thermal 
waters.

Fig. 2 – a) plain view of the Montirone Hill; the direction of fissures, represented by the blue lines in the map, is plotted into a rose diagram 
(Fig.2c) showing clearly that the trend of fissures parallels the trend of the main regional structural elements (e.g. SVFS - red arrows, transmis-
sivity in EGF bedrock - blue arrows); b) the EM map of the Montirone hill (1.5m investigation depth) shows the presence of a conductive region 
on the top of the mound; d) ERT tomography (e.g. L_0 in Fig.2b) shows the presence of a conductive region in the middle part of the mound 
(in depth) reaching out the upper part of the hill (m. 55-65, depth 10m a.s.l.); it is caused by a more fractured zone (highlighted by the dashed 
rectangle) that permits the uprising of thermal waters.
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Fluid inclusions trapped in minerals represent the 
most direct evidence of the fluid phase attending a large 
variety of geological phenomena. Therefore, valuable 
and sometimes unique data on the fluids circulating at 
different crustal levels can be obtained from their inves-
tigation. In particular, the study of fluid inclusions can 
provide relevant information on the physical-chemical 
nature and on the processes (boiling/mixing) character-
izing the fluids flowing in hydrothermal systems. The 
first part of the lecture will be mainly focused on the de-
scriptions of the nature and origins of fluid inclusions, of 
the fundamental analytical methods for fluid inclusion 
and of data interpretation and elaboration. The second 
part will show the application of a recent fluid inclusion 
study on hydrothermal calcite veins associated to the 
travertine of two areas in southern Tuscany.
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INTRODUCTION

This contribution comprise preliminary of results 
of stable isotope geochemistry and pollen study on the 
travertine deposits which are located in Kocabaş area, 
Denizli province, western Turkey (Fig.1). In this study, 
it has been focused on four localities (Site-I, Site-II, 
Site-III and Site-IV) in the Kocabaş area (Fig.2). The 
claystone and mudstone samples are collected during 
the measurement of stratigraphic sections of the four 
locations. The travertines are horizontally bedded and 
followed laterally up to a few hundred meters and 
associated with brown to green-grey mudstone, erosion 
surface and reed cast in growth position in some 
levels. Light and dark horizons were alternated and 
some travertine beds are rich in gastropod fossils. Two 
palynoflora (Palynoflora A and B) are defined. The first 
one is recorded in lower part of the Site-I and the other 
in the Site-II, III and IV. Grassland species (Compositae-
Tubulifloreae and Ligulifloreae, Geraniaceae, Artemisia, 
Chenopodiaceae and Apiaceae) abundantly observed 
in palynospectra of the Palynoflora A (Site-I) (Plate 
1). Pinus, Abies, Quercus, Castanea, Salix, Fraxinus 
and Oleaceae less abundantly accompanied with these 
open vegetation species. Based on the palynoflora and 
numerical climatic values, palaeoclimate in the region is 
cool, arid and also presence of the warm and wed phase 
in the climate could be said. Palynoflora B is represented 
by the abundances of Abies and Pinus. Quercus, 
Oleaceae, Carpinus, Chenopodiaceae, Compositae-
Tubulifloreae, Poaceae, Centaureae, Pterocarya, Salix 
and Dinoflagellate species are less abundantly recorded 
in these palynoflora (Plate II). Based on pollen record, 
palaeoclimate of the Site-II, IIII and IV colder than 
Site-I. 

The higher precipitation value of the Palynoflora 
B indicates moist climatic condition differs from the 
Palynoflora A and also decreasing of grassland species 

and presences of the dinoflagellate species supported 
this climatic condition. Palynoflora B could be 
correlated with the palynoflora of interglacial period in 

Fig. 1 - Simplified geological map of the Denizli and surrounding area 
(Sun, 1990).

Fig. 2 - Travertine deposits of the Site-II on the Kocabaş area.
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the Europe. 
The seven radiometric measurements have been 

performed in two localities (Site-III and Site-IV). Ac-
cording to results of the U/Th dating travertines of the 
Site-III were deposited around 125,950 and 118,317 
years ago, respectively. Travertines of the Site-IV were 
deposited from 139,936 to 95,966 years ago. These U/
Th age data correspond to isotopic stage 5, commonly 
attributed to “interglacial” climatic conditions.

The stable isotope values of the Kocabaş travertines 
are between 1.1 and 2.6 (‰ PDB) for δ13C and from 20.1 
to 24.3 (‰ SMOW) for δ18O. According to these values 
and depositional features imply that the travertine de-
posits precipitated in depression or shallow and exten-
sive pool environments, fed by warm thermal fluids 
dominantly, but diluted by mixture with surface waters. 

Plate 1 - Palynoflora A.

Plate 2 - Palynoflora B.
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INTRODUCTION

 
Buda Hills are located in the Pannonian Basin at 

the north-eastern margins of the Transdanubian Range 
(Fig. 1). The area is built up by Mesozoic/Tertiary car-
bonates and is famous for its hypogene caves, thermal 
springs and Quaternary travertine occurrences. Springs 
are currently fed by deep groundwaters of mixed karstic 
and basinal origin and so they were also during Pleisto-
cene times. Due to relatively fast uplift throughout the 
Pleistocene, older spring deposits originally formed at 
or close to the base level of erosion, are now situated at 
higher elevations and have been subject to erosion ever 
since abandoned by their springs. Kápolna-hegy (220 m 
asl.) is one of the erosional remnants, a mound-shaped 
deposit exposed by stone-quarrying in the outskirts of 
the town of Budapest. According to kele (2009) the age 
of the Kápolna-hegy travertine is Middle-Pleistocene 
(~350-410 kys). Previous workers qualified the outcrop 
as an eroded mound (schréTer 1951) or a spring-cone 
(scheuer 1996, 2004), mainly on the basis of geomor-
phological observations. Our aim was to collect sedi-
mentological evidence to prove or disprove their hy-
pothesis.

METHODS

On the field we identified as many rock types as pos-
sible, establishing their lithofacies and their vertical 
and lateral relationships by measuring and sampling 
a section, recording lateral changes of the thickness of 
the individual strata and collecting samples also from 
points of particular interest in the quarry. Selected sam-

ples were thin-sectioned and petrographically studied 
under optical microscope. 

RESULTS 

Spring-deposits proper, characterized by crenulated 
lamination, coarse crystalline texture and the apparent 
lack of plant remnants were identified in a limited area 
in the southernmost corner of the quarry and at the bot-
tom of our measured section on the northern wall only. 
The rest of the outcrop is made up mainly by phyto-
clastic travertines of  wackestone, packstone or grain-
stone textures and various degree of cementation (Fig. 
2). Occasionally with moulds of in situ plant remnants 
oncoids and other encrusted grains were also encoun-
tered. Bed thickness varies systematically: it increases 
upwards and to the north.

DISCUSSION

The laminated, coarse crystalline travertine is 
supposed to be thermogenic in origin according to 

Fig. 1 - Location map of the travertine occurrences around Budaka-
lász (base map after kele et alii 2003).
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Pentecost’s classification (penTecosT 2005) and possibly 
deposited in the proximity of a hypothetic thermal 
spring (Fig. 3). The phytoclastic, oncoidal beds are 
considered as lacustrine sediments deposited in some 
pond.

Based on the observed vertical and lateral facies 
variations we suggest that the Kápolna-hegy travertine 
is a combination of thermogene spring deposits and 
thermometeogene lacustrine sediments. The discharge 
point of the (thermal) water is supposed to have been 

Fig. 2 - Phytoclastic packstone/grainstone.

near to the southernmost corner of the present quarry. 
As shown by the geometry of the travertine beds, the an-
tecedent land-surface was probably a gentle slope with 
some topographic “obstacle” to the north thus provid-
ing… for the formation of a pond and for the accumula-
tion of the phytoclastic, oncoidal travertine downslope 
from the spring (Fig. 4). Whether or not a cascade was 
built in front of this slope, to the north we do not know 

because there are no exposures facilitating further ob-
servations. 

OUTLOOK

Further microfacies studies supported by SEM and 
CL are planned to facilitate better understanding of the 
depositional environment. 
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Tufa and travertines are generally dated using meth-
ods based on uranium-series disequilibria, but also on 
trapped charge accumulation. The basic theory of these 
methods is introduced and related applications in the 
study of tufa/travertine deposits are shown with exam-
ples derived from recent research .

U-Th is the most popular method and is based on 
the measurement of 230Th formed in situ by radioactive 
decay of uranium (234U and 238U) co-precipitated with 
CaCO3. In the absence of detrital minerals,  the extent to 
which the 230Th/234U activity ratio has returned towards 
unity is a function of time, taking into account also 
the state of disequilibrium between 234U and 238U. Tufa 
and travertines, however, are impure mixtures of cal-
cium carbonate and incorporated detrital minerals and 
deserve the recourse to specific correction schemes to 
determine the authigenic radionuclide component  and 
thus a fitting age. The method extends back to at least 
350,000 years. The disequilibria between other parent-
daughter pairs in 238U and 235U decay chains (namely, 
226Ra/230Th and 231Pa/235U) are also used in carbonate 
dating.

Trapped charge dating methods (ESR, TL, OSL) are 
based on the time-dependent accumulation of electrons 
and holes in the crystal lattice of certain common miner-
als, acting as natural radiation dosimeters. Assuming a 
constant radiation dose, the extent of trapped electrons 
is proportional to the accumulated radiation and to the 
time elapsed since a “zeroing” event. Unfortunately, not 
all the samples are suited for trapped charge dating: in-
deed, the presence of cationic impurities such as Mn2+, 
Fe2+, or Fe3+, humic acids (organic matter), can mask 
the signal of interest, or interfere with it.  
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INTRODUCTION 

The town of Budapest is famous for its thermal 
springs discharging along the river Danube. The springs 
have been utilized for balneological purpose from the 
time of the Romans through Medieval ages up to our 
days. They are the manifestations of a huge complex 
groundwater flow system in the deepest compartments 
of which water is heated up and returns to the surface 
as thermal water, after a long regional-scale „itinerary”, 
generally along fault zones.  This hydrological system 
established in Latest Miocene times when the formerly 
covered Mesozoic/Tertiary carbonate suite became ex-
posed and began to serve as a surface catchment for the 
karstic reservoir. Because of intense Miocene to Recent 
uplift of the area, the Pleistocene predecessors of the ac-
tual springs and their related spring-caves are now situ-
ated at higher altitudes. The old discharge points are 
marked by - some times quite voluminous - travertines, 
whereas carbonate precipitation is relatively subdued 
in the case of the actual springs. One of the reasons for 
their apparently reduced rate of carbonate precipitation 
may be that they occur in an antropogenically influ-
enced urban environment i.e. their outflow is canalized, 
and the water introduced into the pools of the spas is 
essentially a mixture of various springs collected from 
several outflows/wells (Fig.1). That the water is, all the 
same, saturated for CaCO3 is shown by thin cave rafts 
floating on the surface of the few natural spring-pools, 
however, precipitation of travertine proper is very much 
restricted. 

THE RUDAS TRAVERTINE

In one of the indoor pools of Rudas spa we found 
a 85x33x75 cm size peculiar travertine buildup which 

formed around the water-inflow-installation of the pool 
(see Fig.2). The spa, originally built by the Turks in Me-
dieval times, is situated at the foothills of Gellért-hegy, 
an isolated Mesozoic dolomite block, protruding above 
the Danube river-side, right in the hearth of the town 
(Fig.1).

We know from historical sources, that the precipita-
tion of the Rudas travertine took about 120 years (from 
1883 to 2004). The pool is part of the „Turkish bath” 
of the spa, where water temperature is 36 to 40°C. The 
buildup was sampled and studied in order to see wheth-
er eventual changes in water chemistry/temperature 
would be recorded by its texture or mineralogy and be 
tentatively correlated with known technical changes in 
the water management of the spa. 

Fig. 1 – Location map.
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METHODS

Sampling was undertaken by diamond-coring. The 
70 cm long core was cut into two along its long-axis. 
The middle part, penetrating the basal part of the trav-
ertine precipitated on the pavement of the pool-margin 
was ignored, only one of the two symmetrical, sideward 
prograding, obliquely laminated parts was selected for 
detailed study. The cut surface was polished and phot-
odocumented (Fig.3). Laminae were counted one by 
one. Lamina thickness was also recorded, mathemati-
cal analysis is underway Thin sections were studied by 
the petrographic microscope and cathodoluminoscope. 
UV-fluorescence was checked on the hand specimen. 
55 subspecimens were taken for stable O and C isotope 
analyses. Water- temperature, pH and specific electric 
conductivity were checked monthly at the inflow for one 
year. Also major dissolved components were analysed 
in the laboratory, and the management of the spa was 
interviewed for information regarding daily/monthly 
technicalities.

RESULTS

The travertine shows a finely laminated texture. 
Laminae are distinguished on the basis of their color 
and texture. Light-colored porous, coarse crystalline 
laminae alternate with dense, gray, micritic ones. The 
coarse sparry crystals show obvious signs of recrystalli-

zation (crystals, grown perpendicular to the laminae of-
ten penetrating the lamina-boundaries). XRD analyses 
proved the presence of predominant calcite, probably 
with some Mg in its lattice.

. Laminae are more clear-cut at the beginning and 
become more and more blurred towards the recent end 
of the precipitate. Interestingly enough, despite diurnal 
or often semidiurnal technical interference by the spa-
management (mostly with the aim of temperature ad-
justments), no sign of such high frequency changes were 
detected in the texture of the travertine deposit. How-
ever,  based on the contrast  of lamination, the thickness 
of the laminae and the overall color of the precipitate, 
three well defined sections of the core could be rela-
tively easily inidividuated:  (i) The 17 cm long bottom 
part, with the above mentioned clear-cut lamination in 
which,  in all 114  laminae could be counted, including 
some reddish-coloured intercalations  supposedly rep-
resenting microbial films attached to the travertine sur-
face and „fossilized” by continued carbonate precipita-

Fig. 2 – The Rudas travertine build-up.

Fig. 3 – Half-cut diamond cores retrieved from the travertine build-

up.



ISST - ABSTRACTS 38

tion. The 47 grey micritic and 55 light coloured porous 
tufa-like laminae  total to about 50 lamina-pairs (ii) 
3,5 cms of white-yellow tufa-like material, with barely 
visible lamination and (iii) the 2 cm thick uppermost 
(youngest) likewise porous, tufa-like part of which the 
laminae are much thicker, highly contorted and rather 
difficult to discern. 

DISCUSSION

Based on the number of the lamina-pairs and the 
time-span represented by the buildup we have good 
reason to think that lamination is probably seasonal. 
The three sections of the core, distinguished by their 
color and texture are superimposed on the annual 
lamination. They could be tentatively correlated with 
three major changes in the spa-management: (i) (from 
1883 to 1932 the inflow was canalized to the pool  from 
natural springs (e.g. Török Spring Gülbaba Spring and 
Musztafa Spring). The travertine precpitated in this pe-
riod displays an undisturbed regular lamination. The 
number of the supposedly seasonal lamina-pairs is in 
accordance with length of this period (ii) From 1932 
to 1988 natural springwater was mixed with thermal 
water retrieved from deep wells drilled into the rese-
voir in order to meet the requirement of the spas. The 
related travertine shows an already blurred lamination 
(iii) from 1988 on, inflow to the pool has been conduct-
ed through canals and pipes from a 1100 m long adit 
established in order to collect thermal water directly 
from the reservoir along the foothills of Gellért-hegy. 

The exact meaning of the textural changes from bottom 
to top remains to be understood. The most intriguing 
question, which , likewise, remains unanswered as yet, 
is the clear-cut occurrence of seasonal lamination in the 
bottom part of the core, despite the fact that discharge 
is obviously  of deep goundwater origin (high tempera-
ture, high TDS, regional flowpath) the supposedly rath-
er bufferred water-chemsitry (or temperature) of which 
should not be appreciably modified by local recharge 
because the  size of the  local catchment is extremely 
small and even partially „sealed” by the high degree of 
urbanization on top. One way to explain this apparent 
contradiction  between  the supposedly bufferred deep-
groudwater and the seasonal lamination of travertine 
precipitated from it, might be to suppose, that seasonal-
ity is expressed  in an indirect way, by interaction with 
the seasonally changing hydraulic effect of the nearby 
river. At times of flood, the flow-path, along which deep 
groundwater normally approaches the discharge point, 
may be modified. As a result, groundwater temperature 
and thus saturation state may change and the change 
expressed in the texture of the precipitate. Testing of 
this hypothesis is underway.
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INTRODUCTION 

Buda Thermal Karst is situated in the Buda Hills 
right in the hearth of the town of Budapest. It is part of 
the Transdanubian Range, an uplifted segment of the 
Mesozoic/Tertiary basement of the Pannonian Basin. 
It is built up mainly by Late Triassic dolomites and 
limestones and Paleogene limestones, marls, clays and 
sandstones covered by erosional remnants of a once 
extensive blanket of loess and slope debris. Tectonically 
controlled uplift of the area started in Late Miocene 
times and is in progress even today (wein, 1977, 
Fodor et alii, 1994). The created topography resulted 
in the establishment of a large regional groundwater 
circulation system one of the discharge areas of which 
is now situated within the town of Budapest at the level 
of the river Danube, the actual base level of erosion. 
Thermal springs are localized by fault lines along which 
– as a result of mixing of fluids of various origin – an 
intricate system of caves were formed (e.g. KoVács & 
Müller,  1980, goldscheider et alii, 2010). In general, 
around the spring-outlets and within the spring-pools 
thin cave rafts and fine silt-size carbonate sediments 
show that carbonate precipitation is an active – though 
not very intense – process today. 

Because of the above mentioned uplift the Pleisto-
cene predecessors of the actual springs and their related 
caves are now situated at higher elevations and they are 
dry because the uplift resulted in gradual descent of 
the groundwater table (Kraus, 1993, szanyi et alii, 2009, 
leél-Őssy et alii, 2011). 

That ancient spring activity was accompanied by 
more intense carbonate precipitation than the recent 
one is shown by several erosional remnants of once vo-

luminous travertine accumulations occurring at vari-
ous topographic levels throughout the Buda Hills area 
(scheuer & schweitzer, 1988, Kele et alii, 2011). Hav-
ing passed from the phreatic to the vadose zone former 
spring caves became subject to subaerial processes. In-
filtration of rainwater through cracks and fissures of the 
host rock exerted their dissolution effect and when satu-
rated they gave rise to the growth of cold-water spele-
othems (stalactites, stalagmites, flowstones and draper-
ies) superimposed on previously formed thermal-water 
precipitates. In addition to record hydrological (and 
thus also climatic) changes throughout the Late Quater-
nary these speleothems probably reflect also the influ-
ence of human activity, since the degree of urbanization 
in the Buda Hills has been continuously growing in the 
last 100 years.

We suggest that speleothems of vadose zone pre-
cipitated from infiltrating rainwater in the protected, 
„laboratory-like” environment of these hypogene caves 
would provide a much more sensitive climate record 
than those grown in open vadose cave systems (siKlósy 
et alii, 2009a, siKlósy et alii, 2009b, siKlósy et alii, 
2011). Also when considered as „inodoor”-travertines, 
they may help us to understand the chemical controls 
of fresh-water carbonate precipitation better then „out-
door” travertines do.

The aim of the present study was to see whether 
a presently active flowstone grown in these hypogene 
caves would, indeed, facilitate the reconstruction of pa-
laeohydrological changes (including eventual anthropo-
genic effects) having affected the local catchment dur-
ing the lifetime of the speleothem.

PÁLVÖLGY-MÁTYÁSHEGY CAVE SYSTEM AND THE 
“BÚBOSKEMENCE” FLOWSTONE

The 19 kms long Pálvölgy-Mátyáshegy Cave System 
is the largest cave within the administrative boundaries 
of the town of Budapest (Fig.1). The vertical distance 
between its deepest and highest point is 123 m. The 
(artficial) entrance – opened up in 1904 when the cave 
was discovered – is situated at 203 m asl. It is hosted 
by Palaeogene limestone and calcareous marl and, in 
the lowermost reaches, by Late Triassic limestone. Cave 
passages are tectonically controlled and follow the gen-
eral SSE dip of the Eocene limestone. They abound in 
small scale dissolution cavities reflecting the interaction 
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with thermal waters. Speleothems of both phreatic and 
vadose origin are present, sometimes clearly superim-
posed onto each other (Kraus, 1993, leél-Őssy, 1995, 
leél-Őssy et alii, 2003). The currently active vadose 
flowstone buildup „Búboskemence” is 2,5 m high and 4 
to 5 m wide at its base. Its elevation is 158 m asl. Mor-
phologically it is a combination of draperies and flow-
stone covering the Eocene limestone walls of the cave. 
“Búboskemence” was selected for the detailed study to 
reveal the potential of these „indoor” travertines in the 
palaeoenvironmental reconstruction.

METHODS

Sampling was undertaken in July 2010 with a wa-
ter-flushed diamond-coring equipment (Fig.2). A 23 cm 
long core was retrieved perpendicular to the growth 
zones of the build-up. The core was cut into two along 
its long axis, its surface was polished, photodocumented 
and a series of overlapping thin sections were prepared. 
Based on preliminary petrographic investigations 32 
subsamples (from the base, from the top and from ad-
ditional places showing changes in the lamination) 
were selected for U/Th series dating and stable isotope 
geochemistry. Trace element geochemistry, detailed CL 
and UV-fluorescence microscopy are in progress and 
periodicity analysis is planned.

RESULTS

The flowstone shows a finely laminated texture. 
Laminae are of <mm to mm scale, predominantly mi-

critic and can be distinguished mainly on the basis of 
their color.

The core has penetrated also the Eocene limestone 
substrate, the surface of which shows clear signs of 
dissolution and is overlain by a thin irregular layer of 
fine reddish micritic dissolution residue. The flowstone 
could be divided into four parts. (1) The first mineral 
precipitate over the corroded surface of the limestone is 
an 0.3 to 0.5 mm thick zone of grey, acicular carbonate 
crystals (U/Th age: ~160 kyr BP). (2) It is disconformably 
overlain, by 4 cms of finely laminated whitish micritic 
flowstone (U/Th age ~55 kyrs BP) with a few reddish 
to russet colored,  presumably clay- (or humus) -rich 
intercalations.  (3) The next 2,5 cm thick section is built 
up by yellowish, likewise laminated micrite, however, 
here the laminae are much wider than in the underlying 
whitish layer. (4) The rest of the core is also laminated 
but because of thorough recrystallization, the laminae 
are difficult to individuate. Wherever it is possible to 
follow the ghosts of the laminae in this crystalline mass 
it is clear that they are definitely wider than those iden-
tified in the non-recrystallized lower part of the core. 
One of the subsamples taken at about the middle of this 
section gave a U/Th age date of ~1230 yr BP. The last 
subsample taken from the end of the core (about 1 cm 
below the actual flowstone surface) was dated as ~160 
years old. With the exception of the clayey intercala-
tions, the whole core displays intense fluorescence in 
UV-light (Fig.3). The first investigations under the CL-
microscope showed that the carbonate phase is non-
luminescent.

“Búboskemence” flowstone gives an almost contin-
uous record of the history of the last ~55 kyrs which the 
originally hypogene Pálvölgy-Mátyáshegy Cave System 
spent in the vadose zone. It remains to be understood 
whether the ~160 kyrs old acicular carbonate crystals 

Fig. 1 – Locality map of Rose Hill with the passage-network of the 
larger caves indicated on it.

Fig. 2 – Overview of the „Búboskemence” flowstone (A). The process 
of diamond coring in the cave (B). Close-up of the core (C).
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are also parts of the story of the vadose speleothem and 
what happened during the hiatus between ~160 and 
~55 kyrs, encompassing the last interglacial. The pre-
served record of the last ~55 kyrs shows that both lami-
na width and texture have changed substantially during 
this period. Though fully aware of the difficulties of the 
interpretation of lamination in both indoor and out-
door travertines, we may speculate that the finely lami-
nated, thin, white micritic part of the “Búboskemence” 
core is perhaps the result of slower growth (lower rate 
of infiltration?) than the thick recrystallized upper part 
with its wider laminae. The question might be raised 
why there is absolutely no record from the last intergla-
cial when rainfall and therefore infiltration would have 
been expected to be maximum. Periodicity analyses 
and comparison with independent palaeoclimatic data-
sets available from the Carpathian Basin are planned to 
solve the above problems.
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Modern observations of tufa depositional 
environments show that biological activity of some 
micro-organisms and CO2 diffusion are strictly 
connected to the diurnal/seasonal changes of weather 
and hydrological conditions. They result in the variation 
of growth rate and internal structure of tufas.

The studies of the tufa depositional environments 
have been undertaken in many places in the world, but 
they are limited only to the observations in the surface 
rivers and creeks, from the spring to the place where 
a deposition took place. Only some of the existing hy-
potheses imply that degassing of CO2 in subsurface sys-
tems play a very important role in the tufa depositions. 
It suggests that seasonally changing ventilation of the 
subsurface cavities may modify chemical and physical 
properties of the flowing water, which in turn influenc-
es the subsequent rate of tufa growth (e.g. Hori et alii, 
2008). However, these hypotheses are based only on the 
conceptual model and are not confirmed by direct mea-
surements of subsurface environment. 

To clarify the above problems and verify existing hy-
pothesis the direct observations along subsurface and 
surface segments of tufa depositing streams have been 
undertaken. Some reconnaissance studies were con-
ducted in the Slovak Karst (Southern Slovakia).

Summer–late autumn surface and subsurface mon-
itoring of the atmospheric CO2 and physico–chemical 
parameters of water suggests that there exist close in-
terrelations between them. Lower concentration of CO2 
in cave atmosphere in summer due to better ventilation 
and higher temperatures induces the loss of carbonate 
ions from solutions. It suggests that the precipitation of 
CaCO3 can start already in the subsurface section of the 
streams. It causes precipitation in the surface segment 
of the stream closer to a resurgence. Despite the high 
concentration of CO2 in a cave atmosphere noted in late 
autumn (due to their lower ventilation), there were no 
significant changes of carbonate ions content in the wa-
ter solutions. 

Presented results are based only on preliminary 
studies (water chemistry analysis and physical param-
eters of atmosphere and waters), which will be comple-

mented by yearly and daily observations and compre-
hensive mass balance measurements of growing tufa.
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INTRODUCTION

Geochemical and stable isotopic studies of tufa-
depositing natural systems provide knowledge about 
freshwater carbonate system (e.g. thermodynamics of 
calcite precipitation, kinetic processes and calcite depo-
sition rates). Tufa deposits are important palaeoclimate 
carbonate archives (andrewS, 2006), however, potential 
of tufas as environmental proxies is conditioned with 
the equilibrium state of CaCO3 precipitation.  In large 
karst-areas with groundwater recharge and turbulent 
water flow, tufas often precipitate in non-equilibrium 
conditions due to high discharge rates and greater cli-
mate deviations (lojen et alii, 2009).

We studied tufa-depositing system in river Krka 
(Slovenia) in order to better understand processes influ-
encing water chemistry and tufa-deposition. River Krka 
catchment is located on the carbonate Dinaric platform 
in SE part of Slovenia. Water recharges from few surface 
tributaries and numerous underground karst springs.

Surface water samples were collected seasonally over 
a 3-year period (2007 to 2010) at 19 sampling points. We 
monitored basic physico-chemical parameters (water 
temperature, pH and conductivity), alkalinity, δ13C and 
δ18O composition and major cation concentrations. Tufa 
samples were collected on 16 largest tufa barrages.

WATER GEOCHEMISTRY

The pH of water in river Krka is typical for karst 
water with an average value of 8.00. Highest pH val-
ues (over 8.3) were measured in the river section with 
most intensive tufa precipitation. Concentrations of dis-
solved inorganic carbon (DIC) and total alkalinity (TA) 
show similar seasonal and spatial pattern. They both 
decrease in wet months due to higher water discharge. 
DIC and TA generally decrease downstream, indicating 

carbonate precipitation. Major element chemistry in 
river Krka is controlled by dissolution of calcite and do-
lomite in the carbonate aquifer. In the upper reaches of 
the river a week trend of Mg-rich carbonate weathering 
can be observed, though it is not possible to distinguish 
whether calcite or dolomite dissolution prevails. Mg2+ 
concentrations in the water decrease downstream, im-
plying that only the aquifer is the source of Mg, while 
Ca2+ concentrations remain stable.

Tufa-depositing water is essentially karst 
groundwater which is fed by recharging meteoric 
water (andrewS, 2006). Thus, isotopic composition of 
groundwater is moderated during residence time in the 
aquifer. Nevertheless, groundwater is often close to the 
long-term mean of local rainfall (darling, 2004) which 
is the case in river Krka system. Mean annual δ18O 
value of surface water (-9.22‰) and meteoric water 
(-9.84‰) are similar indicating a high degree of water 
homogenization within the aquifer. Lowest δ18O values 
were measured in spring, likely due to snowmelt, while 
highest δ18O values of water correspond to drier and 
warmer months. In contrast to δ18O, isotopic composition 
of dissolved inorganic carbon (δ13CDIC) shows no distinct 
seasonal changes. The δ13CDIC values generally increase 
downstream, probably due to preferential loss of light 
carbon during CO2 degassing from the water (USdowSKi 
et alii, 1972). The main carbon sources in river Krka 
carbonate system are dissolution of carbonate rocks, 
atmospheric CO2 and soil CO2. 

TUFA DEPOSITION

Deposition of tufa in river Krka results from water 
chemistry changes and geomorphological conditions in 
the area. Precipitation of CaCO3 in freshwater systems is 
promoted by presence of biofilms in the water (rogerSon 
et alii, 2008) and occurs at low saturation states of 0.6, 
respectively (MerZ-Preiß et alii, 1999). Calculations of 
saturation state with respect to calcite (SIc) in river Krka 
show that water is constantly oversaturated (0.01 < SIc 
< 1.24). However, a minimum required oversaturation 
state of water for spontaneous tufa precipitation was 
reached a few kilometres from the spring, where largest 
natural tufa barriers occur.

A good correlation between δ13C (average -10.4‰) 
and δ18O (average -8.88‰) values of bulk tufa indicate 
kinetic controls on tufa precipitation. The tufa samples 
are enriched with heavier isotopes compared to stable 
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isotopic composition of water. The enrichment is great-
er in the case of carbon (up to 2.5‰) due to preferential 
loss of 12C during rapid CO2 degassing and photosyn-
thetic microbial activities.

δ18O and Mg/Ca molar ratio are most commonly 
used temperature proxies in the palaeoclimatic litera-
ture regarding carbonate systems (HUang et alii, 2001; 
andrewS, 2006). The Mg/Ca ratio in river Krka is rath-
er unstable, however, correlates well with water tem-
perature measured in drier months. Despite such good 
agreement the calculated water temperatures are high-
er than measured ones. Similar results were obtained 
by calculating temperature of CaCO3 precipitation us-
ing δ18O values of water and tufa. 

CONCLUSIONS

Water chemistry and tufa-depositing processes in 
river Krka are strongly influenced by groundwater in-
teractions with carbonate bedrock in the aquifer. The 
carbonate aquifer is the main source of Ca2+ and Mg2+ 
ions. The isotopic composition of dissolved inorganic 
carbon in the water is mostly influenced by biological 
activity in the soil, while oxygen isotopic composition 
of water indicates a high degree of homogenization of 
meteoric water in the aquifer. Deposition of tufa in river 
Krka is kinetically controlled resulting in enrichment 
with heavier isotopes in CaCO3 precipitates. 
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