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INTRODUCTION 

While continental carbonates only represent a small fraction of sedimentary rocks, they 

can be considered as ‘tale-teller’ components of the Earth’s actual surface. The oldest 

continental carbonate deposit was reported from the Proterozoic (Pechenga Basin, Russia; 

Melezhik and Fallick 2001; Melezhik et al. 2004). Since then, continental carbonates have been 

preserving information about the past. Detailed investigation of freshwater limestones provides 

information about ancient climatic conditions (e.g. D’Argenio and Ferreri, 1987; Scheuer, 

1994; Kele et al., 2015), paleo-hydrology (e.g. Brogi et al., 2016) tectonic evolution (e.g. 

Altunel, 2005), etc.  

Freshwater carbonates (particularly travertines) have been exploited and used as 

building stones right from the time of the Roman Empire. However, over the past decade, the 

interest towards these formations has significantly increased. One of the reasons for the special 

attention is that they can serve as potential analogue for water-constructed landforms, observed 

even on the surface of planet Mars (e.g. Pellicer et al., 2014). Additionally, major hydrocarbon 

discoveries in lacustrine basins of the South Atlantic rift-sag on the Sao Paulo Plateau (Wright, 

2012) and also offshore Angola (Greenhalgh et al., 2012; Saller et al., 2016) shed light on 

freshwater carbonates as field analogues for the Brazilian and Angolan hydrocarbon reservoirs. 

This study is partially part of such a field analogue investigation. 

The town of Süttő is located on the right bank of the river Danube, about 60 km 

northwest of Budapest, at the northern frontier of Hungary, where several quarries expose the 

travertine body. The Süttő travertine complex is one of those outcrops, which were formed 

along the fluvial terraces, and tributaries of the Danube hereby playing a key role in the 

correlation of the terrace levels and also in the estimation of the incision-rate of the river as 

well as the uplift rate of the Transdanubian Range (TR) (e.g. Ruszkiczay-Rüdiger et al., 2005).  

During the Quaternary, neotectonic movements have taken place via the reactivation of 

older structural elements in the Gerecse Hills (Bada et al., 1996; Fodor et al., 2018). Therefore, 

investigation of the stress regime(s) of these movements and of their temporal evolution is 

challenging. It is a well-known fact that fault activity generally gives rise for migration of 

hydrothermal fluids often associated with deposition of extensive travertine bodies. It implies 

that analysis of extensive continental carbonate bodies – for instance, the Süttő travertine 

complex – provides information on tectonic activity and the associated occurrence of deep 

geothermal systems (e.g. Van Noten et al., 2014, 2018; Brogi and Capezzuoli, 2014). 
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METHODOLOGY 

In the course of this study, a multidisciplinary approach was applied in order to better 

understand the formation of the Süttő travertine system and syn- and post -depositional 

processes affecting the carbonate body.  

The aim of the petrographic studies were the characterization of the macro- and 

microfacies focusing on the sedimentary rock constituents, the pore network and the 

recognition of diagenetic overprint. For this purpose, representative samples were selected 

from each lithofacies. The observations were carried out on hand specimens and thin sections. 

Geoelectric profiling and radiomagnetotelluric survey (RMT) were performed to 

investigate the eventual travertine connection between the outcrops and to map eventual 

tectonic structures. For this reason, geoelectric profiles (in total 1.78 km in length) were 

measured and ca. 80 RMT measurements were carried out. 

To assess the ancient depositional conditions as well as the effects of early diagenesis, 

358 samples were taken for stable oxygen and carbon isotope analyses. Additionally, four 

samples were selected for clumped isotope measurements. The elemental composition of the 

travertine body was determined by measuring 260 bulk samples by Inductively Coupled 

Plasma Optically Emission Spectrometry (ICP-OES) using the 4-acid digestion method. For 

determination of the lithologies that potentially acted as “source” of the travertines studied, 

strontium isotope measurements were carried out on 15 samples. 

In order to better constrain the temporal depositional evolution of a travertine system 

and to evaluate the relevance of age dating of travertine deposits in terrace stratigraphy, 

U-Th series age dating was carried out on 25 samples. 

Different kinds of petrophysical measurements were performed on samples taken from 

both outcrops and boreholes. He-porosimetry and N2-permeability surveys were carried out on 

135 plugs. Additionally, to obtain information about the reservoir properties from the available 

boreholes, water saturation and air-permeability measurements were made in-house. 

Three-dimensional stratigraphic forward modelling was carried out by using Sedlake 

software developed by TOTAL and developed only for in-house use. As for most of the 

stratigraphic forward modelling (SFM) software packages, Sedlake is also able to 

restore/reconstruct carbonate production with depth and other parameters. However, Sedlake 

is suited for modelling also lake sedimentation including the possibility to simulate subaerial 

precipitation. As one of the first attempts to test the software on a real travertine system, the 

Süttő travertine complex was selected for stratigraphic forward modelling. 
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THESES 

Seven chapters summarize the main research objectives raised during the investigation of the 

Süttő travertine complex. 

CHAPTER 1: SEDIMENTOLOGY AND EARLY DIAGNETIC PROCESSES IN THE SÜTTŐ 

TRAVERTINE COMPLEX  

1. Based on the geometry of the travertine beds, the antecedent land-surface was variable 

consisting of extensive flat sub-horizontal sectors with gentle slopes to the N and NE (i.e. 

Újharaszt and Bego quarries), a more steeply sloping valley to the SSW (i.e. Gazda and 

Hegyhát quarries) and a southern slope related to the Haraszt Hill (Cukor quarry). The 

subhorizontal sectors are characterized by massive and flat laminated lithofacies represented 

by lacustrine–palustrine depositional environments. The steeply sloping valley provided 

depositional environment of slope facies, such as the wavy laminated travertines and the 

phytohermal mounds. The latter could have formed in proximity of springs.  

2. In contrast to the general subhorizontal dip of the layers in most of the Süttő travertine 

complex, the Cukor travertine body is characterized by subvertical beds representing a fissure 

ridge, which is the clearest manifestation of spring activity in the studied travertine area. 

3. Microscopic observations revealed that the travertine complex was subject to extensive 

diagenetic overprint. Based on the petrographic observations, six distinct fabric types could be 

distinguished resulting from organomineralisation, micritisation, sparitisation and 

recrystallisation. These complex syn- and post-depositional processes determine eight 

diagenetic stages distributed unevenly over the Süttő travertine area. According to the observed 

diagenetic stages, the travertine body can be regarded as an old deposit, however, also the 

humid climate of the area could have accelerated some of the diagenetic processes. 

CHAPTER 2: GEOPHYSICAL METHODS FOR VISUALISATION OF NON-EXPOSED TRAVERTINE 

BODIES AND STRUCTURAL ELEMENTS  

4. The Cukor travertine body was formed on the south-eastern slope of the Haraszt Hill 

within an isolated depositional environment without any indication for travertine connection 

with the neighbouring Gazda travertine body. Geoelectric profiling reveals that the sharp 

boundary of the Cukor travertine body with the surrounding siliciclastic sediments might have 

a tectonic origin.  
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5. On the reconstructed antecedent topography map of the Cukor fissure ridge and its 

surroundings, another paleo-depression could be observed on the north-eastern slope of the 

Haraszt Hill providing depositional space for the Gazda travertine body. 

6. Geoelectric profiling indicates a number of fracture zones and faults in the Süttő 

travertine area. The geoelectric profile between the Hegyhát and Újharaszt quarries indicates 

that the observed fracture zone in the NE side of the Gazda-Hegyhát quarries is present in the 

non-exposed travertine body too. This fractured zone can be followed in the subsurface until 

after the Újharaszt quarry where it is exposed in the south-eastern part of the outcrop. The 

fractured nature of the travertine in this zone was proved also in the boreholes nearby the 

geoelectric profiles confirming the presence of the fractured zone. 

CHAPTER 3: STRUCTURAL GEOLOGICAL FRAMEWORK OF THE SÜTTŐ TRAVERTINE 

FORMATION  

7. The fracture patterns (FP1 and FP2), observed in the outcrops, are in accordance with 

the regional tectonic setting and fault pattern. FP1 can be interpreted as manifestation of 

reactivated Late Miocene strike-slips and normal faults, whereas FP2 can be the result of the 

reactivation of Cretaceous-Cenozoic normal faults. 

8. Borehole information suggests that the thickest part of the travertine body is situated 

along a gentle NE–SW oriented depression being in accordance with the main direction of FP1. 

Based on this it can be concluded, that the gentle depression resulted by a NE–SW striking 

fault zone, was already present by the time of the travertine formation. 

9. However, the Gerecse Hills being subject to continuous uplift, supports an ever 

increasing gravitationally controlled sliding tendency of the travertine bodies from the top of 

the Haraszt Hill towards the surrounding valleys. The widest observed fractures are of ~ 2 m 

width without any evidence for gradual opening in several phases, which means a very high 

rate of displacement. Since sudden events, such as major earthquakes are rather unlikely in this 

area, based on the rate of displacement at least a partially atectonic component should also be 

reckoned with.  

CHAPTER 4: GEOCHEMICAL CHARACTERIZATION OF THE SÜTTŐ TRAVERTINE AREA AND ITS 

DEPOSITIONAL ENVIRONMENTS  

10. The travertine precipitating fluid(s) could have interacted with Triassic, Jurassic and 

Eocene carbonates as well as with, Cretaceous and Oligocene siliciclastic sequences resulting 

in significantly higher Sr isotopic signals than the one of Late Triassic marine carbonates 
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building up the dominant part of the Transdanubian Range. Additionally, clumped isotope 

measurements revealed that the precipitation temperature varied around 25°C at the (only 

detected) spring orifice, whereas the most distal parts of the lake system was characterized by 

rather cool – ca. 12°C – temperatures.  

11. The elemental composition of the precipitated carbonate depends on its location rather 

than on the lithofacies. Concentration of the elements of Group I (Fe, Al, K) and Group II (Ca, 

Na, Mg, Ba, S, Sr) strongly depends on post-depositional processes, such as dissolution (e.g. 

non-cohesive travertine). 

12. The depositional environment has a significant influence on the spatial distribution of 

the elements and their concentration (subaerial depositional environment favours accumulation 

of detrital non-carbonate grains, whereas subaqueous environments homogenize the spatial 

distribution of the elements via local water circulation). 

CHAPTER 5: U-TH AGE DATING OF THE TRAVERTINE DEPOSIT AND ITS IMPORTANCE IN 

TERRACE STRATIGRAPHY  

13. Despite the careful sample selection based on microscopic observations and 

luminescence characteristics, influence of diagenetic alteration cannot be fully assessed. 

However, a low 230Th/232Th ratio provides a strong indication for contamination and thus 

strongly questions the reliability of calculated ages together with the consistency of the 

radiometric ages and the relative stratigraphic position. 

14. New age data of the Süttő travertine area provided by U-Th dating method are in line 

with published data (Kele, 2009; Sierralta et al., 2010), however, they give inconsistent age 

relationships based on the stratigraphic position of the samples, suggesting that the travertines 

may have behaved as an open system for uranium after deposition. Consequently, the provided 

ages can be considered as minimum ages only and depend on the rate and scale of eventual 

post-depositional U-mobilization. 

15. Based on the presented data of this study, together with literature data, the formation of 

the Süttő travertine area started the latest around 2.5 Ma BP with precipitation of the Cukor 

travertine. With some short interruptions, active travertine formation in the area took place the 

latest until 120 ka BP. 

16. Travertines are commonly used lithologies for age estimation of terrace formation along 

rivers. Comparing U-Th age data of travertines with other independent age dating methods, 

some contradiction between the ages can be observed at several orders of magnitudes. 

However, decreasing discrepancy between the age data towards younger terrace horizons 
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indicates that younger travertine bodies are less affected by U-Th resetting by post-depositional 

processes, i.e. dissolution and recrystallization. 

CHAPTER 6: RESERVOIR CHARACTERIZATION ON THE BASIS OF SEDIMENTOLOGICAL 

FEATURES AND HYDRAULIC UNITS 

17. The classical reservoir characterization approach pointed out that proximity of a spring 

reduces the significance of the enhanced pore network (including primary and secondary pores) 

and hereby its impact on the final reservoir properties. As secondary carbonate formation is 

more common closer to the spring, preservation of the pore network is less likely there. With 

increasing distance from the spring, however, both the primary pore network and its 

modification by post-depositional processes are better preserved, giving rise to more complex 

pore systems with high variation in reservoir properties. 

18. High variability of the permeability values indicates existence of distinct hydraulic units 

providing the opportunity for reconsideration of the reservoir properties based exclusively on 

pore geometrical features. Independency of the hydraulic units from plug orientation was 

proven both in case of “HU System 4 and 18”, however, lithofacies dependence was confirmed 

statistically with increasing number of the hydraulic units. The strength of this relation was re-

evaluated at higher significance levels and based on petrographic features, it revealed that the 

relationship between lithofacies and hydraulic units was questionable. 

19. Regarding the location dependency of the hydraulic characteristics a strong relationship 

was identified in both “HU systems” displaying a positive correlation between better reservoir 

qualities and the increasing distance from springs.  

CHAPTER 7: THREE-DIMENSIONAL STRATIGRAPHIC FORWARD MODELLING TO 

RECONSTRUCT THE DEVELOPMENT OF THE SÜTTŐ TRAVERTINE COMPLEX 

20. Stratigraphic forward modelling revealed that the Süttő travertine formation took place 

along an abandoned tributary of the Danube. The initial depositional conditions were 

characterized by a southern valley-lake system in the area of the Gazda and Hegyhát quarries, 

and by a northern shallow pond environment near the places what are now the Újharaszt and 

Bego quarries.  

21. Carbonate formation started with the activity of the Cukor spring. The separated lakes 

of the Bego and Újharaszt quarries merged 120 ka after the start of carbonate formation. Due 

to the formation of a barrage between the northern and southern areas, the northern lakes could 

merge with the southern valley-lake system only 40 ka later, forming an extensive lacustrine 
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environment. Between 250 and 380 ka after the start of travertine formation the whole 

travertine area was characterized by one single lacustrine depositional environment. After 380 

ka of travertine formation, the depositional environment for the last 120 ka changed for 

predominantly palustrine and finally ceased.  

22. The reconnaissance study on the Süttő travertine complex reveals that there is a 

significant potential in the newly developed Sedlake software for stratigraphic forward 

modelling of real travertine systems.  
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