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SUMMARY 

Freshwater limestone (including tufas and travertines) is formed from CaCO3 rich waters that are either 

hot (i.e. higher than mean annual temperature of the area) or ambient temperature. They form in various 

depositional (and diagenetic) settings where their formation is influenced by a number of chemical and 

biological processes. Detailed investigations of freshwater limestones provide information about ancient 

climatic conditions (e.g. D’Argenio and Ferreri, 1987; Scheuer, 1994; Kele et al. 2008, 2011, 2015), 

paleo-hydrology (e.g. Brogi et al., 2016; Scheuer, 1994) and tectonic evolution (e.g. Altunel, 2005). 

Additionally, they can serve as potential analogues for extra-terrestrial land forming processes e.g. on 

the surface of planet Mars (e.g. Pellicer et al., 2014) and for the South Atlantic pre-salt reservoirs 

(Greenhalgh et al., 2012; Saller et al., 2016). Consequently, the versatility of freshwater carbonates, 

attracted the attention of researchers from several different disciplines of science indicating that the 

investigation of this kind of deposits requires a multidisciplinary approach.  

The Süttő travertine complex is located near the town of Süttő (ca. 60 km northwest of Budapest, 

Hungary), on the right bank of the river Danube, in the Gerecse Hills. As the largest travertine quarry 

system of Hungary, it provides the opportunity for direct observation of the geobody architecture. The 

Süttő travertine complex is situated along the fluvial terraces and tributaries of the Danube. These 

formations, therefore, play 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). Additionally, investigating these travertine occurrences provides information also 

on the neotectonic activity in the Gerecse Hills (e.g. Török et al., submitted).  

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

formation of the Süttő travertine system and the syn- and post-depositional processes that affected the 

carbonate body. The study of this travertine system contributed to the better understanding of the 

Quaternary evolution of the Transdanubian Range and the Danube as well as the geobody architecture 

which is relevant to better assess the South Atlantic Cretaceous pre-salt reservoirs. Seven chapters 

summarize the results on the main research objectives raised during the investigation of the Süttő 

travertine complex.  

The ancient depositional setting was varied consisting of extensive gently sloping sub-horizontal 

plains and a more steeply sloping valley. The travertine deposits developed over the sub-horizontal 

plains are characterized by lacustrine–palustrine depositional environments, while the steeply sloping 

valley provided the depositional environment for travertine slope facies, building up wavy laminated 

facies and phytohermal mound and fissure ridge structures, formed along a NW–SE oriented fault.  
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Microscopic observations indicate that the travertine complex was subject to extensive diagenetic 

overprint during and after travertine formation. The latter have a significant impact on the reservoir 

properties. Proximity of a spring reduces the significance of the enhanced pore network (including 

primary and secondary pores) and hereby its impact on final reservoir properties. With increasing 

distance from the spring, however, a more complex pore systems are expected due to the higher potential 

for the preservation of the enhanced pore network.  

Combination of stratigraphic-sedimentological analyses with the mapping of the travertine deposit by 

near-surface geophysical methods proved that antecedent topography and the related, now buried 

tectonic structures have a primary impact on the geometry of the travertine system. Geophysical survey 

revealed that with the exception of the isolated Cukor fissure ridge, all the other travertine outcrops are 

connected. Additionally, the recently highest point of the study area – the Haraszt Hill – has been a 

topographic high already at the time of travertine formation.  

Structural geological and sedimentological observations indicated direct connections between faults 

and related damage zones and the formation of the Süttő travertine complex. The recognized faults in 

the study area correspond with the ones reported from other areas of the Gerecse Hills, however, in the 

Süttő area also remarkably younger (Mid Pleistocene) fault activities could be deduced. According to 

Bada et al. (1996), Fodor and Lantos (1998) and Fodor et al. (2018), in the last 700 kys, deformation – 

including stress field – has not changed significantly within the Pannonian Basin. Slight changes in the 

stress regime are manifested rather by reactivation of older fractures. The formation of the Süttő 

travertine complex clearly proves the neotectonic reactivation of Cretaceous and Miocene fault systems 

related to the uplift of the Gerecse Hills.  

Geochemical analysis of the Süttő travertines revealed that the travertine precipitating fluid(s) likely 

interacted with Triassic and Eocene carbonates as well as with some Oligocene siliciclastics. Clumped 

isotope measurements suggest that precipitation temperature varied around 25°C at the spring orifice, 

whereas in the most distal parts of the lake system it was characterized by rather lower temperatures, ca. 

12°C. Additionally, geochemical analyses pointed out that the depositional environment has had a 

significant influence on the spatial distribution of the trace elements and their concentration (i.e. 

subaerial depositional environments favoured accumulation of detrital non-carbonate grains, whereas 

subaqueous environments homogenized the spatial distribution of the elements via local water 

circulation). 

The Süttő travertine complex was formed supposedly on the tVII terrace level of the Danube (Pécsi, 

1959). Accepting this, means that accurate dating of this formation could provide an upper age-limit to 

the timing of terrace formation along the river. New age data of the Süttő travertine area are in line 

with published U/Th data (Kele, 2009; Sierralta et al., 2010), however, give inconsistent age 
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relationships based on the stratigraphic superposition of the samples. By comparing U/Th age data of 

travertines with other independent age dating methods, some contradiction was observed between the 

different ages. The discrepancy reached even several orders of magnitudes. Therefore – at least here in 

the Süttő area – the relevance of dating of travertine deposits in the context of terrace stratigraphy is 

questionable.  

Stratigraphic forward modelling (SFM), was carried out as one of the first attempts on a real 

continental carbonate system. Three imaginary topographic scenarios were tested in order to verify the 

primary conditions of travertine formation. SFM suggested that travertine formation took place along 

an abandoned tributary of the major river (i.e. Danube, the local base level of erosion). The simulations 

pointed out the necessity of the formation of a barrage between the northern sub-horizontal plains and 

the southern steeply sloping valley in order to maintain shallow lacustrine conditions both on the 

northern and southern regions. Moreover, as a result of the simulations, an additional spring could be 

supposed in the eastern part of the travertine system.  

When comparing the Süttő travertine complex with the pre-salt reservoirs, similarities can be 

observed on the small scale only. The travertine body formed in an extensive lacustrine depositional 

environment fed by subaqueous and subaerial springs. In the proximity of the latter – similarly to the 

pre-salt reservoirs – aggrading mound structures developed by biologically mediated carbonate 

formation. This lacustrine environment was also characterized by fluctuating water levels resulting in 

transient karstification episodes and development of subaerial exposure surfaces, just like in pre-salt 

reservoirs. Microscopic investigation of the Süttő travertine area provided a detailed database about syn-

depositional and early diagenetic features of lacustrine carbonates, hereby helping to deduce the early 

diagenetic processes and their impact on pre-salt reservoirs.  
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ÖSSZEFOGLALÓ 

Az édesvízi mészkövek (tufák és travertínók) oldott kálcium-karbonátban gazdag, a környezet évi áltag 

hőmérsékleténél melegebb avagy megegyező hőmérsékletű vízből kiváló képződmények. Számos eltérő 

üledékképződési (és diagenetikus) környezetben képződnek, ahol megannyi biológiai és kémiai 

folyamat befolyásolja keletkezésüket. Édesvízi mészkövek részletes vizsgálata informacióval szolgál az 

egy kori klíma viszonyokról (pl.: D’Argenio és Ferreri, 1987; Scheuer, 1994; Kele és mtsi. 2008, 2011, 

2015), a paleo-vízáramlási rendszerekről (pl.: Brogi és mtsi., 2016; Scheuer, 1994) és a vizsgált terület 

szerkezetföldtani fejlődéséről (pl.: Altunel, 2005). Továbbá, analógiaként szolgálhatnak más bolygók 

felszín formálódási folyamatainak vizsgálatára, mint például a Mars esetében (pl.: Pellicer és mtsi., 

2014). Ennek köszönhetően, az édesvízi mészkövek számos tudományág képviselőinek figyelmét 

felhívták, amely arra is következtetni enged, hogy ezen képződmények vizsgálata multidiszciplináris 

szemléletet kíván meg. 

A süttői édesvízi mészkő megközelitőleg 60 km-re található Budapestől északnyugatra, a Duna jobb 

partján, a Gerecse-hegységben. A Magyarország jelenlegi legnagyobb édesvízi mészkőbánya 

rendszereként ismert komplexum az aktív fejtésnek köszönhetően lehetőséget nyújt az édesvízi 

mészkőtest közvetlen megfigyelésére. Mindemellett, a süttői mészkő előfordulás a Duna egyik folyóvízi 

teraszán helyezkedik, amely emiatt kulcsszerepet játszik a folyóvízi teraszok korrelációjában és a 

Dunántúli-középhegység kiemelkedési rátájának becslésében (pl.: Ruszkiczay-Rüdiger és mtsi., 2005). 

A süttői édesvízi mészkő rendszer vizsgálata, továbbá, információval szolgálhat a gerecsei 

neotektonikus folyamatokról is (pl.: Török és mtsi., submitted). 

A jelen doktori munka keretein belül a süttői édesvízi mészkő renszder multidiszciplináris vizsgálata 

történt meg, amely elsősorban az üledékképződési valamint az azt követő, az édesvízi mészkőtest 

rezervoár tulajdonságait módositó diagenetikus folyamatok hatásaira összpontosított A süttői édesvízi 

mészkő öszlet vizsgálata hozzájárult továbbá, a Gerecse hegység valamint a Duna fejlődésének 

pontosabb megismeréséhez, valamint az édesvízi mészkőtest térbeli fejlődésének vizsgálata lehetővé 

tette a Dél-amerikai kréta korú ’pre-salt’ rezervoár képződményeinek pontosabb megértését. Hét fejezet 

foglalja össze a legfontosabb kutatási szempontokat, amelyek felmerültek a képződmény vizsgálata 

során.  

Az egykori üledékképződési környezetet egy északi, nagy kiterjedésű, közel vízszintes síkság és egy 

dél felé meredeken lejtő völgyi környezet határozta meg. Az északi területen főként lakusztin és 

palusztrin üledéképződési környzet volt a domináms, míg a déli völgyi környezet ideális körülményeket 

biztosított “lejtő-fáciesek” képződésére, úgy mint aggradáló nádas bucka és hullámosan laminált 
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édesvízi mészkő. Továbbá, hasadék-gerinc típusú travertinó is megfigyelhető a területen, amely egy 

ÉNy–DK irányú normál vető mentén alakult ki. 

Mikropetrográfiai megfigyelések jelentős diagenetikus folyamatokra utalnak, amelyek az 

üledékképződéssel egyidőben valamint azt követően mehettek végbe. A megfigyelt diagentikus 

folyamatoknak jelentős szerepük van a képződmény rezervoár tulajdonságainak módosításában is. A 

megfigyelések arra utalnak, hogy a forrás(ok) közelében a komplex folyamatok (pl.: felszíni kitettség) 

által kilakított összetett pórus rendszerek megörződési potenciálja alacsonyabb (a forrás közelsége miatt, 

amely kálcium karbonátra túltelített vízutánpótlással látja el a rendszert) ezáltal meghatározva a 

rezervoár tulajdonságok térbeli változékonyságát. A forrás(ok)tól távolodva azonban az összetett pórus 

rendszer nagyobb eséllyel örződik meg, mivel az ideérkező vízutánpótlás már sokkal kevésbé túltelített 

kálcium karbonátra ezáltala másodlagos cement kiválás lehetősége is sokkal kisebb. 

Szedimentológiai és sztratigráfiai megfigyelések ötvözése felszín közeli geofizikiai módszerekkel 

kivételes lehetőséget bíztosított az egykori topográfiai viszonyok valamint a rejtett szerkezeti elemek 

vizsgálatára, amelyeknek elsődleges szerepük van a képződő édesvízi mészkőtest geometriájának 

alakulásában. Az alkalmazott geofizikai módszerek rávilágítottak arra, hogy a Cukor hasadék-gerinc 

kifejlődésű mészkőtest kivételével az egyes bányák mészkőkontaktusban állnak egymással, valamint, 

hogy a terület jelenlegi topográfiai magaslata – a Haraszt-hegy – már a mészkő képződés idején is relativ 

magaslat volt. 

Szerkezetföldtani és szedimentológiai megfigyelések alapján megállapítható, hogy közvetlen 

kapcsolat van a süttői édesvízi mészkő képződése és a Gerecsében megfigyelt vetőzónák között. A 

vizsgált területen megfigyelt vetők egybeesnek a Gerecse más területein megfigyelt vetőzónákkal, 

azonban, a Süttőn megfigyelt vetők sokkal fiatalabb (középső pleisztocén) tektonikai aktivitásra utalnak. 

Bada és mtsi. (1996), Fodor és Lantos (1998) valamint Fodor és mtsi. (2018) szerint a deformáció jellege 

– beleértve a felszültségtér alakulását – nem változott jelentősen a Pannon-medencében az elmúlt 700 

ezer évben. Kissebb változások, azonban megfigyelhetőek a felszültség viszonyokban, amelyek 

elsősorban idősebb vetőzónák felújulásaként jelennek meg. A süttői édesvízi mészkőtest képződése 

egyérteműen bizonyítja kréta valamint miocén korú vetőzónak neotektonikus felújulását, amelyet a 

Gerecse-hegység kiemelkedése idézhetett elő.  

Geokémiai vizsgálatok bebizonyították, hogy az édesvízi mészkövet lerakó víz kalcium-karbonát 

forrásai elsősorban triász és eocén korú karbonátos testek valamint oligocén sziliciklasztos 

képződmények lehetnek. A kapcsolt izotópos mérések arra utalnak, hogy a víz hőmérséklete a forrás 

kilépési pontnál megközelítőleg 25°C-os volt, míg a kiterjedt tavi környezet legtávolabbi pontján a víz 

12°C-ra hűlt le. A geokémiai vizsgálatok eredményei arra is rávilágítottak, hogy a nyomelemek térbeli 

eloszlásában az üledékképződési környezetnek elsődleges szerepe van (pl.: szubaeriális 
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üledékképződési környezet – mint például a nádasbuckák – kiváló feltételt biztosít a detritális szemcsék 

felhalmozódásának, míg a lakusztrin üledékképződési környezet homogenizálja a nyomelem eloszlást a 

lokális hullámzás következtében).  

Korábbi vizsgálatok arra utalnak, hogy a süttői mészkő komplexum a Duna hetes számú teraszán 

képződött (Pécsi, 1959). Ezt elfogadva, az édesvízi mészkőtest pontos kormeghatározása információval 

szolgálhat a Duna folyóvízi teraszainak képződési idejéről. A legújabb korvizsgálatok eredményei 

egybeesnek a korábban publikált U/Th adatokkal (Kele, 2009; Sierralta és mtsi., 2010), azonban 

inkonzisztencia figyelhető meg a koradatok és azoknak a rétegsorban történő elhelyezkedése 

tekintetében. Összehasonlítva a jelen doktori munka U/Th kor adatait a szakirodalomban megjelenő 

független kormghatározási módszerek eredményével, több nagyságrendbeli eltérés figyelhető meg. 

Emiatt jelentősen megkérdőjelezhető az édesvízi mészkövek koradatainak alkalmazása a dunai terasz-

sztratigráfiában. 

A süttői édesvízi mészkő komplexum modellezése révén első alkalommal történt sztratigráfiai 

’forward’ modellezés valódi kontinentális karbonát rendszeren, amelyhez a francia multinacionális 

vállalat, a TOTAL által fejlesztett szoftvert használtam. Annak érdekében, hogy a kezdeti 

üledékképződési kondiciókat megismerjük, három topográfiai szcenárió tesztelése történt meg. A 

modellezés eredménye arra utal, hogy a mészkő komplexum a Duna mentén, egy elhagyott mellékfolyó 

völgyben képződhetet. A szimulációk arra is rámutattak, hogy az északi kiterjedt síkság és a déli, 

meredeken leejtő völgy között szükséges feltételezni egy gát kialakulását a mészkőképződés kezdeti 

fázisában, annak érdekében, hogy a sekély tavi környezet mind az északi mind a déli területeken hoszzú 

ideig fennmaradott légyen. Mindemellett egy további forrás kilépési pont is feltételezhetővé vált a süttői 

mészkőrendszer legkeletebbi területén.  

Ha összehasonlítjuk a süttői édesvízi mészkő komplexumot a Dél-atlantikumi ’pre-salt’ 

rezervoárokkal, hasonlóságok figyelhetőek meg kis felbontásban. Mindkét esetben kiterjedt lakusztrin 

üledékképződési környezet feltételezhető, amelyet felszíni és felszín alatti források is tápláltak. A 

felszíni források közelében agradáló domb-szerű struktúrák alakultak ki a folyamatos karbonát kiválás 

miatt, amelyben biológiai aktivitás is közreműködött. A tavi üledékképződési környezetet fluktuáló 

vízsszint jellemezte, amely átmeneti kitettséget és ezáltal, epizódikusan, karsztosodást eredményezett. 

A süttői édesvízi mészkőtest mikorpetrográfiai megfigyelései, jelentős adatbázissal szolgálnak a tavi 

karbonátok üledékképződési és kora-diagenetikus folyamatairól ezáltal hozzájárulva a ’pre-salt’ 

karbonátok kora-diagenetikus folyamatainak megértéséhez, valamint elősegítik ezen folyamatok 

hatásának megértését a rezervoár tulajdonságokra. 
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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. Additionally, they provide 

information about the evolution of past landscapes. Freshwater limestones (including tufas and 

travertines) are precipitated from CaCO3 rich either hot (higher mean annual temperature of the area) or 

of ambient temperature waters. They form in various depositional (and diagenetic) settings where their 

formation is influenced by a number of chemical and biological processes. Carbonate precipitation takes 

place when the fluid becomes supersaturated with regard to CaCO3 (which may happen due to CO2 

degassing, temperature-increase, biological activity, etc.). The definition of these deposits was 

approached from several aspects depending on which factors the authors wanted to emphasize. That is 

why several – sometimes equivocal – definitions were born. According to Pentecost (2005) all 

continental carbonates that form in the proximity of springs, groundwater seepages and along streams 

and rivers including lacustrine environments, can be regarded as travertines. This classification is used 

in this study. 

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. 2008, 2011, 2015), paleo-hydrology (e.g. Brogi et al., 2016; Scheuer, 1994) tectonic evolution (e.g. 

Altunel, 2005), etc. Information preserved in these deposits even contributes to better understand the 

evolution and migration of prehistoric humans (e.g. Kele et al., 2015). This versatility of freshwater 

carbonates, attracted the attention of researchers from several different areas of science indicating that 

the investigation of this kind of deposits requires a multidisciplinary approach.  

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

from the time of the Roman Empire for more than two thousand years by now. However, over the past 

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

special attention is the landscape forming feature of continental carbonate systems which 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. 
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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. In the southern neighbourhood of the village, in the Gerecse Hills, 

there are several freshwater limestone quarries which have been excavated since Roman times. The 

exploited rock is famous as high-quality dimension- and building stone (Török Ákos et al., 1998). The 

extensive continental carbonate system of Süttő raised the attention of sedimentologists too.  

The Süttő travertine complex is one of those 50 travertine occurrences known in the Gerecse Hills. It is 

located in the northern marginal areas of the Hills (Scheuer and Schweitzer, 1988). The travertine bodies 

occurring along the fluvial terraces and tributaries of the Danube play 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). The Süttő travertine area supposedly 

belongs to the oldest terrace level of the Danube, therefore its investigation can contribute to a better 

understanding of the neotectonic evolution of the Gerecse Hills and the whole Transdanubian Range, as 

well. 

The uplift of the Gerecse Hills is characterized by a number of post-Mesozoic faulting events (Bada et 

al., 1996; Fodor et al., 2018). During the Quaternary, neotectonic movements have taken place via the 

reactivation of older structural elements, 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 to local permeability increase, favouring the migration of hydrothermal fluids often 

associated with deposition of extensive travertine bodies. Consequently, fault zones and related 

permeable rock volumes are suggested to result in a predictable pattern of continental carbonate deposits 

(e.g. Hancock et al., 1999; Brogi et al., 2014). It implies that analysis of extensive continental carbonate 

bodies – like, 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; Török et al., submitted).  

The extensive travertine system near Süttő raised also the attention of the hydrocarbon industry due to 

its similarities to the continental carbonate sequences of the ultra deep Cretaceous “Pre-Salt” reservoirs 

offshore Brazil and Angola (e.g. Nakano et al., 2009). Investigation of these highly diverse continental 

carbonate reservoirs based only on borehole information is difficult, therefore a joint industrial project 

was initiated (JIP – Phase II: TRAvertine Reservoir Analogue Studies, TRARAS) focusing on well 

exposed continental carbonate systems as surface analogues. As part of this international project, the 

Süttő travertine complex was selected in order to unravel the reservoir properties of an extensive 

continental carbonate body and evaluate the impact of the syn- and post-depositional processes on the 

petrophysical characteristics of the travertine.  
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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 

carbonates. The following seven chapters summarize the main research objectives raised during the 

investigation of the Süttő travertine complex. 

Chapter 1 aims to unravel the ancient depositional environments and their conditions, additionally, it 

aims also to assess the diagenetic overprint and its effect on the primary lithofacies 

characteristics. 

Chapter 2 emphasizes the necessity of subsurface information in order to deduce the actual size of the 

geobody. Application of geophysical methods provides the exceptional possibility for 

mapping the entire travertine body and the antecedent topography which together with the 

geometry of the deposit has major impact on the lithofacies associations and their evolution in 

space and time. 

Chapter 3 is focusing on the relationship between the structural geological framework of the study area 

and the travertine formation in the light of spring locations and their relationship to the regional 

tectonic setting. In fact, faults and related damage zones may provide theoretically the most 

efficient pathways for fluid migration within the crust and if so, they may result in predictable 

patterns of travertine bodies along fault zones.  

Chapter 4 introduces the geochemical characteristics of the Süttő travertine complex inherited from the 

carbonate precipitating fluid(s) and the lithology of the karst water reservoir behind/below. 

Open system behaviour of the carbonate formation has its influence on the chemical 

composition of the precipitating carbonate in function of spring proximity. This provides 

possibility to verify spring locations. 

Chapter 5 aims to complete and evaluate the contrasting age data of the Süttő travertine complex in an 

attempt to better constrain the temporal depositional evolution of a travertine system, as well 

as to evaluate the relevance of age dating of travertine deposits in terrace stratigraphy. 

Chapter 6 summarizes the reservoir properties of the travertine system in the light of spring proximity. 

Two different kinds of approaches (lithofacies-based and pore geometry-based evaluation) 

were applied to estimate the impact of primary and secondary processes on the petrophysical 

characteristics. 

Chapter 7 is one of the first attempts for stratigraphic forward modelling of a continental carbonate 

system. The major aims of this pilot study were to calibrate/validate the sedimentological 

model of the travertine system including verification of spring locations and their 

characteristics, as well as to evaluate the impact of the antecedent topography on the travertine 

formation. For this purpose, the Sedlake software (newly developed by TOTAL) was used. 
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Investigations of freshwater carbonates in Hungary – an overview 

The first investigation of freshwater carbonates in the Pannonian Basin was related to paleontology and 

it was made by an English traveller in the 18th century (Townson, 1797). In the 19th century, one of the 

most outstanding Hungarian geologists, József Szabó (1863; 1879) was also working on travertine 

deposits establishing the first “travertine-based” terrace stratigraphy along the valley of the Danube 

River. He was followed by Kormos in 1909 who investigated pre-historic human settlements preserved 

in travertine successions at Vértesszőlős (Gerecse Hills). Thanks to the detailed investigations of 

Schréter (1953), studying the freshwater carbonate sites in the Buda and the Gerecse Hills, the basis of 

Hungarian freshwater carbonate studies was created.  

Márton Pécsi (1959; 1973), a prominent geoscientist of Hungarian geomorphological studies, 

established the classical terrace stratigraphy along the Danube. As part of his studies, he made 

observations on fresh water carbonates too and estimated their age by several independent methods (e.g. 

Pécsi and Osmond, 1973; Pécsi et al., 1988; Pécsi 2001). Later, Zsófia Ruszkiczay-Rüdiger (e.g. 2005; 

2007 and Ruszkiczay-Rüdiger et al., 2016; 2018) and co-workers pointed out the uncertainty of the 

terrace stratigraphy by application of 3He dating techniques on the terrace sediments and the covering 

travertine deposits. 

Gyula Scheuer and Ferenc Schweitzer are regarded as outstanding researchers of freshwater carbonate 

formations in Hungary and within the whole Pannonian Basin. They investigated these deposits from 

the point of view of sedimentology, hydrogeology and geomorphology (e.g. Scheuer and Schweitzer 

1970; 1974; 1979; 1984; 1989; 1994). Their most important results on the travertine sites of the Gerecse 

and the Buda Hills are summarized in a monograph published in 1988 which was used as a key literature 

item in this study. Ákos Török (e.g. 2003; 2004; 2008) investigated in detail the mechanical properties 

of these formations and their characteristics as building stones both in the Gerecse and the Buda Hills. 

The study by László Korpás was focusing on the paleokarst phenomena preserved in freshwater 

carbonates in general and the Buda- and Gerecse Hills in particular. Beside many other sites, he was 

working also on the Süttő travertine area (e.g. Korpás, 2003). Significant results were published about 

the geochemical characteristics of travertine deposition and its conditions of formation by Kele (2003; 

2006 and Kele et al., 2008). Additionally, the latter researcher did outstanding research on the age 

estimation of these formation by applying the U/Th dating method in the Gerecse Hills and all over the 

Pannonian Basin (Kele, 2009).  

Previous research on the Süttő travertine complex 

The Süttő travertine complex has been investigated by several researchers. The first scientific notes 

about the travertine outcrops of the Gerecse Hills were published around 1850 with the focus on 

paleontology (Kubinyi, 1863). At the beginning of the 20th century, Schréter (1912) and Kormos (1915) 



5 

started the investigation of the Gerecse travertines (including the Süttő travertine complex) mainly 

focusing on their hydrology, paleontology, paleogeography and geomorphology. The first detailed 

geological report and the calculation of the reserves were completed in 1971 and 1991 (Véghné et al., 

1971). Based on the studies of Noszky (1925), Horusitzky (1939), Cholnoky (1940), Vadász (1940) and 

Vitális (1940), it was claimed that the formation of fresh water carbonates in the Gerecse Hills must 

have been associated with spring activity.  

According to the investigations of Véghné et al. (1971), the bedrock of the Süttő travertine consists of 

reworked Late Pannonian (i.e. Late Miocene) gravel, sand and clay bearing marks of frost wedges 

suggesting the influence of Pleistocene glaciations. On the basis of the most recent re-evaluation of the 

borehole data, the underlying beds are most probably Upper Pannonian sediments redeposited by slope 

mass movements during the Pliocene (Csillag, in press). Additionally, Scheuer and Schweitzer (1988) 

supposed that spring activity was initiated by structural movements during Early Pleistocene times and 

that the original center of spring discharge could have been at the Haraszt Hill. They suggested, as a 

result of renewed structural movements this point shifted several times.  

Sedimentologically and petrographically the Süttő travertine complex was studied in details by Bakacsi 

(1993), Bakacsi et al. (1994), Korpás (2003) Bakacsi and Mindszenty (2004), Nagy (2002) and Smekens 

(2013). Based on the investigation of the Hegyhát quarry, Bakacsi (1993) and Bakacsi and Mindszenty 

(2004) argued that the depositional environment was a hydrologically open relatively high temperature 

lake with large amounts of biologically induced precipitate. They suggested that the depth of the lake 

varied between 3 and 10 m. According to Bakacsi (1993) the reasons for the water-level fluctuations 

could be: (1) climatically induced changes in discharge, (2) sudden outflow of water from the ponds 

across broken tufa dams. Geomorphologically, Nagy (2002) defined the Süttő travertine complex as a 

lake (pond) system where – in accordance with Scheuer and Schweitzer’s (1988) monograph – the 

individual ponds were separated by dams and mounds. Smekens (2013) examined the Újharaszt quarry 

in detail. Based on his observations, he supposed that the ancient depositional environment could have 

been a lake with fluctuating water table which resulted probably from seasonal changes. According to 

Smekens (2013), during the warmer (and perhaps dryer) periods, paleosoils, microbial layers and marl 

layers could have deposited whereas during the colder (and more humid) periods more compact layers 

formed. Increasing dominance of the thick packages of microbially influenced layers visible in the upper 

levels of the quarry were explained as reflecting a paludal environment which resulted from the sudden 

drop of the water level.  

Attempts to establish the exact age of the Süttő travertine complex, have been numerous. Several authors 

using a numbers of methods tried to estimate it. The results of their studies are discussed elaborately in 

Chapter 5. Further information about the previous research on travertines in the Gerecse Hills and in the 

Süttő travertine area can be found in the relevant chapters.
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CHAPTER 1: SEDIMENTOLOGY AND EARLY DIAGENETIC PROCESSES 

IN THE SÜTTŐ TRAVERTINE COMPLEX 

Based on the following papers: 

Török, Á., Mindszenty, A., Claes, H., Kele, S., Fodor, L., Swennen, R., 2017. Geobody architecture of continental 

carbonates: “Gazda” travertine quarry (Süttő, Gerecse Hills, Hungary). Quaternary International 437, 164-185. 

Török, Á., Claes, H., Brogi, A., Liotta D., Tóth, Á., Mindszenty, A., Kudó, I., Kele, S., Shen, C.C., Huntington, 

K., Swennen, R.: A multidisciplinary and multi-method approach to reconstruct a travertine fissure ridge-type 

morphotectonic feature and the related geothermal system: the case of the dismantled Cukor quarry (Süttő, Gerecse 

Hills, Hungary). Geomorphology – submitted. 

Claes, H., Török, Á., Erthal, M.M., Capezzuoli, E., Swennen, R.: Early diagenesis of Pleistocene to recent 

travertine and tufa: Micritisation and Sparitisation. – in prep. 

 

1.1 Introduction 

Over the past years, interest in continental carbonates has significantly increased. The reason for the 

special attention is the discovery of major hydrocarbon in lacustrine basins of the South Atlantic rift-

sag on the Sao Paulo Plateau (Wright, 2013) and also offshore Angola (Greenhalgh et al., 2012; Saller 

et al., 2016). These “microbialite” reservoir rocks show remarkable similarities with continental 

carbonate deposits (travertine and tufa), particularly in terms of the microbial activity associated with 

their formation and of their early diagenetic overprint (Gomes et al., 2012; Wright, 2012; Saller et al., 

2016; Poros et al., 2017; Claes et al., 2017b). Therefore, it is generally agreed that exposed freshwater 

limestones are potential field analogues for the Brazilian and Angolan reservoirs.  

Carminatti et al. (2008, 2009) reported seismic scale clinoforms of microbial carbonate build-ups having 

the same, self-building nature as travertine systems do (e.g. Guo and Riding 1998). Saller et al. (2016) 

in their paper on the depositional systems of pre-salt in the Kwanza Basin (Angola) interpreted them as 

a series of lakes associated with terrestrial environments. In their study, they pointed out that the 

reservoir characteristics are dominated by primary pores. Furthermore, early diagenetic processes have 

a significant impact on the succession of pre-salt deposits (Saller et al., 2016). Recently several case 

studies were published providing information about depositional settings of freshwater limestones and 

their diagenetic processes as potential analogues of the pre-salt (e.g. Ronchi and Francesco, 2015; Claes 

et al., 2015; Török et al., 2017). The challenges in understanding the formation and the heterogeneous 

nature of these carbonates and their impact on porosity and permeability emphasize the necessity for 

analogue sediment-petrological studies. 

Sedimentological and petrographic investigations were carried out in the Süttő travertine complex which 

is currently the largest travertine quarry system in Hungary. Major aims of this study were (1) to unravel 

the depositional environment, (2) to reconstruct the spatial distribution and changes of individual facies 
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through time and space, (3) to assess the diagenetic overprint and its effect on the primary characteristics 

of the lithofacies. 

1.2 Geological setting 

The town of Süttő is located on the right bank of the River Danube in the Pannonian Basin, about 60 km 

northwest of Budapest, close to the northern frontier of Hungary (Fig. 1-1). In the southern 

neighbourhood of Süttő, in the Gerecse Hills, there are several travertine occurrences that have been 

quarried since Roman times. The Gerecse Hills are bordered to the North by the Danube valley, to the 

West by the Dunaalmás-Tata fault, to the South by the Zsámbék Basin and to the East by the Dorog 

Basin. They are situated in the north-eastern corner of the Transdanubian Range Unit (Fig. 1-2).  

Present-day geological features of Hungary as well as the whole Pannonian region are determined 

mainly by the Late Cenozoic evolution, evidenced for example by the development of large sedimentary 

basins. Due to extension-related attenuation of the lithosphere in late Early to Late Miocene times 

(Royden and Horváth, 1988), the Pannonian Basin is characterized even today by a thin crust (25-28 

km), high geothermal gradient (5°C/100 m) and elevated heat flow (60-100 mW/m2) (Dövényi and 

Horváth 1988; Dövényi et al., 2002). The basin fill consists of one to six kilometers thick series of 

lacustrine, deltaic and fluviatile clastic sediments of Late Miocene-Pliocene age. They are overlain by 

Quaternary loess, wind-blown sands and alluvial deposits, covering usually the surface of the plains 

right below the actual soil. The basins are separated by hilly ranges (uplifted blocks), made up 

predominantly of Paleozoic, Mesozoic and Paleogene sedimentary sequences and Cenozoic 

igneous/volcanic rocks. 

The Transdanubian Range (TR), striking for 250 km in NE-SW direction, consists of hills and low 

mountains, of variable geology. Significant parts of the TR consist mainly of Triassic carbonates. 

However, Jurassic, Cretaceous and Paleogene formations also occur in the central zone of the large 

synform. Together, they determine the basic structural pattern of the TR and form an essentially 

continuous huge karstic groundwater reservoir (Haas, 2001; Mádl-Szőnyi and Tóth, 2015)  

From the early Miocene on, the Pannonian Basin was subject to extensional deformation behind the 

Carpathian subduction zone (Horváth, 1993; Fodor et al., 1999). Thermal subsidence started in the Late 

Miocene. In the latest Miocene to Pliocene it was followed by structural inversion as a result of 

continued oblique convergence of the Adriatic plate and the Bohemian Massif. This compression 

resulted in folding, uplift and subsidence of certain sectors of the basin (Horváth and Cloetingh, 1996; 

Bada, 1999). The observed terrace horizons along the Danube valley testify of this late uplift of the TR. 

The terraces are joint products of river incision and uplift of the TR (Pécsi, 1959). The present 

morphology of the TR is entirely the result of uplift and concomitant denudation related to the Latest 
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Miocene to Recent inversion of the Pannonian Basin (Horváth, 1995). Compression still prevails in most 

of the basin. Only some sectors of the lowlands are currently subsiding (e.g. the Makó Trough). 

Along the Danube valley there are several ancient and recent travertine outcrops such as the Süttő 

travertine complex in the Gerecse Hills. They formed at the level of the Danube and its tributaries, i.e. 

the local base level of erosion (Scheuer and Schweitzer, 1988; Ruszkiczay-Rüdiger et al., 2005; 2018), 

but now occur well above the actual valley bottom. The Süttő travertine complex is presently situated 

at an elevation of 100-120 m above the level of the river on top of a hill where carbonates deposited on 

top of Late Miocene (Pannonian) to Pliocene gravel, sand and clay deposits. Travertine deposition was 

followed by erosion and subsequently by deposition of Late Pleistocene loess and the formation of 

Holocene soil (Rolf et al., 2014). Since these travertine occurrences are among the hardest formations 

of the area they are resistant to physical weathering, therefore large-scale denudation of this rocky 

complex is limited.  

The Süttő travertine deposit is situated on the slope of the Haraszt Hill at an altitude of 210-270 m (a.s.l.) 

(Figs. 1-1 and 1-2). All other known outcrops occur at elevations lower than the top of Haraszt Hill. 

Three active and several inactive quarries provide the opportunity of direct observation of the geobody 

architecture. Description of each quarry is given in Annex 1-1. 

1.3 Methodology 

Macroscopic description was carried out of quarry walls, cores, rock slabs and hand specimens. The aim 

of the petrographic study was 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. In addition, individual samples 

were taken from lithotypes showing particular features (e.g. cemented lithologies). 

In the course of thin section preparation, samples were resin-impregnated two times. Half of the sample 

set was impregnated with a blue resin whereas the other half was treated with a fluorescent resin. The 

microscopic study was carried out with Leica DM LP and Olympus BH-2 microscopes. With regard to 

fluorescence microscopy a Leica DM LP equipped with a fluorescence – xenon arc – lamp (12/100W, 

type: 301-391.010 with BP450-490/LP515 filter set) was used. For discrimination of the origin of the 

emitted light which may originate either from organic matter, or from the resin itself, a Zeiss Axioskop 

40 fluorescence microscope was used. Cathodoluminescence microscopy allowed to address diagenetic 

alteration and was executed on a Nikon Optiphot non-polarizing microscope with a modified Technosyn 

cathodoluminescence stage (model 8200 Mark II) and a Nikon Eclipse Ci-s polarizing microscope with 

CITL stage.
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Figure 1-1. Topographic map of the Süttő area with indication of the quarries of the Süttő travertine complex 

(Török et al., 2017).  

 

Figure 1-2. Pre-Quaternary map of the Gerecse Hills with Quaternary travertine occurrences (indicated by white 

patches with brown dashed line border), modified after Fodor et al. (2013) in Török et al. (2017).
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For petrographic description of freshwater carbonates, most researchers use the classical carbonate 

terminology. Specific classifications only sporadically were proposed (e.g. D’Argenio and Ferreri, 

1987). In this study, a combination of Folk’s (1959) and Dunham’s (1962) classifications were used for 

the description of travertine fabrics with the term phytohermal taken over from D’Argenio & Ferreri 

(1987) whereas in order to describe also pore types, the Choquette and Pray (1970) porosity 

classification was used. In the course of shrub description, the terminology developed by Claes et al. 

(2017) was applied. The terminology of fabric and texture was used as defined by Pentecost (2005), i.e.: 

“Fabric refers to the textural and structural features of a rock on a range of scales, including spatial 

relationships between the constituent mineral grains to the degree of lamination and the jointing system, 

where present. Important textural features are grain size, grain shape and the relationships between 

adjacent mineral grains.” 

In order to visualize and quantify the macro-porosity and its interconnectivity in the Süttő travertine 

body, computer tomography (CT) was used. This non-destructive method allows three-dimensional 

characterization of rock properties (e.g. Remeysen, 2007; Jacobs and Cnudde, 2008). A medical 

(SIEMENS – SOMATOM Definition Flash) dual source computed tomography was used to perform a 

double energy scan (one X-ray beam of 100 kV and one of 140 kV). The measurement was carried out 

at the University Hospital Gasthuisberg (Leuven, Belgium). The data were reconstructed with filtered 

back projection using a very sharp convolution kernel (B70f). The resulting images have a resolution of 

0.230 x 0.230 x 0.5 mm and contained a 50% overlap. Three-dimensional visualization was done by the 

use of Avizo software (Thermo Scientific™).  

Applied terminology for diagenetic processes 

 “Micritisation” was postulated by Bathurst (1966) referring to a process where cryptocrystalline 

textures formed by repeated algal boring and filling of the small holes. It is also in this way that Tucker 

and Wright (1990) presented the “microbial micritisation”. Later the term micritisation was broadened 

to include all processes causing the obliteration of the original carbonate microstructure by gradual 

alteration generating cryptocrystalline textures (e.g. Reid et al., 1992; Reid and Macintyre, 1998; 2000). 

The more specific transition from spars to micrites can be referred to as “sparmicritisation” (Kahle, 

1977). The opposite process with transition from micrite to spar is referred to as “(micro-) sparitisation” 

(Pomar et al., 1975). 

“Recrystallisation” strictly refers to the changes in crystal size without any change of mineralogy (Folk, 

1965), while for processes with a change in mineralogy, the term “neomorphism” is used (Folk, 1965; 

Tucker and Wright, 1990). In Folk (1965) “Neomorphism” covers both replacement and 

recrystallisation. “Neomorphism” and the more specific “recrystallisation” thus include both the 

processes of “micritisation” and “sparitisation”. Tucker and Wright (1990) and Scholle and Ulmer-

Scholle (2003) separated and avoided the latter two terms. Instead, for increasing and decreasing crystal 
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sizes, “neomorphism” and more specifically “recrystallisation” are referred to as aggrading and 

degrading, respectively. Gradual dissolution and precipitation of a mineral by another one is referred to 

as replacement.  

In this study, emphasis lies on the resulting fabrics, since these are the ones that still can be observed. 

The crystal size is an important focus towards process interpretation. Consequently, “micritisation” and 

“sparitisation” are used for all processes resulting in post-depositional micrites and spars, respectively. 

1.4 Results 

1.4.1. Description of macroscopic lithofacies 

Based on the field observations, the Süttő travertine complex is predominantly characterized by 

subhorizontal lithologies occurring in the Újharaszt, Diósvölgy, Bego and Hegyhát quarries as well as 

in Borehole A and B. Some exceptions, however, can be seen in the Gazda and Cukor quarries (see 

below). Based on the available information, the following lithofacies occur in the Süttő travertine 

complex (Table 1-1; Figs. 1-8 and 1-9). 

1.4.1.1 Lithofacies exposed in outcrops 

Phytohermal lithofacies  

This reed dominated lithofacies is macroscopically made up of massive brownish travertine and is 

present in the Gazda and Bego quarries.  

Within this lithofacies in the Gazda quarry, slight laminations can also be observed. Additionally brown 

and black mottling was also noticed (Fig. 1-3A). The thickness of layers ranges between 3 and 10 cm. 

However, the thickness is strongly variable, changing even along one and the same lamina. Phytohermal 

lithofacies is characterized by cement-reduced reed and other macrophyte moulds as well as a highly 

irregular framework porosity (Fig. 1-3B, E). The size of the pores ranges between 1-10 cm. Bio-moulds 

appear both “in situ” as vertically oriented rod-shaped pores or they can result from allochthonous, 

reworked components. In some cases, moulds are dissolution enlarged.  

The phytohermal lithofacies forms an asymmetric, elongated mound structure close to the middle part 

of the quarry (Fig. 1-7A). In its thickest part it is up to 10-15 m high and 200 m in length. It has an 

asymmetric outline with steeper southern side (Fig. 1-3C). Phytohermal lithofacies interfingers with 

other lithofacies both vertically and laterally (as discussed below). Borehole information suggests that 

to the north of the Hegyhát quarry (in the area of the abandoned Auer quarry) another extensive 

phytohermal mound is present having a minimum thickness of 20 m (Véghné et al., 1971). 

Phytohermal lithofacies can also be observed in the Bego quarry, where it is visible thanks to active 

excavation on the second quarry level (Fig. 1-7D). This lithofacies has similar characteristics as the one 

exposed in the Gazda quarry. Around the phytoclasts, however, brown-white encrustations can be 
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observed, that are several centimetres in thickness (Fig. 1-3D). Each of the encrustations is made up of 

a calcite layer forming a circumgranular, isopachous crust around the phytoclasts. Thickness of this 

calcite crust ranges from 0.5 up to 1 cm. The brownish horizons are predominantly built up of micrite 

forming few millimetre-thick irregular layers around the phytoclasts. The highly encrusted phytohermal 

lithofacies forms a 1.5 m thick sub-horizontal travertine body. Laterally, this lithofacies interfingers with 

waterfall lithofacies, whereas horizontally it evolves gradually into the bryophyte dominated flat 

laminated lithofacies (Fig. 1-7D). 

Porosity of this lithofacies is characterized by by moulds of reed- and other macrophyte fragments which 

are clearly seen in 3D reconstructions (Fig. 1-3E). Carbonate precipitation around the plant relicts could 

have taken place due to high water turbulence. Because of the presence and subsequent decomposition 

of plants, the primary (mouldic) porosity has been preserved. 

Waterfall lithofacies 

This lithofacies is exposed in the Bego quarry occurring on the eastern part of the second and third 

excavation levels (Fig. 1-7D). The lithofacies is made of wavy layers of porous dark brown and less 

porous light brown massive lithofacies (Fig. 1-3F). Thickness of the layers varies between 3 cm up to 

10 cm. Within the porous dark brown horizons pores are highly irregular in shape, their size ranges from 

a few millimetres up to tens of centimetres. Dip of this lithofacies ranges from 15° up to almost vertical 

changing within a layer. The general dip direction of the layers is towards the NW. Significant amount 

of moulds of in-situ reeds and plants can be observed in this lithofacies enhanced by late karstification 

giving rise to cavernous porosity (Fig. 1-3G). Subsequent calcite precipitation only slightly reduces the 

karstified framework pores. On the second level of the Bego quarry, around the in-situ plants, dark 

brown and white travertine laminae are present.  

The geometry of this lithofacies represents an asymmetric mound-like body that interfingers laterally 

and horizontally with layers of bryophyte dominated flat laminated travertine and massive lithofacies 

(Fig. 1-7D, Fig. 1-3H). The waterfall lithofacies makes up travertine bodies of 5-9 m in thickness 

wedging out towards the north and south. The upper contact of the waterfall lithofacies is often sharp 

(Fig. 1-8), however, laterally it develops gradually into bryophyte dominated phytohermal travertine.  

The pore-network of this lithofacies is highly influenced by phytomoulds of in-situ reeds and other 

higher order plants forming hand-shaped branching pore structures (Fig. 1-3G). Due to late 

karstification, the primary framework porosity has been significantly enlarged resulting in cavern 

development within the lithofacies. Highly irregular isolated meso-pores are also common. Based on 

the medical CT data, porosity of this lithofacies ranges between 10 and 18%, excluded the oversized 

caverns and hand-shaped branching phytomoulds.  
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Wavy laminated lithofacies  

Wavy laminated lithofacies consist of massive, white and brownish coloured laminae with elongated 

bed-parallel pores which are often partially filled by calcite cement and/or by infiltrated clayey material. 

This lithofacies is characteristic for the Gazda quarry (Fig. 1-7A). The laminated structure is visualized 

by the variation of darker brown and lighter brown layers (3-5 cm thick) as well as by layer parallel 

pseudo-fenestral pore-structures occurring within but also separating the individual laminae from each 

other (Fig. 1-4A). The size of fenestral pores ranges between 0.5-2 cm. The macroscopically observed 

lamination has been proven by microscopic observations indicating that it is the result of the alternation 

of clotted micrite horizons with sparitic cement domination and micrite dominated dark laminae 

associated with horizontally elongated pores. Reworked intraclasts (1-3 cm in size), gastropod shell 

fragments and desiccation cracks are characteristic features of this facies. “In situ” reed and other 

macrophyte fragments occur randomly distributed but are not very common in this facies.  

Based on field observations, different types of wavy laminated lithofacies can be distinguished in the 

Gazda quarry. On the northern side of the quarry, this facies is represented by parallel, more or less 

horizontal laminae with an average dip of 8-10° to the NNW, whereas on the southern side, laminae are 

sloping to the SSE starting with a dip of about 15° with increasing dip upwards. Consequently, the 

previously mentioned mound-like structure becomes apparent. Horizontally, this facies is present in 

maximum 1-3 m thick packages which are separated by units of massive lithofacies (Fig. 1-7A, 

overview of the Gazda quarry). The packages of wavy laminated lithofacies are traceable laterally over 

up to 80 m (Fig. 1-7A). 

Massive lithofacies 

Massive facies is one of the most dominant lithofacies. It is present in all quarries and shallow boreholes. 

It is made up of structureless, massive brownish-greyish travertine, in which locally redeposited 

fragments of dark brownish “broken-up” layers, reworked lithoclasts and “black pebbles” occur. The 

size of these predominantly angular clasts ranges from 0.5 up to 2-3 cm. The reworked lithoclasts and 

“black pebbles” are randomly distributed in massive lithofacies whereas the fragments of the brownish 

“broken-up” layers were also redeposited, however, the original layer-like appearance is preserved. 

Gastropod shells and redeposited phytoclast fragments are typical components of this facies. These 

fragments are often “covered” by thin, maximum 1 mm thick, brownish micritic coatings (Fig. 1-4C). 

These coated fragments occur in horizontal wavy layers. Oncoid-rich surfaces were also observed in 

which oncoids of variable sizes (0.5-4 cm) occur. In the core of oncoids, mm-sized irregular-shaped 

fragments of redeposited clasts can be observed. 

In some cases, massive lithofacies vertically passes gradually into greyish travertine that is represented 

by dark greyish horizons in ca. 2-3 m thick packages (Fig. 1-4B). It is a commonly observed feature of 

the massive lithofacies in the Gazda and the Hegyhát quarries as well as in Borehole A and B. This dark 
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greyish facies is very homogenous and its texture is identical with the initial massive lithofacies. On top 

of these dark greyish horizons, light coloured massive unaltered travertine reappears. Within the dark 

greyish horizons some vertical, slightly branching, elongated V-shaped “patches” occur (Fig. 1-4B). 

These few centimetre long “patches” are distinguished on the basis of their colour and shape. Their 

textural characteristics were inherited from the host lithofacies. In some cases, horizons of “brain-like” 

branching pore structures (Fig. 1-4D) were observed in the greyish material. These branching pores are 

partly reduced by sparitic calcite cement. 

Thickness of the massive lithofacies ranges from several tens of centimetres (e.g. in Bego and Hegyhát 

quarries) up to 10 m (in Gazda quarry and lower level of Újharaszt quarry) and it is present over the 

entire length of these outcrops. In case of the Gazda quarry, horizontally it evolves to wavy laminated 

lithofacies and it is split up into two parts by the phytohermal lithofacies mound (Fig. 1-7A). In Bego 

quarry it is interrupted by the asymmetric body of waterfall lithofacies. Vertically, the massive 

lithofacies is alternating with layers of wavy laminated lithofacies, which horizontally interfingers with 

phytohermal lithofacies (Fig. 1-8).  

Porosity of this lithofacies is characterized by interparticle – framework porosity with low connectivity. 

Additionally, the irregular, branching pore structure also can be observed representing vuggy meso-

porosity. Tube-like, mouldic pores were also recognized that apparently originated from decay of 

reworked phytoclast fragments. In the Bego quarry, rounded, isolated pores exist within the massive 

lithofacies. The isolated pores form groups and they are lined up vertically forming slightly wavy 

horizons, a few centimetres in length (Fig. 1-4E). Each of these groups of isolated pores contains a few 

tens of isolated, rounded pores. 

Borehole A and B are mostly characterized by massive lithofacies. (Detailed core description with 

lithologs can be seen in Annex 1-2). Borehole B penetrated, however, a peculiar unit between 16.5 and 

28 m depth. Macroscopic characteristics of the massive facies can be recognized within this section, 

however, it possesses elevated porosity gradually evolving from the micro/meso-porous massive facies 

into a highly porous fragile alteration (Fig. 1-4H; Fig. 1-11J). Clear boundaries of the sequence cannot 

be seen. Due to its significantly different petrophysical characteristics, this sequence is identified as non-

cohesive facies belonging to the group of massive facies. More details about its petrophysical 

characteristics are given in Chapter 6. 

Flat laminated lithofacies 

Flat laminated lithofacies is built of ca. 1 cm thick, almost straight laminae which are oriented parallel 

to each other. The laminated structure is discernible due to the alternation of dark greyish brown and 

light brown coloured laminae (Fig. 1-4F; Fig. 1-7). There is no other macroscopic difference between 

the individual laminae (neither structurally nor texturally) and their boundaries are not sharply defined. 
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The pore network is characterised by its preferential horizontal alignment. Macroscopically, these pores 

are layer parallel. In contrast to the other facies, phytoclasts and gastropod shell fragments are absent.  

This lithofacies appears in the upper part of several quarries (such as in Újharaszt, Hegyhát and Gazda 

quarries) whereas this is the dominant lithofacies in some other cases (Bego and Diósvölgy quarries) 

(Fig. 1-8). The flat laminated lithofacies is already present in the form of intercalations in the massive 

lithofacies in the lower levels with layer-thicknesses of 0.3-1 m, gradually forming an almost continuous 

“homogeneous” geobody higher upwards. This lithofacies shows concordance with the massive 

lithofacies, and discordance with the phytohermal lithofacies in the Gazda and Bego quarries. The 

transitions between lithofacies were overall gradual. In all quarries, this facies is bounded in its upper 

part by a distinct exposure surface covered by loess.  

Bryophyte dominated flat laminated travertine is built up of layers of light brown massive lithofacies in 

which highly porous horizons are present occurring only in the Bego quarry (Fig. 1-4G). Each of the 

porous and less porous layers of the massive lithofacies is 10-15 cm in thickness and almost flat. Within 

the porous layers, pores are tube-like and slightly upward branching forming a fan-shaped pore structure. 

Each of the tube-like pores is a few millimetres wide and several centimetres in length (Fig. 1-4G). This 

lithofacies is characteristic for the lowest level of the Bego quarry forming a horizontal unit ca. 6 m in 

thickness. Laterally it interfingers with the waterfall lithofacies, horizontally it is intercalated within the 

massive lithofacies. 

Porosity characteristics of the flat laminated facies are different in the different quarries. Porosity of this 

lithofacies changes between 5 and 10% (based on medical-CT analysis) in the Gazda and Hegyhát 

quarries. However, in the Újharaszt, Diósvölgy and Bego quarries, this lithofacies is characterized by 

its highly fragile nature. Its porosity ranges here from 15 up to 40% based on medical CT analysis. 

Porosity of the bryophyte dominated flat laminated lithofacies is characterized by “bushes” of tube-like 

phytomoulds formed by in situ decay of bryophytes. Based on the medical CT data, porosity of this 

lithofacies ranges between 12 and 15%.  

Marker horizons 

Some characteristic horizons can be used as marker horizons in the Süttő travertine area (Fig. 1-6). 

Along these horizons, dissolution phenomena occur together with breccias, irregular karstified surface 

morphologies as well as the accumulation of unconsolidated calcareous material (Fig. 1-6A). According 

to the dip of these surfaces, two main marker horizons can be distinguished indicating two relatively 

long-lasting interruptions of the spring activity (Fig. 1-6B). They show that carbonate precipitation 

stopped and karstification took over, obviously resulting from the infiltration of (rain)-waters 

undersaturated with respect to calcite.  
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1.4.1.2 Crystalline facies of the Cukor quarry 

In contrast to the general subhorizontal dipping of the layers in the Süttő travertine complex, the 0.5-1 

m thick layers of the Cukor travertine body are steeply dipping in two directions, towards to NW and 

SE (Fig. 1-8). Here the layers consists of five lithofacies possessing a sugar-like (=crystalline) texture 

that occur only in this abandoned quarry. Spatial distribution and macroscopic characteristics are 

described here and are illustrated in Figures 1-5, 1-8 and 1-9.  

Massive crystalline lithofacies consists of macroscopically white, crystalline calcite (Fig. 1-5A). 

Randomly distributed small (0.5 to 1 cm in size) irregular pores, coated bubbles and moulds of reworked 

phytoclasts are characteristic for this lithofacies (Fig. 1-5B). The massive crystalline lithofacies forms 

1–3 m thick, sub–vertical beds (Fig. 1-5I) that are dipping towards the NE within the upper excavation 

level, whereas SW gently dipping beds can be observed within the lower level of the quarry. The massive 

crystalline lithofacies has been recognized over the entire outcrop without any interfingering with other 

lithofacies. 

Crystalline phytohermal lithofacies is made up of massive, white crystalline travertine, possessing a 

dense network of in situ straw–like phytomoulds (Fig. 1-5C). The highly irregular pore network is party 

filled with calcite cement, however, it is locally slightly enlarged by dissolution. The size of the 

vertically oriented phytomouldic pores ranges between 1 and 10 cm. The crystalline phytohermal 

lithofacies consists of 0.5 to 1 m thick beds, that are oriented parallel to those of the massive crystalline 

lithofacies, with which they alternate. Dip angles slightly decrease from the middle part towards the 

northern and southern edges of the outcrop.  

Thin–bedded/laminated crystalline lithofacies is characterized by 0.5–2 cm thin crystalline layers (Fig. 

1-5D). Each layer is separated by layer parallel elongated pores, partly filled by calcite cement. The 

diameter of these pseudo–fenestral pores ranges between 3 and 7 cm. Some smaller – 3 to 5 mm in 

diameter – isolated irregular pores can also be observed within individual laminae. Locally, a black 

manganese oxi/hydroxide zone was observed within the pore–filling calcite with a characteristic 

thickness of 1 to 2 cm. The slightly wavy laminae form 50 to 70 cm thick beds that occur at both outcrop 

levels (Fig. 1-5D). The laminated packages are interbedded with massive and phytohermal lithofacies 

lithofacies displaying a similar geometrical setting as the travertines do. 

Micro terraces are built up of 1 to 3 cm thick, white massive layers that are separated by slightly wavy 

porous horizons (Fig. 1-5E). Along these surfaces vertically elongated pores – a few mm in length – are 

lined up acting as joint surfaces. Micro terraces (Fig. 1-5F) are made up of a few mm high micro–dams 

that are separated by shallow – less than 3–5 mm deep – micro-pools. The distance between the 

individual micro–dams ranges from 0.5 to 2 cm (Fig. 1-5F). This lithofacies appears in the middle of 

the lower quarry level forming a slightly wavy, 1.5 m thick layer that is traceable laterally over a distance 
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of up to 5 m. The layers of micro terraces are displaced by several small fractures with a vertical 

displacement of ca. 20–35 cm. The general dip of the layer is 40° to the SW, however, it locally changes 

due to the displacements. The lithofacies is surrounded by lithoclastic (breccia) lithofacies. 

Lithoclastic (breccia) lithofacies consists of reworked travertine and calcite clasts (Fig. 1-5G, H). The 

size of the angular clasts ranges from 0.5 to 10 cm in diameter. Clasts are embedded in a weakly 

consolidated orange coloured carbonate mud. Locally, thin calcite encrustation was observed around 

groups of lithoclasts (Fig. 1-5H). It consists of 1 to 3 cm thick encrustations containing a thin (few mm) 

black manganese oxy/hydroxide rim. Lithoclastic lithofacies is exposed in the lower part of the Cukor 

quarry. It can be followed from the central part of the quarry up to its eastern edge. Neither bedding nor 

any other structure can be observed within this lithofacies. The contact of the lithoclastic lithofacies with 

the massive crystalline and wavy laminated lithofacies is abrupt. 

A brownish banded calcite vein with a thickness of a few centimetre (ca. 3 cm) (Fig. 1-5I, J) was 

observed on the surface of a layer of the massive crystalline travertine. On this surface, the observed 

vein is broken up and is represented by angular, poorly sorted cm–sized pieces. The dipping attitude of 

this calcite vein is parallel to the one of the massive lithofacies (70° to SW; Fig. 1-5J).  

 

Figure 1-3. Most common macro-features of the identified lithofacies in the Süttő travertine complex. (A) Black 

and orange mottling of phytohermal travertine. (B) Reed-mouldic pore network (indicated by yellow arrows). (C) 

Contact horizon of phytohermal and wavy laminated lithofacies. Laminae of wavy laminated lithofacies steepening 

in upward direction (accentuated by black dotted lines). (D) Centimetre thick brown-white encrustation around 

phytoclast in the Bego quarry. (E) 3D model of the macro-pore network of Phytohermal lithofacies based on 

medical Computed Tomography (different colours indicate different connected pores). (F) Wavy layers of porous 

dark brown and less porous light brown massive lithofacies within waterfall lithofacies. (G) Moulds of in-situ 

reeds and plants within waterfall lithofacies. (H) Waterfall lithofacies surrounded by bryophyte dominated flat 

laminated travertine (see Figure 1-6D).
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Figure 1-4. Most common macro-features of the identified lithofacies in the Süttő travertine complex. (A) 

Laminae of wavy laminated lithofacies stepping in upward direction (accentuated by lack dotted lines). (B) Dark 

greyish alteration in massive lithofacies with V-shaped patches below the dark greyish horizon. (C) “Coated” 

bioclast fragments within massive lithofacies. (D) “Brain-like” branching pore network in the Gazda quarry. (E) 

Bubble escape structure within massive lithofacies in the Bego quarry. (F) Flat laminated lithofacies in the 

Újharaszt quarry. (G) Bryophyte dominated flat laminated travertine with tube-like pore network, which is 

characteristic for the lower levels of the Bego quarry. (H) Non-cohesive facies represents alteration of the massive 

facies in Borehole B. The white numbers indicate the sections of the borehole in meter. Note that porosity and 

fragility of the facies decreases from top to bottom.  
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Figure 1-5. Overview of the most characteristic macroscopic features of the observed lithofacies in the Cukor 

quarry. (A) Massive crystalline lithofacies interbedded with thin-bedded/laminated crystalline travertine. (B) 

Coated bubble within massive crystalline lithofacies indicated by yellow arrows. (C) Dense network of straw-like 

pores in phytohermal crystalline travertine. (D) Thin-bedded/laminated crystalline lithofacies with characteristic 

layer parallel pore network. (E) Layers of micro terraces represented by porous horizons on freshly cut surface. 

(F) Plan view of the porous horizon along which micro terraces can be observed. (G) Lithoclastic lithofacies 

consisting of angular clasts of travertine embedded in orange coloured partially cemented carbonate mud. (H) 

Manganese oxy/hydroxide horizon containing calcite encrustation around the clasts in the lithoclastic lithofacies. 

(I) Steeply dipping layers of massive crystalline lithofacies towards SW. (J) Thin calcite veneer on the surface of 

the massive crystalline facies (location of the calcite veneer indicated by yellow rectangle in Figure 1-5I). (Török 

et al., submitted). 
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Figure 1-6. Illustration of “Marker horizons” (Török et al., 2017). (A) Layer parallel dissolution surface within 

massive lithofacies. Along these dissolution surfaces, breccias, karstified, irregular surfaces and accumulation of 

calcareous unconsolidated material can be observed. (B) Spatial separation of upper (indicated by red dotted line) 

and lower (presented by red solid line) “marker horizons”. 
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Lithofacies Macro features Macro-pores Size Boundary 
Depositional 

environment 
Quarry/Borehole 

Phytohermal 

lithofacies 

Massive brownish travertine with 

moulds of in-situ reeds. Layering 

can be observed as visualized by 

brown and black mottling. 

Cement-reduced 

reed-mouldic and 

highly irregular 

framework 

porosity.  

Asymmetric, 

elongated mound 

structure, 15 m high 

and 200 m in 

length. 

Laterally interfingered with 

wavy laminated lithofacies. 

Horizontally: discordance 

with flat laminated travertine. 

Mound Gazda quarry 

Waterfall 

lithofacies  

Wavy layers of less porous dark 

brown and porous light brown 

massive facies with steep dip 

toward NW. 

Hand-shaped 

branching pore-

network with 

caverns and 

irregular 

framework 

porosity.  

5-9 m in thickness 

wedging out 

towards north and 

south. 

Laterally: gradual transition 

into phytohermal travertine. 

Horizontally: sharp boundary 

with the overlying bryophyte 

dominated lithofacies.  

Slope (>15° 

dip) 
Bego quarry 

Phytohermal 

crystalline 

lithofacies 

White crystalline travertine with 

dense network of phytomoulds. 

Characterized by steep dip to NE 

and SW. 

In situ straw-like 

meso-phytomoulds.  
0.5-1 m thick beds  

Straight and sharp boundaries 

with massive crystalline and 

laminated crystalline 

travertines. No interfingering. 

Close to the 

spring (fissure 

ridge) 

Cukor quarry  

Wavy 

laminated 

lithofacies 

Alternation of dark greyish brown 

and light brown coloured laminae 

with characteristic dip of 8-15° on 

the northern and southern side of 

the phytohermal mound. 

Pseudo-fenestral 

pore-network.  

Max. 1-3 m thick 

packages, laterally 

ca. 80m. 

Laterally: gradual from 

massive lithofacies to 

phytohermal travertine. 

Horizontally: flat laminated 

travertine  

Slope (<15° 

dip) 
Gazda quarry 

Massive 

lithofacies 

Broken-up” layers, coated 

fragments and oncoids.  
Gastropod-moulds. 

10 cm (Bego q.) up 

to 10 m  

(Gazda q.). 

Laterally: gradual to wavy 

laminated lithofacies. 

Horizontally: flat laminated 

lithofacies 

Shallow pond 

Gazda, Hegyhát, 

Újharaszt quarries 

and Borehole A 

Dark greyish horizons inherited 

from the initial massive lithofacies 

with V-shaped “patches" 

"Brain-like" 

branching pores. 
Palustrine Gazda quarry 

Non-cohesive travertine with 

highly fragile parts. 

Well connected 

vuggy pores. 

12 m in Borehole B, 

not exposed in the 

neighbouring 

quarries 

No clear boundary, gradually 

transform into massive facies 

Pond 

(subaerial 

exposure) 

Borehole B 

Massive 

crystalline 

lithofacies 

White, macroscopically it is made 

up of crystalline calcite. Sub-

vertical beds dipping towards to NE 

within the upper excavation level 

and to SW in the lower level. 

Randomly 

distributed small 

(0.5 to 1 cm in size) 

irregular pores. 

1-3 m thick sub-

vertical beds. 

Well-defined, straight and 

sharp boundaries with 

phytohermal crystalline and 

laminated crystalline 

travertines. No interfingering 

Close to the 

spring (fissure 

ridge) 

Cukor quarry  
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Lithofacies Macro features Macro-pores Size Boundary 
Depositional 

environment 
Quarry/Borehole 

Lithoclastic 

(brecciated) 

lithofacies 

Angular clasts of reworked 

travertine and calcite embedded in 

a weakly consolidated orange 

coloured carbonate mud. No 

bedding. 

Interparticle, 

weakly connected 

pores. 

5-6 m (present in 

the entire thickness 

of the lower level) 

from the central part 

up to the eastern 

edge.  

Sharp boundary with massive 

crystalline travertine and 

micro-terraces. 

Subaerial 

exposure 
Cukor quarry  

Microterraces 

A few mm high micro-dams 

separated by shallow, 3-5 mm deep 

pools. The distance between the 

individual micro-dams is 0.5 to 2 

cm.  

Layer parallel, 

fenestral porosity. 

1.5 m thick layer, 

traceable ca. 5 m in 

length (highly 

displaced by 

fractures). 

Sharp boundary with the 

surrounding lithoclastic 

travertine. 

Close to the 

spring - slope 
Cukor quarry  

Flat 

laminated 

lithofacies 

Flat, greyish brown and light brown 

coloured laminae. 

Layer parallel, 

partly connected 

meso-pores. 

Significantly 

enhanced by late 

dissolution. 

1 m up to 20 m 

interfingered with 

layers of massive 

lithofacies in a few 

cm in thickness. 

Gradually form from massive 

lithofacies. Upwards bounded 

by an exposure surface 

covered by loess. Discordance 

with phytohermal travertine. 

Shallow pond 

All quarries. Most 

dominant in Bego 

quarry 

Horizontal, flat, light brown 

massive lithofacies layers with 

“bushes” of tube-like phytomoulds. 

Phytomoulds of 

bryophytes. 

6 m in thickness, 

appears in the entire 

lowest level of the 

Bego quarry.  

Laterally: waterfall lithofacies. 

Horizontally: massive 

lithofacies 

Shallow pond Bego quarry 

Thin-bedded/ 

laminated 

crystalline 

lithofacies 

0.5-2 cm thin crystalline layers 

separated by layer parallel 

elongated pores. 

Pseudo-fenestral 

pores and some 

smaller isolated 

pores. 

Slightly wavy 

laminae form 50-70 

cm thick beds.  

Interbedded with massive 

crystalline and phytohermal 

crystalline lithofacies 

Close to the 

spring - slope 
Cukor quarry  

Table 1-1. Lithofacies characteristics of the Süttő travertine and their most characteristic macro-features. 
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Figure 1-7. Overview of the quarries with indication of the observed lithofacies. Map view of the lithofacies 

distribution shown in Figure 1-7. 
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Figure 1-8. Map of the observed lithofacies in the Süttő travertine complex with indication of boreholes from 

1971 and the two new borehole locations, drilled in a frames of this study. Yellow numbers next to the boreholes 

show the thickness of the travertine body. 

 

Figure 1-9. Sketch–map of the Cukor quarry showing the various lithofacies and their dipping attitudes. 
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1.4.2. Microscopic textural groups 

On the basis of petrographic observations, microscopic textures can be grouped according to their crystal 

size, i.e. micrite versus spar. For this study, the definition of Tucker and Wright (1990) is applied, where 

micrite is defined as fine calcite crystals less than 4 µm in size. Spar crystals are greater than 4 µm. 

Based on this, the following groups can be distinguished (see also: Fig. 1-10; 1-10; Table 1-2). Table 

1-3 introduces the link between lithofacies and microscopic observations. 

1.4.2.1. Micrite fabrics 

Two dominating micrite types widely occur in travertines, namely dark micrite (M1) and cloudy micrite 

(M2) (Fig. 1-10).  

Dense micrite (M1) represented by approximately homogeneous distribution of microcrystalline calcite 

phases that are less than 4 µm in size. Notice that the latter phases often grade into clotted micrite. This 

dense micrite is marked by a low proportion of microsparite when compared to the other micrite types. 

Clotted micrite (M2) consisting of spongy-like accretion of “micrite islands” (Riding, 2000). The dark 

brown, fine crystalline calcite particles constitute clustered islands which are regularly connected to 

each other. In the middle of the individual “micrite islands”, aggregations of even smaller carbonate 

phases can be observed. These central cores are represented by darker nodes which transform gradually 

into the rim of lighter brownish microspar. Via coupling of these “micrite islands” by microspar, a 

clotted micrite texture is formed which is characterized by an overall irregular shape and distribution. 

In most cases, the clotted micrite is finally embedded in subhedral equant micro- as well as macrospar. 

Together they constitute almost all the micritic fabrics. Based on their arrangement, ratio and association 

to sparitic fabrics they make up the different lithofacies (Table 1-3). For example, both M1 and M2 can 

occur as peloids, clumps, dendrites and as homogeneous dense micrite (Fig. 1-10A-D). Clots, however, 

most often consist of M2 (Fig. 1-10D). Often M1 and M2 also retain the shape of organic constituents, 

like e.g. the interior of plant structures (e.g. Fig. 1-10D, E). Most of the time M1 constitutes the core of 

the particles, while outward it often changes to cloudy micrite (M2) (e.g. Fig. 1-10A, D-F). M1 often 

has a more distinct boundary in contrast to the wavy edges of M2 (Fig. 1-10B, C). When the cloudy 

micrite is surrounded by spars often a gradual increase in crystal size can be observed (Fig. 1-10A, D). 

The cloudy micrite can occur between the darker micrite constituents (such as peloids and dendrites), 

around pore edges or makes up the full structures. Fig. 1-10D illustrates the relationship between these 

two micrite fabrics. Dark micritic dendrites transform into cloudy micrite towards the pore edge. 

An important difference between the two micritic fabrics is their porosity-related fluorescence. The 

cloudy micrite (M2) is often associated with microporosity in contrast to the dark, almost opaque micrite 

(M1) (Fig. 1-9G, H). Dark micrite most often does not show any luminescence. In rare occasions a weak 
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dull cathodoluminescence of the dark micrite was observed (e.g. Fig. 1-10E, F). Cloudy micrite 

occasionally exhibits some dull cathodoluminescence. 

Another type of micrite occurs in association with spar dominated fabrics. They occur in the form of an 

outer (cloudy to dark) micritic rim, envelope or coating that sometimes tends to spread inward of the 

particle as cloudy patches (M3; Fig. 1-10I-L). It should not be confused with inclusions of precursor 

micrite fabrics (S2; e.g. Fig. 1-11A, B). The cloudy to dark micrite rims (M3) can follow crystal 

boundaries or the original morphology of specific fabrics, e.g. shrubs (Fig. Fig. 1-10I). The boundary 

of the M3 envelope is distinct and can separate different micrite or spar generations (e.g. Fig. 1-10K, 

L). Based on fluorescence microscopy, M3 can be microporous and can also show a weak mottled 

cathodoluminescence. 

1.4.2.2. Spar fabrics 

Three groups of spar types have been distinguished (Fig. 1-11). The first type consists of clear 

transparent sparitic crystals with straight crystal boundaries (S1). They show several crystal shapes, 

from equant to bladed spars. They can fill up pore space but are also found surrounding the different 

micritic peloids, clumps or clots (e.g. Fig. 1-11A, C, D). In case of the latter one, a gradual increase of 

crystal size (towards the pore space) can sometimes be observed. In specific situations, growth bands 

can be seen in cathodoluminescence (Fig. 1-11D, E), predominantly in cases of pore filling calcite 

crystals. In addition, slightly rounded spar edges was formed by neomorphism (Fig. 1-11H) and 

dissolution (e.g. Fig. 1-10J) resulting secondary porosity. 

Spars with cloudy to dark micritic interiors and inclusions are described as cloudy spars (S2) (see Fig. 

1-11A, B). The cloudy interiors often can be related to the precursor micritic fabrics (M1 or M2) (Fig. 

1-11H,I). They remain as ghost textures and sometimes laterally can still be found in their pristine state. 

Of importance are the undulose extinction patterns under crossed polars that cross over the entire spar 

crystals and even over different fabrics, e.g. the cloudy micrite interiors (Fig. 1-11A, B). Mixed spar-

micrite dendrites show a similar extinction pattern from over the dendrites to the surrounding spars 

and/or over several crystals (e.g. Fig. 1-10J; Fig. 1-11I). The extinction patterns can even cross micritic-

sparitic growth laminae (Fig. 1-11H and I). These S2 spars often display a mottled luminescence (Fig. 

1-11J, K). 

A third type of spar consists of cloudy to clear spars with wavy edges (S3), in contrast to straight crystal 

surfaces (Fig. 1-10I; Fig. 1-11L). The cloudiness of the spars is mainly related to solid inclusions (e.g. 

Fig. 1-11F). No clear growth direction or orientation of the crystals can be observed. Luminescence 

varies depending on the conditions of formation. 
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1.4.2.3. Non-cohesive facies 

Borehole B exposed the non-cohesive facies over a thickness of about 12 m (Fig. 1-12J). The upper 

(between 10 and 16.5 m) and the lower (between 28 and 40 m) sections of the borehole consist of 

massive facies which gradually transforms into the highly porous and fragile non-cohesive facies. 

Figure 1-12 summarizes the microscopic features of Borehole B showing the transition between the two 

facies. The contact between the underlying clay/sand and the travertine body is faded, gradual evolution 

can be observed from the angular clay and quartz fragments into the micrite dominated travertine (Fig. 

1-12A; Fig. 1-13C). The upper (between 10 and 16.5 m) and lower (between 28 and 40 m) sections of 

the borehole show the characteristic micro-texture of the massive facies. It is typified by dense and 

cloudy micrite showing gradual transitions into spar via crystal size increase (Fig. 1-12B, H, I). The 

upper part of the lower section shows increasing amounts of dense micrite in the interparticle pore space 

(Fig. 1-12C, D). The non-cohesive facies is characterized by particles of cloudy spar forming a grain-

supported texture (Fig. 1-11E, F). The fragments of the cloudy spar crystals are rounded and badly 

sorted. Mixture of cloudy spar and dense micrite clasts is commonly observed in this facies (Fig. 1-

12G). The interparticle pores are well connected and the grains possess rounded edges (Fig. 1-12E-F). 

Fabric 

Group 
Fabrics 

Fluorescence 

of resin in 

micro-pores 

Cold 

Cathodolumi-

nescence 

Supposed genetic process REF 

M
ic

r
it

e 
g

ro
u

p
 Dark 

micrite 

Dense 

Occasionally Occasionally 
Bio-micrite/Organo-

mineralisation 

(Primary micrite) 

M1 
Clumps 

Peloidal 

Dendritic 

Envelope 

around spars 
Yes No 

Micro-boring 

(Spar to micrite) 
M3 

Cloudy 

micrite 

Dense 

Yes Occasionally 

Micritisation by micro-

dissolution  

(Micrite to micrite) 
M2 

Clumps 

Peloidal 

Dendritic 

S
p

a
r
 g

ro
u

p
 

Clear spars with 

crystallographic 

borders 

No Yes 

Direct spar precipitation or 

cementation 

(Primary spar) 
S1 

Cloudy spars Occasionally Yes 

Recrystallisation 

(Micrite or mixed micrite-

spar to spar) 
S2 

Clear spars with wavy 

crystal contacts 
No Occasionally 

Recrystallisation  

(Spar to spar) 
S3 

Table 1-2. Synthesis of the petrographic characteristics of the dominant fabrics (based on Claes et al., in prep.) 
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Figure 1-10. Examples of dark, almost opaque (M1) and cloudy (M2) micrite. P indicates porosity. 

Microphotograps are not oriented. (A – PL) Dense micrite. (B – PL) Clotted micrite. (C – PL) Dense micrite 

clumps embedded in sparitic calcite. (D – PL) Example of clotted micrite as part of a phytohermal lithofacies. (E 

– PL; F – CL) Cathodoluminescence of dark (M1) and cloudy micrite (M2). The previous one is characterized by 

dull luminescence while the latter shows no luminescence. (G – PL; H – FL) examples of the microporous nature 

of M2. Microporosity is indicated by green colour on figure H. (I– PL) Crystalline shrubs covered by a micrite 

envelope. (J – PL) Cloudy spar (S2) resulting from micrite to spar recrystallisation alternating with primary or 

recrystallized spar (S1/3) as part of a stalactite-like structure, characteristic for waterfall facies. Dissolution 

resulted in secondary porosity, highlighted by white arrows (P). (K – PL) Cloudy spars separated from cemented 

clean spars by a dark micrite rim. (L – PL) Micrite-spar crust around phytoclast. The micrite rims are associated 

with cloudy micrite patches. (PL: parallel polarized light, PPL: cross polarized light, CL: luminescence light, FL: 

fluorescence light). 
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Figure 1-11. Examples of sparitic fabrics and their diagenetic alterations. (A – PL; B – PPL) Example for ghost 

structure resulted by micrite to spar recrystallization. The precursor micrite structure is still observable within the 

spar crystals, however, extinction under crossed polars crosses the micritic ghost structures. No gradual transition 

in crystal size from the micrite to the spar phases can be observed (in contrast to M2 fabrics surrounded by S1 

spars). (C – PPL) Clear spars with well-defined crystallographic borders. (D– PL, E – CL) Blocky spar formed in-

between clotted micrite. Their growth band related non- to bright- to dull luminescence zonation can be observed 

in the CL equivalent of the PL-photo shown in D. (F – PL; G – PL) Spars affected by recrystallization as inferred 

from their wavy crystal boundaries (white arrows). (H – PL; I – PPL) Examples of micrite to spar recrystallization 

illustrated by the extinction patterns over the cloudy spars to transparent spars. Some micrite remnants were not 

fully recrystallized. Micritic dendrites, covering and covered by spar crystals, were recrystallized. Due to late 

dissolution secondary porosity was formed between the branches of the micrite dendrites (indicated by white 

arrows). (J – PL; K – CL) Mottled cathodoluminescence of cloudy spar. Subsequent dissolution enlarged the 

primary pores resulting in rounded crystal edges. (L – PL) Spars affected by recrystallization. (PL: parallel 

polarized light, PPL: cross polarized light, CL: luminescence light, FL: fluorescence light). 

 

 



xxiii 

 

Table 1-3. Major lithofacies/microfacies described as particular associations of the identified fabrics. These combinations are linked to the most characteristic cement fillings, 

pore types and representative outcrops/boreholes (BH). The less dominant subfacies and their micro-features are represented by grey italic wording in brackets.  

Lithofacies Sub-facies 
Combination of building 

components 
Cement filling Pore type 

Representative 

quarry/borehole 

Phytohermal 

lithofacies 
Reed lithofacies 

M1, M2 + intra and 

extraclasts 

Equant-, drusy- and bladed spar. 

Fan-like elongated crystals. 

Vuggy meso-pores, 

phytomoulds. 

Gazda and Bego 

quarries 

Waterfall lithofacies  
M2, M3+ S1, S2+ intra 

and extraclasts 
Mosaic and bladed cement. 

Phytomouldic and shelter 

mega-porosity. 
Bego quarry  

Phytohermal crystalline lithofacies S1 + M1 Blocky cement and bladed spar. 
Phytomoulds and vuggy 

meso-pores 
Cukor quarry 

Wavy laminated lithofacies 
M1, M2, M3 + intra and 

extraclasts 

Circumgranular micro-spar. 

Equant macrospar. Inclusion-

rich bladed cement. 

Elongated, layer parallel 

pores. Irregular, meso- and 

macro-pores. 

Gazda quarry + BHA 

Massive  

lithofacies 

Intraclastic grainstone M2, M3 + intraclasts 
Subhedral macro-spar, fibrous 

calcite. 

Interparticle meso-porosity 

and vuggy pores. 
All quarries 

Oncoid travertine 
M1, M2 + calcimicrobes 

and oncoids 

Bladed, dogtooth and equant 

subhedral macro-sparitic calcite. 

Framework porosity All quarries + BHA 

(Újharaszt q.) (Vuggy mesopores). 

Peloidal intraclastic 

lithofacies 

M2, M3 + intra and 

extraclasts 

Subhedral macro-sparitic 

calcite. 
Intergranular meso-porosity. 

Gazda and Hegyhát 

quarries + BHA, BHB 

Clastic travertine M1, M3+ calcimicrobes 
Blocky cement. Drusy, anhedral 

calcite. 
Interparticle porosity. All quarries 

Massive crystalline lithofacies S1 
Equant subhedral macro-spar 

and blocky cement. 
Vuggy meso-pores. Cukor quarry 

Lithoclastic (brecciated) lithofacies  
M3 + S1 + intra and 

extraclasts 
Blocky cement. Vuggy meso-pores. Cukor quarry 

Microterraces S1 
Feather-like crystals and equant 

subhedral macro-spar. 

Interparticle meso-porosity 

and vuggy pores. 
Cukor quarry 

Flat laminated 

lithofacies 

 

M2 Equant subhedral spar.  

Framework porosity. 

Újharaszt, Gazda and 

Bego quarries + BHB 

(M2, M3 + shrubs) 
(Equant subhedral macrospar, 

bladed c.) 
 (Újharaszt quarry) 

Bryophyte lithofacies 

 M2, M3 

Mosaic and bladed cement. 

Vuggy meso-pores, 

phytomoulds (sponge-like 

porosity). 

Bego quarry  
(intra and extraclasts) 

Thin-bedded/ laminated crystalline 

lithofacies 
M3 + S1 Blocky cement, bladed spar. 

Framework porosity and 

vuggy pores. 
Cukor quarry 
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Figure 1-12. Microscopic features of the travertine body exposed in Borehole B (depth positions are given in red 

numbers in each of the microphotographs. (A – PL) Contact between the travertine body and the underlying silty 

clay indicated on figure J by the lowest red circle along the litholog. Microphotograph indicates mixture of angular 

quartz fragments of the underlying bed and cloudy micrite dominated travertine. (B – PL) Cloudy micrite 

dominated micro-texture with partially cement reduced primary pores. (C – PL) Cloudy micrite particles 

characterized by rounded edges. The interparticle pore space is filled by dense micrite (yellow arrows). (D – PL) 

Badly sorted, rounded travertine fragments (white arrows) floating in dense micrite. (E – G) Micro-features of the 

non-cohesive facies. (E – PPL) Dissolved cloudy spar fragments showing grain-supported texture. Within the 

dissolution enhanced interparticle pore space, sporadically dense micrite can be observed. (F – PL) Dissolved 

oncoids and cloudy spar fragments with significant dissolution enhanced interparticle porosity (indicated by blue 

resin). (G – PL) Mixture of different size of oncoids. The interparticle pore space is reduced by circumgranular 

sparitc calcite cement. (H, I – PL) Dense and cloudy micrite embedded in microspar. Primary pores are reduced 

by cement. (J) Litholog of Borehole B with indication of the thin section positions by red circles.  

1.5 Discussion 

1.5.1. Depositional environment of the individual lithofacies  

Antecedent topography map of the Süttő travertine area has been prepared based on archive borehole 

information (Véghné et al., 1971) and geophysical measurements (see Chapter 2) indicating that below 

the top of Haraszt Hill there is no travertine. This hill was already a topographic high by the time of the 

travertine deposition (Figs. 1-13 and 1-15). On the Haraszt Hill, under 5-10 m of loess, boreholes 

penetrated 35 to 40 meters thick Mio-Pliocene siliciclastics (mainly clay with occasional pebbles, rock 

fragments and some sand), immediately underlain by the Mesozoic (mainly Jurassic) limestone 

basement (Fig. 1-15). Similar clayey, gravelly beds were exposed by the mining operations below the 
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travertine of the Gazda quarry (Fig. 1-13A, B). In Borehole B, continuous transition is observed between 

the travertine and the underlying clay (Fig. 1-13C). 

As shown by the geometry of the travertine beds, the antecedent land-surface was probably varied 

consisting of (i) extensive flat, sub-horizontal areas with gentle slopes towards N and NE (i.e. Újharaszt 

and Bego quarries, Fig. 1-13A) and, (ii) a more steeply sloping valley to the SSW (i.e. Gazda and 

Hegyhát quarries, Fig. 1-13B) and (iii) the southern slope of the Haraszt Hill (Cukor quarry, Fig. 1-

12C). The relative position of the quarries and the observed sub-horizontal and synform arrangement of 

the travertine sequences corroborate the idea of the diverse ancient topography and the syndepositional 

tectonics. 

1.5.1.1. Depositional environments in extensive depressions 

As shown by the antecedent topography map there is an overall very gentle slope of the area to the N, 

towards the valley of the Danube controlling the flow path for the springwater (Fig. 1-13). This area, 

however, can be regarded as sub-horizontal, in which predominantly lacustrine and palustrine 

depositional environments were established. Field observations reveal that the travertine body in this 

area is built up of massive and flat laminated lithofacies. At lower excavation levels predominance of 

the massive facies is observed, while at higher levels it is interbedded with the flat laminated lithofacies 

with increasing predominance of the latter upward (e.g. Fig. 1-7A). 

According to Gierlowski-Kordesch (2010) massive carbonates are “composed of structureless fine-

grained carbonates that may contain preserved fauna and flora” and they are a common lithofacies in 

lacustrine environments (Arenas et al., 1997; Gierlowski-Kordesch et al., 1991; Alonso-Zarza and 

Wright, 2010). This definition fits perfectly to the Süttő massive lithofacies. Field observations show 

that massive lithofacies occurs in all quarries and boreholes in the Süttő travertine area. In the Gazda 

quarry this lithofacies is present on both sides of the Phytohermal lithofacies mound and laterally 

interfingers with the wavy laminated lithofacies (Fig. 1-7A).  

The pond units are characterized by the development of massive lithofacies, in which transported 

phytoclasts, gastropods and ostracod fragments accumulated (Fig. 1-4C, E). Slight variations in colour 

and sedimentary structures within the massive lithofacies body indicate changes in depositional 

conditions (Fig. 1-4B). Within this facies repeated occurrence of altered dark greyish horizons may 

reflect water-level fluctuations (cf. Platt and Wright, 1991; Freytet and Verrechia, 2002; Alonso-Zarza 

et al., 2010). As a result of decreasing water level, the shallower (marginal) areas of the pond(s) could 

have been converted even into palustrine environments. Previously deposited lacustrine sediments thus 

intermittently became exposed and pedogenic processes modified their original texture. 
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Figure 1-13. Map of the “antecedent topography” of the Süttő travertine area based on archive and new boreholes, 

and based on geophysical measurements (See Chapter 2). According to the antecedent topography, three main 

depositional environments are distinguished surrounded by red dotted lines: (A) sub-horizontal plains with gentle 

slopes towards N and NE; (B) steeply sloping valley to the SSW; (C) southern slope of the Haraszt Hill. W-E line 

indicates the location of the cross-section across the Gazda quarry, see Figure 1-15.  

 

Figure 1-14. Bedrocks of the Süttő travertine complex. (A) Unconformity exposed in the Gazda quarry. The highly 

fractured blocks of massive facies are steeply tilted to the N. The fractures are filled with squared clasts of the 

travertine embedded in dark brown clay rich soil. The steeply dipping travertine blocks are covered by 

subhorizontal layers of massive facies gradually transforming into phytohermal lithofacies upwards. Black 

rectangle indicates location of B. (B) Continuous transition can be observed between the underlying gravelly 

sandstone on the right and the covering travertine (towards the left). Arrows indicate gravelly horizons with 

imbricated pebbles. (C) Core material from Borehole B representing gradual transition from the underlying greyish 

clay into the white massive lithofacies.  
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In these areas the light brownish colour of the massive lithofacies changed to greyish (Fig. 1-4B), 

presumably due to the increased contribution of organic matter. Additionally, the observed vertical, 

sometimes branching V-shaped structures indicate hydrophilic plants which colonized the newly 

established palustrine environment (Fig. 1-4D; cf. Freytet and Plaziat, 1982). Since well-developed 

paleosol horizons were not observed, the sub-aerial exposure must have been ephemeral. The repetition 

of the dark greyish horizons, however, denotes multiple water-level fluctuations.  

Flat laminated travertine is situated in the highest stratigraphic position within the quarries where it is 

interbedded with massive facies (Fig. 1-8). Macroscopic and microscopic observations suggest that the 

flat laminated lithofacies was deposited within shallow ponds. The laminated travertine became 

interfingered with the other pond deposits. In case of the Gazda quarry, a clear onlap was noticed 

between the phytohermal and the flat laminated facies on the southern side of the Phytohermal mound 

(Fig. 1-7A). Onlapping suggests that this laminated travertine could have been deposited from waters 

originating somewhere in the eastern part of the depositional system. In Diósvölgy and Újharaszt 

quarries the flat laminated facies interfingers with the massive facies taking over the dominance at the 

higher excavation levels (Fig. 1-7B). 

1.5.1.2. Depositional environments along slopes  

The actual relative topographic position of the quarries shows that the abandoned Óharaszt quarry is 

situated currently at the highest elevation whereas both Hegyhát and Gazda quarries occur at slightly 

lower levels (Fig. 1-8). Based on this, it can be suggested that the latter two were deposited in local 

topographic depressions where spring water flowing downwards into the valley of the ancient Bikol-

creek (Fig. 1-1) was temporarily blocked forming lacustrine ponds filled by subhorizontal 

accumulations of the precipitated travertine. Bikol-creek apparently represented the local base level of 

erosion already in Pleistocene times. The gravelly sandstone beds with the imbricated pebbles under the 

travertine body in the Gazda quarry suggest the existence of a fluviatile environment right before 

travertine formation. 

The position of the Phytohermal lithofacies primarily controlled the spatial development of all the other 

lithofacies exposed in the Gazda quarry (Figure 1-7A). The Phytohermal lithofacies is strikingly similar 

to the reed mound facies described by Guo and Riding (1994), as it is characterized by abundant growth 

of reeds and grasses forming an asymmetrically developing mound. These authors suggested that 

travertine formation, when taking place over a significant topographic relief may grow outward from a 

prograding slope. In case of the Gazda quarry, it is suggested that on the gently sloping sidewalls of the 

valley there must have occurred such a locally steeper topographic irregularity which became colonized 

by hydrophilic plants (e.g. reeds) which subsequently promoted the development of the incipient mound.  



23 

Active mining operations in the Gazda quarry exposed the core of the reed mound, representing highly 

fractured travertine blocks with a steep tilt towards to the N (Fig. 1-14A, B). Apparently, it was these 

tilted travertine blocks which have played an important role as a topographic obstacle for the formation 

of the phytohermal lithofacies facies. The tilted travertine blocks are made up of massive lithofacies 

showing gradual transition from the underlying sandstone (Fig. 1-13B). The sandstone bedrock displays 

the same steep tilt towards the N. The fractures of the tilted blocks are filled by travertine fragments 

floating in dark brown clayish material suggesting soil formation and a break in travertine formation. 

Above the unconformity, sub-horizontal beds of massive lithofacies were deposited displaying a clear 

angular discordance on top of the travertine blocks. This sub-horizontal massive lithofacies is gradually 

passing into phytohermal lithofacies towards the top, the latter forming the asymmetric mound 

indicating a steeply sloping terrain towards the south. The orientation of this ancient valley is in 

accordance with the recent topography of the area. 

It is generally assumed that for the formation of phytohermal travertine, fast CO2 degassing plays an 

important role (e.g. Guo and Riding; 1994). Due to surface irregularities, the fluid becomes turbulent 

promoting CO2 degassing and therefore oversaturation with respect to calcite which results in more and 

more swift inorganic carbonate precipitation around the reed stems triggering high-intensity carbonate-

precipitation and the gradual progradation of the mound. The colonization by hydrophilic plants was 

apparently able to keep pace with the progradation of the reed-stabilized mound. Some evidence of fast 

carbonate precipitation was also observed in the thin sections. For example in the phytohermal 

lithofacies, fan-shaped crystals were observed around phytomoulds preserving the shape of the original 

phytoclasts even after their decay (Török et al., 2017). The precipitation in this case must have been, 

indeed, driven by rapid degassing of CO2 (cf. Given and Wilkinson, 1985). Carbonate particles, 

entrapped within the intercrystalline pore space, were apparently transported and redeposited by the fast 

flowing water.  

The high-intensity carbonate-precipitation and the gradual progradation of the mound suggest 

continuous, carbonate rich water supply and proximity to – perhaps a subaerial – discharge point. 

The wavy laminated facies occurs on both sides of the phytohermal lithofacies mound in the Gazda 

quarry, representing a similar slope depositional environments. The absence of signs of substantial sub-

aerial exposure within this facies suggests that water supply must have been (semi-) continuous. 

Different flow conditions established on the slope of the mound, resulting in different types of wavy 

laminated lithofacies. The northern slope of the mound is characterized by almost parallel, less wavy 

laminae with a dip of 10° to NNW. It suggests that the northern slope of the phytohermal mound had a 

smoother surface with less turbulent water flow (c.f. Guo and Riding, 1994). In contrast, the southern 

slope of the mound likely had a more significant surface roughness that is represented by wavy laminae 

with changing inclination sometimes displaying upward steepening dip (~15°) (Fig. 1-4A). 
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Based only on its macroscopic characteristics, the wavy laminated lithofacies is very similar to the 

smooth slope facies as defined by Guo and Riding (1994), however, there are microscopic differences. 

In contrast to the crystalline crust dominated smooth slope facies of Guo and Riding (1994), the wavy 

laminated facies of the Gazda quarry is characterized by clotted micrite that may indicate relatively 

slower carbonate precipitation (e.g. Chafetz et al., 1994; Freytet and Verreccia, 1999). 

Waterfall lithofacies was also observed in the Bego quarry representing a steep slope depositional 

environment (>45°; Chafetz and Folk, 1984; Chafetz et al., 1994). The formation of this lithofacies is 

similar to the reed mounds. Rapid carbonate accumulation takes place around the stems of the plants, 

the steeply dipping characteristics of the facies is the result of the carbonate precipitation around hanging 

plants (including mosses and algae). At the hinge of the slope – where slope-gradient abruptly changed 

– overhanging plants can preserve caves having a primary origin. Similar feature was observed in the 

Bego quarry, too (Fig. 1-3H). Microscopic characteristics of the waterfall lithofacies display fan-shaped 

crystalline calcite with undulose extinction around the plants. Around the hanging plants in the shelter 

(cave), subsequent calcite precipitation can take place resulting in stalactite-like structures. Similar 

build-up has been described by Claes et al. (2015) in the Ballik travertine area (Turkey). Microscopically 

circumgranular, isopachous calcite with undulose extinction layers can be observed growing 

perpendicular to the surface of the plants (or other travertine constituents) (Török et al., 2017). The 

calcite layers are often separated by thin micritic horizons suggesting micritisation by microbes (Fig. 1-

10J).  

1.5.1.3. Depositional environment of the Cukor quarry 

The observed inclined phytohermal crystalline- and the thin-bedded crystalline facies are indicative of 

a slope depositional environment. The latter is quite similar to the one described from the neighbouring 

Gazda quarry studied by Török et al. (2017). Depending on temperature and precipitation rate, plants 

could have colonized the surface of the prograding travertine slopes encrusting the stems of the plants, 

thus forming the phytohermal crystalline facies. When precipitation rate increased, plants could not keep 

up with the fast carbonate precipitation and became buried below layers of thin laminated crystalline 

crust. The latter precipitated from a carbonate saturated water film flowing along the steep slopes. Due 

to this, layers of phytohermal and thin laminated facies are alternating (see Fig. 1-5A). Some parts of 

the slope had suitable conditions for the formation of micro–terraces recognized as redeposited blocks 

within the lithoclastic facies (Fig. 1-5E, F). Micro–terraces are common facies of travertine formed 

nearby springs (Geurts et al., 1992; Pentecost, 2005). Depending on the distance between dams, the 

steepness of the slope can be estimated (Pentecost, 2005). In case of the Cukor quarry, the distance 

between each dam is about 2 cm suggesting a slope of about 40°. The micro–terraces are made of 

elongated, feathery crystals (Török et al., submitted) being characteristic of thermogene travertines with 

high precipitation rate (Guo and Riding, 1992; Pentecost, 2005). Chafetz and Folk (1984) described 
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similar crystals from central Italian travertines as “ray crystals”. Fast degassing and highly oversaturated 

fluids (with respect to calcite) resulted in a predominantly physico-chemical origin of the feathery 

crystals.  

On conclusion, micro–terraces and coated bubbles, in particular, are diagnostic travertine fabrics 

(Gandin and Capezzuoli, 2014). Additionally, the massive white macro–appearance of the crystalline 

fabrics, and the micro-scale feathery calcite are typical for fissure ridge travertine deposits (Guo and 

Riding, 1992, 1998). These suggest fast carbonate precipitation, often in a spring-proximal environment, 

in this case along a self–created slope depositional environment. The observed crystalline textural 

characteristics of the Cukor travertine body are in contrast with the micrite dominated lithofacies 

reported from the neighbouring outcrops (Sierralta et al., 2010; Török et al., 2017) suggesting that the 

Cukor travertine body corresponds to a unique depositional environment within the study area and may 

be the direct product of one of the ancient springs of the Süttő travertine area. 

1.5.1.4 Non-cohesive facies  

Highly porous non-cohesive travertine was encountered in Borehole B. It is bounded by an upper and a 

lower travertine unit of which macro and microscopic characteristics are identical to the massive facies 

exposed in neighbouring quarries (Fig. 1-12B, H-I). Microscopic observations on the non-cohesive 

lithofacies suggest that this section of the borehole could have been subject to a relatively long lasting 

subaerial exposure period causing extensive dissolution of the previously formed travertine body.  

The dense, non-porous (or very low-porosity) lower-massive facies (between 28 and 40 m) presents the 

least dissolution affected sub-facies of the massive lithofacies. The gradually increasing amount of 

carbonate silt within the interparticle pore space (Fig. 1-12C, D) as well as the redeposited travertine 

clasts indicate a shallowing upward sequence. Within the unit of the overlying non-cohesive travertine 

(between 28 and 16.5 m), micro-textural characteristics of the massive facies, such as oncoids and 

cloudy micrite (Fig. 1-12E-G) reflect redeposited, weakly sorted, partially dissolved clasts. The upper 

section of the borehole (between 10 and 16.5 m) displays again characteristic fabrics of massive facies 

with only minor dissolution.  

A possible interpretation of the observed phenomena is the following. Due to ongoing dissolution under 

subaerial conditions – presumably caused by pause of spring activity – the original texture of the massive 

facies was altered, resulting in a homogeneous, grain-supported pore network similar to sandstones. The 

altered, highly porous unit is made up by the non-cohesive travertine, while the underlying lower unit 

illustrate the intact part of the previously formed massive facies. After a while, the springs were 

reactivated providing bi-carbonate rich fluids causing subsequent travertine formation. The latter is 

represented by the upper unit of the travertine exposed by the borehole. The flowing water could easily 

penetrate into the highly porous non-cohesive travertine resulting in partial re-cementation of the pore 
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space (Fig. 1-12G). At the same time precipitation of travertine was also going on at the surface causing 

a kind of seal for additional fluid flow penetration to the depth thus preserving partially the porosity of 

the highly dissolved travertine body. According to this interpretation the upper part of the non-cohesive 

travertine has been partially cemented due to the formation of the upper massive sub-facies. 

1.5.1.5. Implications on the location of springs in the Süttő travertine area  

In general, the distribution of spring related travertine bodies, as unequivocal manifestations of feeding 

systems, is rather localized since most spring-type carbonate precipitations are restricted to spring 

orifices and their surroundings. Consequently, direct observation of them are often not possible. 

However, analysing the spatial distribution of the travertine bodies as well as their anatomy and internal 

facies distribution can help to reconstruct the possible location of the paleothermal springs as well as 

their evolution through time. 

Depending on the conditions of the surface where the springs occur, two kinds of springs can be 

distinguished: (1) discharge under subaerial conditions, and (2) discharge under subaqueous conditions.  

The crystalline Cukor travertine represents a spring related deposit, formed predominantly via abiotic 

precipitation under subaerial conditions and being one of the ancient springs of the Süttő travertine 

system. No other similar manifestation of spring activity was observed in the study area. On the basis 

of the actual relative position of the outcrops and available borehole information (Véghné et al., 1971), 

however, the following implications can be put forward regarding the supposed spring locations under 

subaerial conditions. 

The borehole logs of Haraszt Hill indicate that the juxtaposed Gazda travertine is situated at an elevation 

lower than the Mesozoic core of the Haraszt Hill, suggesting that there is probably a fault in-between 

the two (Fig. 1-15). This supposed fault could have provided favourable pathways for waters of the 

Mesozoic reservoir to discharge. Facies distribution and geometry of the travertine bodies suggest that 

one of the groundwater discharge points feeding the Gazda-Hegyhát travertine system (described by 

Figs. 1-13, 15) must have been located to the east of Gazda quarry and another one was probably located 

between the Óharaszt and Hegyhát quarries (Fig. 1-13). Borehole information suggests that to the north 

of the Hegyhát quarry another extensive phytohermal mound is present having minimum thickness of 

20 m (Véghné et al., 1971). Consequently, an additional subaerial discharge point can be supposed there 

(Fig. 1-13). 

The actual relative topographic position of the quarries shows that the abandoned Óharaszt quarry is 

situated at the highest elevation whereas both the Hegyhát and the Gazda quarries occur at slightly lower 

levels (Fig. 1-1). Based on this, it can be argued that the latter two were deposited from spring water 

flowing downwards into the valley of the ancient Bikol-creek (Figs. 1-1, 1-13) corresponding to the 

local base level of erosion, probably already in Pleistocene times. 



27 

Palustrine and lacustrine carbonates are common in the Süttő travertine area. Additionally, these 

deposits are frequently found near fault zones supposedly associated with palaeo-groundwater or spring 

deposits under subaqueous conditions (Evans, 1999). Their occurrence supports the importance of 

groundwater supply in shallow lacustrine and palustrine environments. Szulc et al. (2006) reported 

discharge of water through fault-bounded spring systems forming an extensive lacustrine system in 

Poland during the Upper Triassic. Travertines preferentially form near the springs, while palustrine 

carbonates often were deposited in more distal areas. This observation is in accordance with the ones of 

Schneider et al. (1999) and Della Porta (2015) who described lacustrine carbonate formation by 

groundwater seeps related to fault systems. In addition, Hernández et al. (1998) observed hotwater 

spring travertines fed through fault systems in the NE of Spain, concluding that fault systems are one of 

the main feeding mechanisms of palustrine–lacustrine systems. The preservation potential of these 

spring conduits, however, is limited, therefore their direct observation is often difficult.  

There is no direct observation for the presence of subaqueous discharge in the lakes of the Süttő 

travertine complex, however, feeding by diffuse discharge at the bottom of the lakes cannot be excluded.  

 

 

 

 

1.5.1.6. Interruptions of the spring activity 

Evidences for dissolution events were observed in the Süttő travertine area indicated by marker horizons. 

Similar events can be supposed in case of the formation of the non-cohesive facies encountered in 

Borehole B (Figs. 1-9 and 1-13), reflecting a substantial pause in spring activity.  

Figure 1-15. Schematic cross 

section along the Gazda 

travertine complex (Török et 

al., 2017). Legend: 1: 

Mesozoic limestone, 2: Clasts 

of Mesozoic limestone, 3: Mio-

Pliocene siliciclastics, 4: 

Phytohermal lithofacies, 5: 

Wavy laminated lithofacies, 6: 

Massive lithofacies, 7: Flat 

laminated lithofacies, 8: 

Quaternary loess, 9: Supposed 

fault, 10: Discharge point, 11: 

Supposed groundwater 

circulation pathway. 



28 

The marker horizons, however, cannot be observed in all outcrops. This observation suggests that certain 

parts of the travertine body were still under water while certain parts were exposed. This phenomenon 

can be explained by the self-building nature of the travertine body continuously adapting its own 

topography to the ongoing travertine formation hereby modifying the direction of the water runoff. This 

results in some parts of the travertine body becoming exposed and subject to dissolution, just like in the 

case of the marker horizons. 

Interruptions of the travertine feeding hydrological system could have been time equivalents to the 

intensification of river incision controlled primarily by the uplift of the TR, taking place from the early 

Miocene onwards (Pécsi, 1959; Horváth, 1993; Fodor et al., 1999). Due to these, the groundwater flow 

system might have changed, resulting in the reorganisation of discharge points and hereby causing the 

abandonment of former discharge points controlling travertine formation. Scheuer and Schweitzer 

(1988) as well as Kele (2009) formulated similar conclusions based on their observations of the 

travertine occurrences in the Buda and the Gerecse Hills. However, along with tectonics, also climate 

must have been a major factor in controlling spring activity right throughout Pleistocene times. 

1.5.2. Diagenetic processes  

Diagenesis refers to all processes that lead to changes in a sediment or sedimentary rock subsequent to 

deposition (Berner, 1980). Carbonates are particularly susceptible to change in mineralogy, texture and 

processes like cementation and dissolution. They are as much products of diagenesis as they are of 

primary origin (Bathurst, 1975). In case of continental carbonates, like travertine and tufa (sensu 

Capezzuoli et al., 2014), the conditions and processes of precipitation and early diagenesis can be very 

alike, leading to similar fabrics and geochemical signatures. It could be discussed if the “primary” 

fabrics are still preserved at all. Plants and organisms, although they are initially unmineralised and 

consist only of organic matter, often form the first framework in travertine and tufa (e.g. phytohermal 

and waterfall lithofacies in case of the Süttő travertine complex; Pentecost, 2005). From this point 

onwards, all precipitated fabrics could be considered as cemented fabrics that formed between these 

primary frameworks. Afterwards, in most cases, the continental carbonate rock frameworks would 

largely consist of ‘cement’ in addition to a normally indeterminate fraction of ‘primary’ biologically-

induced (photosynthetic) carbonate (Pentecost, 2005). Pedley (1992) described the deposits as “organic 

frameworks onto which polycyclic sheets of cement were bound”. Consequently, a large part of the rock 

could thus be considered as the result of diagenetic processes, depending on the moment that is defined 

as the threshold between sedimentation and diagenesis.  

1.5.2.1 Primary micrite versus spar 

In modern continental carbonate systems, presence of primary micrite and spar is highly dependent on 

the depositional conditions, more exactly the precipitation rate and the presence of organisms. The 
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crystal size of the first precipitates is controlled by the amount of seeds provided by organisms or by a 

substrate. Spar is considered to form when crystal seeds (=crystal nucleations) are rare (Freytet and 

Verrecchia, 1998). These conditions can be present in case of high rate of precipitation – which is 

common in travertine systems – where the precipitation conditions tend to overrule the biotic 

contribution. Faster precipitation is thus often associated with a reduced biological influence. 

Consequently, the ratio micrite to spar is significantly influenced by the quantity of crystal seeds and 

hence the initial organic matter (e.g. Chafetz et al., 1994). In case of cave travertine, it was reported that 

the biotic action is reduced due to the environmental conditions (e.g. absence of light), therefore 

travertine formation in caves is rather controlled by abiotic factors. (Freytet and Verrecchia, 1999). 

Verification of microbial contribution in micrite and spar formation is challenging. Freytet and 

Verrecchia (1999) reported Ca-oxalate crystals on mycelia filaments in micrite as well as rectilinear 

fibres enclosed in spar which have been also observed on various organisms. Furthermore, primary 

sparitic calcite deposited as upward diverging single crystals precipitated around branched extracellular 

polysaccharide stalks of algae (chlorophyte, Oocardium stratum) (Violante et al., 1994).  

It must be recognized that crystallogenesis has multiple causes induced by either specific conditions of 

biomineralization (influenced by the organism to different degrees) or by particular environmental 

conditions (Freytet and Verrecchia, 1998).  

1.5.2.2. ‘Primary’ micrite and micritisation 

The origin of crystal sizes (i.e. micrite, spar) is a subject of controversy (Freytet and Verrecchia, 1998). 

Both micrite and spar can be ‘primary’ or ‘secondary’ in origin. Careful petrographic investigation, both 

on macro- and micro-scale is required for a direct evaluation of each of these rock forming components. 

The dark appearance of the M1 micrite in contrast to the M2, can have several origins, i.e. small crystal 

size, presence of organic matter, iron oxides and/or occurrence of other opaque minerals. Based on 

mineralogical (XRD) analyses, pyrites and iron oxides, in relatively rare cases, indeed partially caused 

the darker nature of the fabrics, but certainly not within most studied tufa and travertines. In addition, 

also total organic carbon values are generally low, especially in travertines (e.g. Claes et al., 2017a), but 

slightly higher in the dark compared to cloudy micrites. It will thus mainly be the crystal size and to 

lesser extent the organic matter content that determines the opacity enabling to distinguish these fabrics. 

This is in accordance with the literature. Golubic et al. (2008) stated that “under polarized and polarized 

transmitted light, the outlines of filaments (Phormidium incrustatum) appear dark due to the densely 

arranged grains of micritic calcite”. 

While petrographic differences are clear for the fabrics by classical microscopy, cathodoluminescence 

is needed to draw conclusions with regard to the moment of precipitation or recrystallisation. Depending 

on the depositional conditions, primary fabrics can show cathodoluminescence. In case of lacustrine 
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travertines where waters were sufficiently deep to create an oxygen-poor environment, primary fabrics 

may display some luminescence (Sierralta et al., 2010; Török et al., 2017; Fig. 1-11E). However, 

elevated amounts of organic matter and its decomposition can also create reducing conditions at any 

depth within a lacustrine or palustrine environment (Pentecost. 2005).  

Dark micrites often show luminescence, whereas cloudy micrite rarely displays any luminescence, 

however, it does show sometimes fluorescence (Fig. 1-10E-H). The fact that these fabrics laterally occur 

on µm-scale with variable fluorescence and luminescence properties (Figs. 1-10 and 1-11) reveals that 

secondary processes are causing these changes. The cloudy micrites likely formed due to 

recrystallisation of the dark micrite. This recrystallisation blurred the original fabrics (e.g. Fig. 1-10E). 

Although there is a reduction of the opacity, and they still can be considered as micrite (<4µm), slight 

crystal size increase can be observed making this type of recrystallisation a type of aggradational 

recrystallization (Reid and Macintyre, 1998). These contrasting fabrics were also found in function of 

the age of the travertine settings. Cloudy micrites are practically absent in recent deposits and become 

increasingly common in older deposits (e.g. Guo and Riding, 1994). Based on this, the dark almost 

opaque micrites (M1) can be considered as – supposedly biologically-induced – ‘primary’ micrite while 

the cloudy micrites (M2) are their partially recrystallized equivalents. In table 1-2 this process is thus 

described as micrite to micrite recrystallisation. The association with micro-porosity is not surprising 

given the fact that micro-dissolution is part of the mechanism behind micritisation (Kahle, 1977; Guo 

and Riding, 1994). The existence of microporosity in similar fabrics was also highlighted by Chafetz 

(2013). The reason for micro-dissolution most likely was the presence of organic matter that caused the 

reactivity of the bio-micrite (M1). Formation of the cloudy micrite (M2) can be the cause of the 

micritisation and the initial dissolution can be linked to the presence of reactive oxidizing fluids. 

Concomitant dissolution and precipitation or micro-cementation counteracts or occludes this secondary 

microporosity. Depending on the redox conditions this process resulted in luminescent fabrics. In older 

systems, micritisation has been able to spread more evenly over the whole deposit. 

The micritic envelope (M3) is another example of micritisation. It is formed by microboring (or micro-

etching cfr. Pentecost, 2005) activity on spars or other grains (Fig. 1-10I-L). Micro-boring activity is 

typically associated with exposure, in line with the more frequent occurrence of micrite envelopes on 

spars and other constituents found in samples from macroscopically visible exposure surfaces. It is also 

commonly observed in calcretes (e.g. Platt and Wright, 1992; Alonso-Zarza, 2003). 

1.5.2.3 ‘Primary’ spar and sparitisation 

Limpid crystals with straight crystal boundaries (S1) result from direct precipitation. Depending on their 

morphology, their genetic environment can be deduced. Circumgranular, isopachous and fully occluding 

cements are characteristic for a phreatic settings. In contrast, meniscus, non-isopachous and pendant 

cements represent a vadose environment (Tucker and Wright, 1990; Scholle and Ulmer-Scholle, 2003). 
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The timing of precipitation varies from syn- to post-depositional. Precipitation of primary spar plays a 

crucial role in framework stabilization.  

Spar related cloudy crystals (S2) often preserve ghost structures of the precursor micrite (Fig. 1-11A, 

B). The cloudy fabrics illustrate an at least partial micritic origin. The undulose extinction patterns under 

crossed polarizing light that crosses the entire crystals, however, illustrate that the fabrics now behave 

as large crystals (>4µm), i.e. spars. In addition, these spars often possess a mottled luminescence, 

illustrating a post-depositional origin, in relation to recrystallisation of former fabrics (Fig. 1-11J, K). 

Aggrading neomorphism was postulated by Love and Chafetz (1988) but Brasier et al. (2011) pointed 

out that this process more correctly represents a kind of post depositional growth. Given the present 

behaviour as spar crystals, this type of recrystallisation can be considered as sparitisation. 

The third type of spars are solid inclusion rich spars with wavy edges (S3) and thus without straight 

crystal surfaces (Fig. 1-11F, G, L). Their wavy edges point to on-going recrystallisation. Because no 

ghost structures or other indicators of earlier micrite fabrics can be observed, the original primary fabric 

is no longer preserved. It therefore most likely was sparitic. It remains to be understood whether the 

solid inclusions are perhaps the remnants of non-carbonate phases. In addition, the wavy edges of the 

crystals indicate that up to now they were not able to develop equilibrium crystal surfaces. Therefore 

this texture is interpreted in terms of spar to spar recrystallisation (Fig. 1-11F, G). 

1.5.2.4 Implications of the diagenetic processes 

Based on the presented observations and literature, the evolution of the dominating fabrics is synthesised 

(Fig. 1-16). Eight stages were differentiated in this study. Bacteria and organic matter act as nuclei for 

precipitation, initially mainly in the form of micrite. Spar encrustation follows and possibly is even 

coeval with micritisation. Sparitisation overprints the original fabrics until blurry and eventually 

transparent crystals develop (Fig. 1-16). Of importance is that, on top of the sedimentological 

complexity, micritisation and sparitisation types cause a high variability of fabrics on the micrometre 

scale. This leads to unevenly distributed diagenetically altered fabrics. The susceptibility and thus the 

relationship to porosity and fluid pathways in general should be emphasised (as also pointed out by 

Golubic et al., 2008). All these processes should be taken into account when sampling for geochemical 

characterisation or dating. 

Although diagenesis spreads unevenly over the deposits, based on the diagenetic stage of the dominant 

fabrics, the locations can be ranked in function of the degree of diagenetic alteration. In general, older 

deposits are in a more advanced stage of diagenesis. An important parameter that has to be mentioned 

is the availability of (reactive) fluids after deposition. Consequently, humidity (fluid supply) , and thus 

climate and regional hydrology, play a crucial role. In case of the Süttő travertine complex, based on the 
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observed diagenetic stages the travertine body might be regarded simply as an old deposit, however, the 

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

 

Figure 1-16. Synthesis of literature and this study on the evolution of fabrics (including micritisation and 

sparitisation) (Claes et al., in prep). 

 

1.6 Conclusions 

The Süttő travertine complex is the largest travertine quarry system of Hungary. Field observations and 

detailed microscopic investigations were carried out in order to reconstruct the ancient depositional 

conditions and related diagenetic processes. Based on this integrated approach, the following major 

conclusions can be put forward: 

- 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. 
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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 lithofacies and 

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

- 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, 

formed along a NW-SE oriented fault. The Cukor fissure ridge is the clearest manifestation of 

spring activity in the studied travertine area. 

- 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. 
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CHAPTER 2: GEOPHYSICAL METHODS FOR VISUALISATION OF NON-

EXPOSED TRAVERTINE BODIES AND STRUCTURAL ELEMENTS  

Based on the following papers: 

Török, Á., Mindszenty, A., Claes, H., Kele, S., Fodor, L., Swennen, R., 2017. Geobody architecture of continental 

carbonates: “Gazda” travertine quarry (Süttő, Gerecse Hills, Hungary). Quaternary International 437, 164-185. 

Török, Á., Claes, H., Brogi, A., Liotta D., Tóth, Á., Mindszenty, A., Kudó, I., Kele, S., Shen, C.C., Huntington, 

K., Swennen, R.: A multidisciplinary and multi-method approach to reconstruct a travertine fissure ridge-type 

morphotectonic feature and the related geothermal system: the case of the dismantled Cukor quarry (Süttő, Gerecse 

Hills, Hungary). Geomorphology – submitted. 

2.1 Introduction 

Formation of travertine bodies is an earth’s surface process. Therefore antecedent topography has a 

crucial impact on the depositional environment and thus also on the lithofacies development of 

travertines. Outcrop accessibilities, however, rarely permit direct observation of the antecedent 

topography and its relation to the travertine geobody. Although, on the basis of the spatial distribution 

of each lithofacies within the travertine body, morphology of the ancient topography and the location of 

the spring(s) can theoretically be roughly evaluated (e.g. Török et al., 2017), due to the self-constructing 

nature of travertine systems, (i.e. continuous modification of the relief by travertine precipitation), such 

evaluations may be erroneous.  

The Süttő travertine complex is exposed by several active and inactive quarries providing plenty of 

opportunity for direct observation of the geobody in three dimensions. Nonetheless, the outcrops are 

located relatively far – a few hundreds of metres – away from each other (see Fig. 2-1) therefore 

lithofacies correlation between the individual quarries is difficult. The lithology of the study area 

provides applicability of resistivity based geophysical methods. The relatively low resistivity of the 

underlying and covering sediments of the travertine body allows the mapping of the high-resistivity 

travertine by electric and electromagnetic methods. Based on this contrast radiomagnetotelluric 

measurements and geolelectric profiling were carried out to decide: (1) whether the individual travertine 

bodies are connected between the outcrops thus forming one single extensive depositional complex or 

else, without interconnection they should be interpreted rather as a group of several small isolated 

environments. An additional goal of the measurements was (2) mapping of the antecedent topography 

which was expected to have major impact on the lithofacies associations and their evolution in space 

and time and also allowing to infer (3) the role of the local and regional tectonic setting in the formation 

of the travertines.  
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2.2 Methodology  

Geophysical techniques are widely used methods for imaging the near surface domain, especially, 

electric and electromagnetic methods are frequently employed for characterisation of the shallow (down 

to 100 m) subsurface On the basis of the measured electrical resistivity (ρ) or its reciprocal conductivity 

(σ) as a petrophysical parameter, subsurface heterogeneities and lithological contrasts (e.g. Turberg et 

al., 1994; Tezkan, 2009) as well as depth of bedrock can be identified (Beylich et al., 2004). The obtained 

resistivity distribution can be correlated with available borehole data and thus, electrostratigraphy could 

be converted to lithostratigraphy (Linde and Pedersen, 2004).  

Radiomagnetotelluric survey (RMT) was carried out with equipment of the Eötvös University 

(Hungary) constructed by the Centre for Hydrogeology and Geothermics (CHYN) of Neuchâtel, 

Switzerland (Turberg et al., 1994; Bosch, 2002) allowing to detect different electrostratigraphic units 

(EsU). The latter correspond to almost homogeneous layers defined based on resistivity contrast (Mele 

et al., 2012; Bersezio et al., 2012). Altogether 83 RMT measurements were performed covering the 

outcropping travertine of Cukor quarry, as well as the eastern part of Gazda quarry and the area between 

the two (Fig. 2-1). The direction of the three applied antennas was N120–130° and their frequencies 

were 234 kHz (Beidweiler, Luxembourg), 77.5 kHz (Mainflingen, Germany) and 24 kHz (Cutler, 

Maine, USA). FITVLF2 inversion software was used for processing quantitative data (Fischer et al., 

1981) and to calculate the actual resistivity and thickness of the units. Resistivity and topographic maps 

were prepared with software Surfer using a local polynomial interpolation method. 

In the Süttő travertine area geoelectric profiling was carried out 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 by GEOMEGA (Geological Exploration and 

Environmental Services Ltd.) in Wenner-Schlumberger arrays whereas some of them also in dipol-dipol 

arrays too (profiles 2015_M03 and 2016_M01) (Fig. 2-1). Spacing between electrodes was 4 m and the 

average penetration depth was 50-60 m approximately. The resistivity profiles were measured with an 

ARES-G Automatic Resistivity system. Apparent resistivities were transformed into pseudo cross-

sections to represent the terrain electric resistivity distribution, by the use of RES2Dinv® software.  
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Figure 2-1. Topographic map of the Süttő travertine complex. Red and blue lines – location of the geoelectric 

profiles (ERT), with starting point of each profile indicated by mark of “0 m”; red triangles – location of the radio 

magnetotelluric (RMT) measurements; brown dots – location of the boreholes (S-1 to 17) from 1970; blue dots – 

location of the boreholes (BH-A and B) from 2016.  

2.3 Results 

2.3.1 Radiomagnetotellurics (RMT) 

Based on radiomagnetotelluric (RMT) measurements – carried out in the surroundings of Cukor quarry 

(Fig. 2-1) – resistivity maps (ρz; z: elevation above sea level) were compiled indicating the resistivity 

distribution at a given horizontal plane. Based on these, the thickness of the confining layer and the 

travertine body were identified. The possible linkage between the quarries could also be identified. Three 

electrostratigraphic units (EsU) were distinguished based on the relative frequency of resistivity values 

(Fig. 2-2). The lowest resistivity values (<100 Ωm; EsU I) were detected along a small ridge situated in 

the north-eastern part of the study area and in deeper regions (under 245 m asl), while the highest 

resistivities (>400 Ωm; EsU III) occurred within the area of the Gazda and Cukor quarries Transitional 

resistivity values (100–400 Ωm; EsU II) were measured between the quarries (Fig. 2-2).
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Figure 2-2. Resistivity maps at different elevations (ρ) indicating electrostratigraphic units (EsU) based on RMT 

measurement. (EsU I – 0-100 Ωm; EsU II – 100-400 Ωm; EsU III – 400-1000 Ωm).
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2.3.2 Geoelectric profiles 

On the basis of the measured geoelectric profiles, the resistivity values are ranging from 50 up to 1500 

Ωm. The observed three electrostratigraphic units being described based on RMT measurements, could 

also be distinguished within the profiles (Fig. 2-1). Descriptions of the individual resistivity profiles are 

as follows:  

Profile 2015_M01: along the entire section, EsU III (>400 Ωm) is continuous from 270 and 230 m asl 

(Fig. 2-3A). Within this unit slight changes in electric resistivity can be observed represented by changes 

between red and yellow colours (change between 500 and 1500 Ωm). A smooth inclination of unit EsU 

III along its lower boundary can be recognized in-between the distance of 100 and 200 m along the 

section. On two sides of the inclination, the thickness of unit EsU III is minimum 30 m, whereas in the 

middle part it is only 20 m. The EsU I (<100 Ωm) is present only in the upper part of the resistivity 

profile ranging between 5 to 8 m in thickness. EsU II, representing a transition zone in-between EsU I 

and III, covers EsU III. Thickness of unit EsU II is only a few meters on the upper side of EsU III, 

whereas it reaches 10-15 m on the lower side of it. 

Profile 2015_M02: the dominant unit of this profile is EsU III (>400 Ωm) that forms a 30 m thick body 

characterized by uniform high resistivities (indicated by red colour in Fig. 2-3B). The upper boundary 

of this unit with EsU II at 270 m asl is flat and straight, however, its lower boundary shows a slight 

inclination. Unit EsU III is wedging out in the north-eastern part of the profile forming a sub-vertical 

boundary with EsU II. EsU I (<100 Ωm) forms a veneer of 10 m in thickness situated on top of EsU II 

and III. Between 210 and 260 m along the section the thickness of this unit increases up to 20 m 

approximately. 

Profile 2015_M03: EsU I (<100 Ωm) is the dominant unit ranging from 80 m till the end of the profile. 

EsU III (>400 Ωm) forms a triangle-shaped unit in the south-western edge of the profile wedging out to 

the northeast (Fig. 2-3C). EsU II, representing a transition zone in-between EsU I and III, forms a 

narrow, ca. 15 m wide zone around EsU III. 

Profile 2016_M01: the transition zone EsU II (100-400 Ωm) is the dominant unit of this profile occurring 

between 280 and 200 m asl (Fig. 2-4A). This unit forms a quasi-horizontal uniform body of 50 m in 

thickness from the western side of the profile till 200 m along the section. From this point till the end of 

the profile to the east a slight tilting of EsU II can be observed towards to the east by 10°. Within the 

zone of EsU II isolated lenses of EsU III (>400 Ωm) are present, which are characterized by relatively 

low, 500 to 1100 Ωm, resistivity values (represented by yellow to orange colours). EsU I (<100 Ωm) 

units are present with a few meters in thickness right at the top of EsU II between 270 and 230 m above 

sea level (asl hereinafter) and underneath EsU II and III from 200 m asl till the lower end of the profile.  
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Figure 2-3. Geoelectric profiles in the Süttő travertine complex. The profiles were measured in Wenner-

Schlumberger array. See positioning in Figure 2-1. Electrostratigraphic units (EsU) are indicated (EsU I: 0-100 

Ωm; EsU II: 100-400 Ωm; EsU III: 400-1000 Ωm). 

Profile 2016_M02: EsU II (100-400 Ωm) is present in two units in the profile. One of them forms an 

elongated unit between 210 and 180 m asl, with 20 m in thickness starting from 100 m in the section till 

the northern end of the profile (Fig. 2-4B). Within this unit a small lens of EsU III (>400 Ωm) is present 

which is characterized by low (ca. 500 Ωm) resistivity values. The other unit of EsU II occurs in the 

southernmost edge of the profile forming an elongated body with slight tilting towards to N. The units 

of EsU II and III are surrounded by EsU I (<100 Ωm). 

After correlation of the resistivity values with the available borehole information, field observations 

(Fig. 2) and literature analogues (e.g. Palacky, 1988), the lithostratigraphic units could be inferred. The 

EsU III corresponds unequivocally to travertine, likewise the EsU I represents fine-grained siliciclastic 

sediments such as loess or sand. The EsU II with transitional resistivity values could be interpreted as 

coarser-grained sediments of travertine and/or loess and sand.  
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Figure 2-4. Geoelectric profiles in the Süttő travertine complex. The profiles were measured in Wenner-

Schlumberger array. See positioning in Figure 2-1. Electrostratigraphic units (EsU) are indicated (EsU I: 0-100 

Ωm; EsU II: 100-400 Ωm; EsU III: 400-1000 Ωm). (A) The plume-like part of the unit EsU II between 175 and 

225 m of the profile is caused by error of the inversion method (for explanation see 3.5 Discussion in this chapter). 

2.4 Discussion  

2.4.1 Antecedent topography of the Cukor travertine and its surroundings based on RMT 

measurements 

The resistivity maps – prepared on the basis of the RMT measurements – facilitated the estimation of 

the thickness of the travertine body. The highest elevation of the Cukor quarry is around 275–280 m asl. 

The resistivity map at elevation of 245 m asl (ρ245 map; Fig. 2-2) shows absence of EsU III suggesting 

that the maximum vertical extent of the travertine is 30–35 m here. Additionally, all ρz maps show two 

separated EsU III bodies, presented in the upper left and lower right corners of the map, indicating that 

the Gazda and Cukor quarries are disconnected based on the RMT survey. Furthermore, antecedent 

topography of the travertine body displayed as a base level of EsU III could also be identified (Fig. 2-

5). Based on this it can be concluded that the antecedent topography was already dissected at the time 

when the Cukor travertine was formed. The topographic high of the Haraszt Hill was already present. 

On its south-eastern slope there was a local depression in which the accumulation of the Cukor travertine 

could take place. Additionally, on the western slope of the Haraszt Hill another depression can be seen 

corresponding to the depositional depression of the Gazda travertine body. RMT measurements indicate 

also that the Cukor quarry was not connected to adjacent quarries, consequently the Cukor travertine 

body formed as an isolated depositional body on the south-eastern slope of the Haraszt Hill. 
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Figure 2-5. Antecedent topography of the Cukor travertine and its surroundings on the basis of the RMT 

measurements. (A) Topography of the Haraszt Hill before the formation of the Cukor and Gazda travertine bodies. 

Arrows indicate the north-western and south-eastern slopes of the hill providing accumulation space for travertine 

formation. (B) Map view of the antecedent topography of the area with indication of the RMT measurement points 

(black dots). 

2.4.2 Subsurface structure and tectonic elements based on ERT surveys 

Geoelectric profiling was used to map the non-exposed part between existing travertine bodies (1) 

providing information on possible travertine connections between the outcrops and delineating the study 

area, and (2) investigating the subsurface structure of the travertine body and its relation to tectonic 

elements.  

In resistivity profile 2015_M01 (Fig. 2-3A) a slight change can be observed within EsU III (>400 Ωm) 

showing a zone of decreased electric resistivity between 120 and 240 m along the section. This resistivity 

decrease can be caused by a fractured zone in the travertine body where the fractures became filled by 

the covering loess, having therefore significantly lower resistivity compared to the travertine. The 

mixture of the resistivity characteristics of these two can be the result of the low-resistivity zone within 

the travertine body on the profile. This scenario is supported by observations in the outcrops (see Fig. 

3-2. in Chapter 3) and in the surrounding boreholes (Fig. A1-6, 7 in Annex 1-2) where highly fractured 

zones of the travertine were described, filled by the overlying loess.  
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Resistivity profile 2015_M02 (Fig. 2-3B) represents a travertine body of 30 m in thickness showing a 

sharp sub-vertical boundary with EsU I and II. This boundary of the travertine body suggests a tectonic 

contact either with the covering loess and/or with the underlying siliciclastic sediments. The 

homogeneous resistivity characteristics of the travertine body indicate that its original structure was not 

significantly changed by late tectonic activity and the fracture bordering it, in the NNE causing the sharp, 

sub-vertical boundary, is not radiating upward into the travertine body. The same fracture could be 

observed tentatively in resistivity profile 2016_M01 at 200 m along the section suggesting the presence 

of a NE-SW oriented fault having been active after the travertine formation (Fig. 2-4A; Fig. 2-6). 

Significant displacement cannot be observed in profile 2016_M01, only a ~10° tilt towards the east 

points to some dislocation. Furthermore, the relatively low resistivity values of the travertine (ca. 600 

Ωm) and its limited thickness (only a few meters) suggest that the profile intersects the wedging out 

edge of the travertine body. The resistivity profile 2016_M02 (Fig. 2-4A) shows similar resistivity 

characteristics regarding the travertine body representing the edge of the travertine.  

Geoelectric profile 2015_M03 was measured across the Haraszt Hill. (Fig. 2-1) It shows a triangle-

shaped travertine body in the south-western edge of the profile wedging out to the northeast (Fig. 2-3C). 

The adjacent boreholes (S-13 and S-15) did not intersect travertine, the underlying fine-grained 

siliciclastic sediments are covered by Pleistocene loess suggesting that the Cukor travertine is wedging 

out towards the NE. The steep boundary between the travertine and non-travertine lithologies suggests 

a tectonic contact between these two. 

Due to the measurement configuration as well as the high resistivity contrast between the individual 

lithologies, trend-like errors appear in the raw data. These errors could be filtered out by applying 

inversion methods that resulted in a numeric solution, however, these errors cannot be entirely 

eliminated. Also the application of inversion methods could intensify some errors resulting in unreal 

structures in the resistivity profiles, such as the plum-shaped structure in profile 2016_M01 (Fig. 2-4A).  

2.4.3. Antecedent topography of the Süttő travertine body 

On the basis of available borehole information, RMT data and resistivity profiles as well as field 

observations (for details see Chapter 1), a supposed antecedent topographic map was reconstructed 

(Fig. 2-7). Based on these information, it can be concluded, that the surface area of the connected 

travertine body is ca. 1.211 km2. Together with the isolated Cukor travertine body, the Süttő travertine 

complex is spread over an area of 1.246 km2 (Fig. 2-7). 

The RMT survey and resistivity profile 2015_M01 indicate a local depression on the western slope of 

the Haraszt Hill. Additionally, borehole evidence proves that the thickest part of the travertine body is 

situated along a NNE–SSW oriented asymmetric depression characterized by a wide flat area gently 

sloping towards N and NE, but narrowing down and forming a valley steeply dipping towards the S.
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Figure 2-6. (A) Map of the supposed NE-SW oriented fault intersecting resistivity profiles 2015_M02, 2016_M01 and M02, measured in Wenner-Schlumberger array. Red and 

blue dots indicate the location of the “brake points” along the sections showing a fault with NE-SW strike. Black dashed line shows the direction of the supposed fault. (B) 

resistivity profiles 2015_M01 and 2016_M01 with brake “points” – shown by red and blue dashed circles – and black dashed lines indicating the position of the supposed fault.  
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Figure 2-7. Antecedent topography map of the Süttő travertine complex based on borehole information, RMT measurements and resistivity profiles. 
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2.5 Conclusions  

Geophysical measurements are often used for imaging geological structures in the shallow subsurface. 

The outcrops of the Süttő travertine complex are situated relatively far from each other, therefore 

correlation of the lithofacies as well as evaluation of the ancient topography are challenging. Therefore, 

radiomagnetotellurics (RMT) and geoelectric profiling (ERT) were carried out in order to collect 

information about the non-exposed part of the study area. Based on these geophysical measurements, 

the following conclusions could be drawn. 

- By the time of the travertine formation, the Haraszt Hill was already a partially dissected 

topographic high.  

- 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. 

- 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 of the Gazda travertine body. 

- Geoelectric profiling indicates some 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 (see Chapter 3). 

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. 

- Geoelectric profiles between the Óharaszt-Újharaszt and Bego quarries show continuous 

travertine connection with presence of a NE-SW oriented fault. 

- Complex geophysical surveys and borehole information reveal that the Süttő travertine complex 

was formed on a wide gently sloping plain evolving into a steeply dipping valley. 
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CHAPTER 3: STRUCTURAL GEOLOGICAL FRAMEWORK OF THE 

SÜTTŐ TRAVERTINE FORMATION  

Based on the following papers: 

Török, Á., Mindszenty, A., Claes, H., Kele, S., Fodor, L., Swennen, R., 2017. Geobody architecture of continental 

carbonates: “Gazda” travertine quarry (Süttő, Gerecse Hills, Hungary). Quaternary International 437, 164-185. 

Török, Á., Claes, H., Brogi, A., Liotta D., Tóth, Á., Mindszenty, A., Kudó, I., Kele, S., Shen, C.C., Huntington, 

K., Swennen, R.: A multidisciplinary and multi-method approach to reconstruct a travertine fissure ridge-type 

morphotectonic feature and the related geothermal system: the case of the dismantled Cukor quarry (Süttő, Gerecse 

Hills, Hungary). Geomorphology – submitted. 

3.1 Introduction 

During the past decades, several studies have been published on the relationship between hydrothermal 

water-circulation, travertine deposition and tectonic activity (e.g. Hancock et al., 1999; Altunel and 

Karabacak, 2005). The spatial distribution of travertine bodies is rather localized since most of the 

carbonate precipitation is restricted to spring orifices and their surroundings. Thermal spring locations 

are strictly controlled by brittle structures channelling geothermal fluids from the deep carbonate 

reservoir up to the surface (Brogi et al., 2016a and references within). In fact, faults and related damage 

zones provide the most efficient pathways for fluid migration within the crust (e.g. Caine et al. 1996). It 

derives that fault zones and related permeable rock volumes may result in a predictable pattern of 

travertine deposits (e.g. Curewitz and Karson, 1997; Hancock et al., 1999; Altunel and Karabacak, 2005; 

Brogi et al., 2014) implying that their analysis provides information on the tectonic activity by the time 

of the travertine formation and on the occurrence of deep geothermal systems (Minissale, 2004; Uysal 

et al., 2009; 2012; Brogi and Capezzuoli, 2014; Brogi et al., 2017). 

The most prominent morpho-tectonic features related to travertine deposition are fissure-ridges, 

representing carbonate deposits strictly controlled by permeable fault zones (Bargar, 1978). In the Süttő 

travertine area the Cukor travertine body has been described as a partly eroded fissure-ridge representing 

one of the fossilized springs of the travertine system (see: Török et al., in prep, Chapter 1 and 2). 

However, several other springs are also supposed in the area having assumable relation to the local 

tectonic framework (e.g. Török et al., 2017).  

In order to understand the feeding system of the Süttő travertine area and its relation to the local and the 

regional tectonic settings, structural geological observations were made combined with geophysical 

methods (Chapter 2). The following chapter is focusing on the relation between the structural geological 

framework of the study area and the travertine formation in the light of spring locations and their relation 

to the regional tectonic setting.  
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The complex relationship of the accumulating travertine and the tectonic framework is often hidden by 

the extensive travertine body itself, by erosion and/or by the covering non-travertine lithologies. In these 

cases, application of an integrated approach is necessary including conventional geological techniques, 

together with different kinds of geophysical surveys. This new proposed protocol was applied on the 

dismantled Cukor travertine fissure-ridge (Török et al., submitted).  

3.2 Methodology  

Field mapping was carried out in an area of about 1 km2 to reconstruct the relationships between the 

travertine deposit and the surrounding non–travertine lithologies such as Miocene–Pliocene siliciclastics 

and Pleistocene loess (Novothny et al., 2011; Rolf et al., 2014).  

Data on the position of the travertine bedding, as well as the strike and dip of fractures were collected 

and compared with regional structures occurring in the surroundings. The acquired data were plotted on 

stereograms using the software “Clino Field” (by Midland Valley). 

3.3 Results  

3.3.1. Fracture populations and dip of the travertine beds  

Based on field observations and measured data, two characteristic fracture populations are distinguished 

as shown by Figure 3-1. Most fractures were repeatedly re-opened and became filled with greenish 

clays, several generations of calcite cements and rafts and, in most cases also with the overlying loess. 

Sometimes the fracture-fills themselves were also re-fractured. The travertine is affected by several 

steeply dipping fractures. These are either straight, relatively planar or they may be composed of zig-

zag segments with steep (often sub-vertical) geometry (Fig. 3-3). Displacement along the faults may 

reach 1.5 m. Kinematics of the faults can be deduced from the displaced beds (such as marker horizons 

of the massive facies and the laminae of the flat laminated facies; e.g. Fig. 3-2E). 

3.4.1.1 Fracture Population I (FP1)  

Fracture population I is characterized by NE–SW orientation representing the most common fracture 

direction in the Süttő travertine area. FP1 is typified with a minimum dip angle of 60° up to 90° to the 

SE and NW with N50° strike (Fig. 3-2 Stereogram of FP1). Along the fractures displacement ranging 

from a few centimetres up to 1.5 m was observed (Fig. 3-2E). Fractures of FP1 were detected in the 

entire Gazda quarry (Fig. 3-2D). In contrast, in the Hegyhát quarry they are much less developed, 

regarding both the number of fractures and the amount of dilatation and displacement along the fracture 

planes being much less than in the case of the Gazda quarry (Fig. 3-2C). In the Újharaszt quarry, a clear 

distribution pattern can be recognized. The NW part of the quarry is almost fracture-free, whereas from 

the southern corner of the quarry toward the SE, a dense fracture network of FP1 was observed (Fig. 3-

2A).  
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Figure 3-1. Satellite image of the Süttő travertine complex with indication of the observed faults and fractures 

(yellow dashed lines) (modified after Google Earth). The grey and blue dots indicate the location of boreholes. On 

the right, stereograms of the observed fracture populations are shown. The black line indicates the mean resultant 

plane: in case of FP1 it is 29/140, in case of FP2 it is 30/191. 

3.3.1.2. Fracture Population II (FP2)  

Fracture population II (FP2) includes all fractures with characteristic NW–SE orientation. The fractures 

are steep, characterized by two dominant dip directions: (1) with average dip angle of 79° to SW and 

N123°strike and (2) with average dip angle of 70° to NE and N132° strike (Fig. 3-3). Most often, the 

fractures of this population (FP2) represent the contact between the travertine body and the overlying 

loess. One of these boundaries is observed in the western corner of the Gazda quarry (Fig. 3-3A). The 

surface inbetween the travertine and the loess is slightly wavy, probably due to some dissolution (Fig. 

3-3B).  

A large number of sediment-filled fractures, both in case of FP1 and FP2, are present in the quarries 

(Fig. 3-4). Their width varies from 10 to 50 cm, but several 1 to 1.5 m wide fractures also occur. The 

largest sediment-filled fracture is 6 to 7 m wide (in Gazda quarry; Fig. 3-4B). The infilling of the large-

scale fractures consists mostly of unconsolidated loess or fine sand, occasionally sandy silt with gravel, 

sometimes with angular travertine clasts. In one occasion gravelly sandstone was also observed, 



46 

resembling young terrace deposits found above the top level of the quarry (Fig. 3-3A). In the widest 

fracture, rounded quartz pebbles of 1 to 10 cm diameter are present. They originate either from the 

Quaternary terrace gravel or possibly from Paleogene clastic formations which could have been exposed 

and subject to erosion in the surroundings at the time of the infill of the fracture, due to uplift of the 

latter strata. Dip of the beds was also measured predominantly on the horizons of palustrine facies and 

on laminae of the flat laminated facies (Fig. 3-2). Most are sub-horizontal with an average dip of 4° 

partially to NNE and partially to SSW with N18° strike (e.g. in Bego and Diósvölgy quarries). In 

contrast, obvious steeper dips can be seen in these lithofacies in Hegyhát and Gazda quarries with an 

average dip angle of 22° to SW with N32° strike (Fig. 3-2 C-F). Similar tilting of the massive and flat 

laminated facies was reported in the south-eastern part of the Újharaszt quarry (Fig. 3-2A, B). 

3.3.2. Fracture populations and steeply dipping beds in the Cukor quarry 

The Cukor quarry consists of two main abandoned excavation levels with an approximate size of 100 

by 70 m (Fig. 3-5A). The maximum height of the fresh–cuts reaches 20 m. Travertine beds (0,5–1 m 

thick) exposed in both levels are steeply, up to sub–vertically, dipping, in contrast with the general sub–

horizontal dipping attitude of the travertine beds characterising the rest of the Süttő travertine complex 

(Török et al., 2017). Remarkably, the bedding attitude shows two opposite dipping directions (Fig. 3-

5A). Travertine beds, occurring in the NE part of the quarry, are steeply dipping towards the NE, with 

angles of 63° (±9.5°) and a strike of N142° (±11). In contrast, the travertine beds exposed in the SW 

part of the outcrop are characterised by 53° (±20) SW dipping beds, and strike N102° (±9°). Most of the 

inclinations are dipping away from a central zone having NW–SE strike. The northern beds in the NE 

part of the quarry are a bit steeper with respect to those cropping out in the southern part. The central 

zone of the travertine body is cut by NW–SE trending banded calcite veins, which are poorly preserved. 

Based on the field observations a NW-SE oriented fault can be supposed (red dashed line in Fig. 3-5A) 

having the same orientation as the fractures of FP2. Some fractures belonging to FP1 were also 

recognised in this quarry (Fig. 3-5A). The fractures along which no displacement can be observed, are 

predominantly filled with overlying loess (Fig. 3-5B–D). 
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Figure 3-2. (A) Fracture Population I in the Újharaszt quarry. The NW part of the quarry is almost fracture-free, 

whereas from the southern corner toward SE a dense fracture network could be observed. Red lines and patches 

indicate the faults and the fractured zones. (B) Tilting and vertical displacement along the fractures is common. 

(C) Orthorectified image based on photogrammetry of the Hegyhát quarry. Only a few fractures were detected 

with modest dilatation (few cm). The dip of the layers is obvious. Red lines indicate the faults (D) Orthorectified 

image based on photogrammetry of the Gazda quarry. The dense network of FP1 can be observed. Red lines and 

patches indicate the faults and the fractured zones. (E) Vertical displacement in the Gazda quarry reaches 2 m 

occasionally. (F) The observed calcite rafts in a vertically oriented fracture show tilting and orientation similar to 

that of the travertine-beds in the quarry.  
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Figure 3-3. Fracture Population II represents the northern and the southern boundaries of the Süttő travertine body 

having two characteristic dip direction to NE and SW. Red arrows indicate these fractures. (A) Boundary between 

loess and travertine in the Gazda quarry. (B, C) On the left: Boundary between loess and travertine in the Újharaszt 

quarry. (C) On the right: Tilted block of the travertine body embedded in the loess. 

 

Figure 3-4 Sediment infill in the fractures. (A) Contact between the travertine body and the overlying gravelly 

sandstone with quartz pebbles (arrows) and Pleistocene loess. The upper few meters of the travertine body are 

fragile. Sediment infiltration along the faults is obvious. (B) The widest sediment filled fracture in the Gazda 

quarry with variegated, poorly consolidated clastic sediments.
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Figure 3-5. (A) Sketch–map of the Cukor quarry showing the different lithofacies and their dipping attitudes. (B) 

Loess filling the NE–SW trending veins. (C, D) Black and reddish banded calcite forming the vertical veins. 

Legend: 1: massive crystalline travertine; 2: phytohermal travertine; 3: lithoclastic (breccia) travertine; 4: micro 

terraces; 5: stratal dip; 6: fracture dip, 7: supposed NW–SE oriented normal fault based on field observations; blue 

dots represent the sample locations of U–Th age dating, black dashed line shows the boundary between the 

travertine outcrop and the covering loess and the light blue patch bordered by black dashed line represents the area 

of exposed travertine body. 

3.4 Discussion 

3.4.1. Origin of the fractures 

Fracture Population I with orientation of NE–SW, observed in the quarries of Süttő, is characterized by 

a dense network of steep normal faults. No strong evidence for horizontal displacement along these 

faults could be observed on the basis of the nature of the fracture filling sediment. Fine-grained, poorly 

consolidated sediments as loess and gravelly sand cannot efficiently preserve slicken-line structures. 

However, the amount of vertical displacement along the faults as well as the observed horizontal 

displacement of FP2 in the Újharaszt quarry (Fig. 3-1) suggest also horizontal movement along the 

fractures FP1 too. 

Mapping of the tectonic observations suggests that the highly fractured zone in the Gazda quarry and 

the one in the south-western part of the Újharaszt quarry are identical passing by the Hegyhát and the 

north-western part of the Újharaszt quarries (Fig. 3-1). The highly fractured nature of the rock penetrated 

by the boreholes (Fig. 3-1) drilled within this fault zone attests this theory. Also geoelectric profile 

2015_M01 crosses this zone. (Fig. 3-6). The middle part of the resistivity profile displays a zone of 

decreased resistivity suggesting that the travertine body is fractured and these fractures are filled with 
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the overlying sediments characterized by significantly lower resistivity values than the intact travertine 

(for more details: see Chapter 2).  

Fracture Population II, with a characteristic NW-SE orientation, represents the north-eastern and the 

south-western boundaries of the Süttő travertine complex interpreted as steep normal faults (Fig. 3-1). 

Some smaller fractures belonging also to FP 2 can be observed in the Gazda quarry but they cannot be 

followed across the quarry. However, a fault representing the north-eastern boundary of the Újharaszt 

quarry shows a possible horizontal displacement along fracture zone FP1 (Fig. 3-1). This observation 

suggests that FP 2 is the manifestation of an older stress regime with a NE–SW extensional component, 

whereas FP 1 could have been formed later under an extensional regime of NW–SE. 

Sedimentological evidence also proves the tilting of the travertine blocks separated by faults. The 

lithofacies exposed in the Hegyhát and the Gazda quarries represent lacustrine and palustrine 

depositional environments having originally subhorizontal bedding, observed as pristine depositional 

bedding in the Bego and Diósvölgy quarries. However, the same lithofacies displays 20° dip towards 

the NE suggesting a post-depositional tectonic tilt. The observed tilted calcite rafts – were formed on 

the surface of standing water within the fracture – pointing to the same tectonic tilt. (Fig. 3-2). The 

phyto-moulds of the in-situ reeds of the Phytohermal lithofacies facies, exposed in the Gazda quarry, 

represent a slight tilt towards the NE. They further support this very same theory.  

3.4.2. Tectonic force or atectonic sliding?  

The dissected nature of the Süttő travertine complex is obvious. However, with regard to the origin of 

the fractures, the question may be raised whether they were all formed by tectonic forces or due to 

gravitationally controlled slope movements. The Süttő travertine complex is situated on the slopes of 

the Haraszt Hill. Its underlying sediments consist of Quaternary gravelly clay and Pannonian fine 

clastics providing ideal surface for gravitational sliding (Véghné et al., 1971). Additionally, the Gerecse 

Hills have been subject to continuous uplift and an associated increasing gravitational forcing for sliding 

of the travertine complex from the top of the Haraszt Hill. The widest observed fractures are ~ 2 m wide 

without any evidence for gradual opening in several phases. Sudden events, such as earthquakes, may 

be able to open up fractures of this width in one single phase. In the tectonic setting of the Pannonian 

Basin (including the conditions at the time of the travertine formation in the Süttő area even until after 

our days) they are, however, rare. It follows, that, based on the rate of displacement at least a partially 

atectonic component should be taken into consideration. The fractures of FP2 bound the travertine body 

both to the NW and the SE, this way, further supporting some gravitationally controlled slope 

movements. 
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Figure 3-6. Resistivity profile 2015_M01 and its location (blue line) indicated on a map. 
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The peculiar structure of the Cukor travertine body, however, alludes a direct tectonic origin of FP2. 

The subvertical crystalline beds of the travertine body can be interpreted as a fissure ridge formed syn-

sedimentarily along a NW-SE oriented normal fault (Fig. 3-7, for more details see Török et al., 

submitted). To the N of the fault, layers are dipping towards the NE, whereas on the southern side of the 

fault, the dip of the beds changes to SW (Fig. 3-8). After travertine formation, reactivation of the fault 

resulted in tilting of the beds on the southern wing of the fissure ridge (Fig. 3-8B). The geoelectric 

profiling and RMT measurements show that the Cukor quarry has no direct travertine connection to the 

adjacent quarries (see Chapter 2). They also confirm the presence of the main NW-SE oriented normal 

fault that acted as a pathway for carbonate rich waters supplying for the formation of the Cukor travertine 

body (more details: see Chapter 2) (Fig. 3-9). In addition, U-Th age dating of the Cukor travertine body 

provides the age of the tectonic event (see Chapter 5). Based on this, the Cukor travertine was formed 

ca. 553 ka ago, being the oldest member of the Süttő travertine complex suggesting that the fractures 

belonging to FP2 result from an older NE–SW extensional regime. Accordingly, a pure gravitational 

origin for Fracture Population 2 can be safely excluded. 

An additional argument for the tectonic origin of the studied faults was provided by the field 

observations revealing that fracture population I overprinted the faults belonging to FP2, resulting in the 

horizontal displacement of FP2. The perpendicular direction of the fracture populations and the 

horizontal displacement of FP2 by FP1 suggest that these two are the products of two different stress 

regimes. This is even clearer when looking at it on the larger scale. The observed two fracture 

populations, characterized by steep normal faults having characteristic NE–SW and NW–SE directions 

(Fig. 3-1, 2, 3) which fit perfectly with the surrounding framework (Fig. 3-10A). Since in the last 700 

ky, the stress regime of the Pannonian Basin has not changed significantly (Horváth and Cloetingh, 

1996), reactivation of (several) older fractures is more likely than development of a new system. The 

continuous uplift of the Gerecse Hills, including the Haraszt Hill provides additional opportunity for 

reactivation of older fractures. 

Since Mesozoic times the tectonic evolution of the Gerecse Hills was characterized by different faulting 

events. Due to the initially extensional regime of the Pannonian Basin followed by an inversion, certain 

sectors became uplifted. It is in this way that the whole Transdanubian Range and its complex fault 

system was established. These events left their traces on the fault pattern of the Gerecse Hills as well, 

which is obvious when looking at the pre-Quaternary map (Fig. 3-10A). Based on this, two main 

populations of tectonic elements can be observed: (1) strike-slip and normal faults with a characteristic 

NE-SW orientation from the Late Miocene to present, and (2) an older, Cretaceous-Cenozoic normal 

fault population with a NW–SE orientation. The older one of the two observed fracture populations 

(FP2) can be the result of the reactivation of the Cretaceous-Cenozoic normal faults, 
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Figure 3-7. Map of the Cukor quarry and its surroundings with indication of the observed fractures as well as 

location of ERT measurement. The green line indicates the location of the cross–section (see in Figure 3-8). The 

rectangle around the Cukor quarry indicates the location of the sketch map including all field observations (see 

Fig. 3-5A) (Török et al., submitted). 

 

Figure 3-8. Depositional model of the Cukor travertine fissure–ridge. (1) Travertine formation was taking place 

along a NW–SE oriented normal fault on the south–eastern slope of the Haraszt Hill. (2) After the formation of 

the fissure–ridge, the normal fault was reactivated resulting in the displacement of the southern side of the fissure–

ridge and the formation of brecciated travertine along the fault zone. Formation of the observed NE–SW oriented 

fractures could have taken place at this time (Török et al., submitted). 
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Figure 3-9. Results of the geophysical measurements in the Cukor quarry and its surroundings. (A) Antecedent 

topography map of the Cukor travertine and its surroundings indicating that by the time of the Cukor travertine 

formation there existed already a slope towards the valley of the Gazda travertine and another one towards SE, to 

the valley of Bikol creek. The travertine formation could have taken place along the latter. (B) Resistivity profile 

confirming the presence of a NW–SE normal fault which acted as a fluid path for carbonate saturated water 

inducing travertine formation. (Török et al., submitted). 

 
Figure 3-10. (A) Pre-Quaternary map of the Gerecse Hills with Quaternary travertine occurrences, modified after 

Fodor et al. (2013) in Török et al. (2017). (B) Map of the Süttő travertine area with indication of the observed 

lithofacies, faults, geophysical measurements and supposed springs. Yellow numbers next to dots of the boreholes 

show the thickness of the travertine (m) based on borehole information.
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whereas the younger fault population (FP1) can be the manifestation of the reactivated younger Late 

Miocene strike-slips and normal faults.  

The question, however, still remains whether reactivation of these fault populations was the cause of the 

formation of the Süttő travertine complex, i.e. providing for the fluid-pathways, or they only overwrote 

the recent image of the travertine body in a combination with gravitational sliding. In the case of the 

Cukor quarry, there is no doubt about the role of the NW–SE fault (see above), however, no clear 

evidence for fault related spring activity could be observed in the other outcrops. Due to scarcity of 

direct information, geoelectric profiling, radiomagnetotelluric (RMT) measurements and borehole 

information were used for mapping of the antecedent topography under the Süttő travertine body. 

Topographic and thickness maps were prepared in ArcGIS (Fig. 3-9A and Chapter 2) and SISMAGE 

software (latter one see in Chapter 7). Based on these data the following conclusions could be drawn: 

(1) Borehole information and geophysical measurements revealed that the thickest part of the travertine 

body was situated along a gentle depression-oriented NE–SW (Fig. 3-10B). This direction of the 

depression is fully in accordance with FP1. 

(2) The borehole logs of the Haraszt Hill indicate that the juxtaposed Gazda-Hegyhát-Óharaszt travertine 

is situated at an elevation lower than the Mesozoic core of the hill suggesting that there is probably a 

fault in-between (Török et al., 2017). The Haraszt Hill was already in an uplifted position before the 

travertine formation (Fig. 3-10B, Török et al., 2017 and Chapter 7). 

(3) Based on the spatial distribution of the observed lithofacies several springs can be supposed as a 

complex feeding system of the Süttő travertine complex situated predominantly at the intersections of 

FP1 and FP2. With the exception of the spring of the Cukor travertine body, all the other supposed vents 

are situated along the NE–SW oriented fracture zone (Fig. 3-10B). 

3.5 Conclusions 

The dissected nature of the Süttő travertine complex is obvious. However, with regard to the origin of 

the fractures, the question was raised whether they were formed by tectonic forces or due to 

gravitationally controlled slope movements. The following arguments support the tectonic origin of the 

observed fractures. 

- The Cukor travertine body can be interpreted as a fissure ridge formed syn-sedimentarily along 

a NW-SE oriented normal fault. 



51 

- 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. 

- 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. 

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 very unlikely in this area, based on the rate of displacement at 

least a partially atectonic component should also be reckoned with.  
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CHAPTER 4: GEOCHEMICAL CHARACTERIZATION OF THE SÜTTŐ 

TRAVERTINE AREA AND ITS DEPOSITIONAL ENVIRONMENTS  

Based on the following papers:  

Török, Á., Claes, H., Brogi, A., Liotta D., Tóth, Á., Mindszenty, A., Kudó, I., Kele, S., Shen, C.C., Huntington, 

K., Swennen, R.: A multidisciplinary and multi-method approach to reconstruct a travertine fissure ridge-type 

morphotectonic feature and the related geothermal system: the case of the dismantled Cukor quarry (Süttő, Gerecse 

Hills, Hungary). Geomorphology – submitted. 

Claes, H., Degros, M., Soete, J., Claes, S., Kele, S., Mindszenty, A., Török, Á., El Desouky, H., Vanhaecke, F., 

Swennen, R. (2017). Geobody architecture, genesis and petrophysical characteristics of the Budakalász travertines, 

Buda Hills (Hungary). Quaternary International 437, 107-128. 

 

4.1 Introduction 

The geochemical composition of continental carbonates depends predominantly on the chemical 

composition and temperature of the precipitating fluid as well as on the partial pressure of CO2 dissolved 

in the water, and the rate of degassing. These conditions determine the mineral composition of the 

precipitated carbonates being predominantly characterized by calcite and aragonite. Together with 

replacement of calcium and carbonate ions, other molecules and ions can enter the crystal lattice or be 

absorbed on the surface of the crystals depending on the depositional conditions (e.g. Pentecost, 2005). 

The stable isotope and major and trace element composition of continental carbonates varies depending 

on the precipitating fluids, the depositional environment, the distance of the spring and post-depositional 

processes (from quasi-syn-depositional to diagenesis). Additionally, presence of non-carbonate phases 

can impact the major and trace element composition of continental carbonates. 

Strontium isotope signature of the travertines can provide information about the source of the elements 

in the hydrological system (Pentecost, 2005). Consequently, investigation of elemental- and strontium, 

carbon and oxygen isotope geochemistry provides information about the depositional environment as 

well as about the post-depositional processes. Together with the classical tools of geochemistry (e.g. 

mass-spectrometry for strontium as well as stable oxygen and carbon isotope, ICP-OES for trace 

elements), clumped isotope measurements were also carried out in the frame of this study in order to 

acquire information about the precipitation temperature. The geochemical characteristics of the Süttő 

travertine complex are presented in the following sub-chapters emphasizing also the spatial distribution 

of the stable isotopes and elements in the area as well as their relationship to the underlying lithologies.  

4.2 Methodology  

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

travertine body, 358 samples from cores/rock slabs were micro-sampled for stable oxygen and carbon 
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isotope analyses. These were carried out partly at the Institute for Geological and Geochemical Research 

(Hungarian Academy of Sciences, Budapest, Hungary) hereinafter called IGGR, and at the “Friedrich-

Alexander-Universität‟ (Erlangen-Nürnberg, Germany), hereinafter referred to as FAU. The isotope 

geochemical analysis at IGGR was done by using the continuous flow technique with the H3PO4 

digestion method (Spötl and Vennemann, 2003). The carbon and oxygen isotope ratios were determined 

in CO2 gas in a Finnigan Delta Plus XP continuous flow mass spectrometers equipped with an automated 

GasBench II. All values are reported in per mil relative to V-PDB. Duplicates of standards and samples 

were reproduced to be better than ±0.1‰, for both oxygen and carbon isotopes. In case of the analysis 

at FAU carbonate powders were reacted with 103% phosphoric acid at 70°C using a Gasbench II 

connected to a ThermoFinnigan Five Plus mass spectrometer. All values are reported in per mil relative 

to V–PDB by assigning δ13C and δ18O values +1.95‰ and –2.20‰ to NBS19 and –46.6‰ and –26.7‰ 

to LSVEC, respectively. Reproducibility and accuracy was monitored by replicate analysis of laboratory 

standards calibrated to NBS19 and LSVEC. Reproducibility is better than 0.05‰ for both carbon and 

oxygen isotope ratios. 

Four samples were taken from Gazda, Cukor, Bego and Újharaszt quarries for clumped isotope 

measurements carried out at IsoLab (University of Washington, Seattle, WA, USA). In the course of the 

measurement procedures of Burgener et al. (2016), Schauer et al. (2016), and Kelson et al. (2017) were 

applied. The details of the automated vacuum line and sample purification methods used in IsoLab are 

described in Burgener et al. (2016). The powder samples (2 aliquots of the sample, each 6 - 8 mg) were 

reacted in a common acid bath at 90ºC and cryogenically purified using an automated system. Purified 

CO2 was analysed using a multi-collector MAT253 IRMS (Thermo Scientific) configured to measure 

masses 44-49 inclusive. Reference gas piped into this instrument eliminated the need for reference gas 

refilling, and ensured sample and standard to be balanced throughout a run. The correction for 17O 

interference used a value of 0.528 to relate abundances of 17O and 18O (Brand et al., 2010), which has 

been shown to increase the accuracy of Δ47 and eliminate discrepancies among abiogenic Δ47-

temperature calibrations (Schauer et al., 2016). Pressure baseline correction (He et al., 2012) was made 

by measuring the reference gas signal 0.0084V down voltage of the mass 46 peak centre. Samples were 

converted to the absolute Δ47 reference frame (Dennis et al., 2011). All Δ47 values reflect 90ºC acid 

digestions without the application of an acid fractionation factor to approximate a 25ºC reaction. Long-

term Δ47 precision based on repeat measurements of an in-house calcite standard is 0.018‰ (1σ). 

Temperatures were calculated from measured Δ47 values using the calibration of Kelson et al. (2017), 

which was generated in the same laboratory as the samples. 

The elemental composition of the Süttő travertine complex was determined by measuring 260 bulk 

samples by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) using the 4-acid 

digestion method, carried out at University of Leuven (Leuven, Belgium). For analysis, a Varian 720-
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ES instrument was used provided with a double-pass glass cyclonic spray chamber, a concentric glass 

nebulizer SeaSpray and an “extend high solids” torch. The following elements were analysed: Al, Ba, 

Fe, K, Mg, Mn, Na, P, S, Sr, and Ca. In the course of the measurements the 4 acids method (see Claes, 

2015) was applied, which completely dissolves the carbonate and non-carbonate (i.e. clays, quartz, etc.) 

fraction. Beside HCl and HNO3, the method uses HClO4 and HF. HClO4 is a very powerful oxidizing 

and dehydrating agent. It has a high boiling point and replaces other acids in their salts. HF reacts with 

silicates to form the very unstable volatile silicon tetra-fluoride SiF4. 1M HCl is used as final solvent. 

With this method the silica concentration cannot be measured, due to the volatile nature of SiF4. For 

every batch, standards (GBW7114; GFS401; CCH1; BCR1) and blank samples were included. 

For determination of the lithologies that potentially acted as source of the travertines studied, strontium 

isotope measurements were carried out on 15 samples. The powder samples were analysed at the 

“Université Libre de Bruxelles” (Belgium) following the procedure of Snoeck et al. (2015). The samples 

were pre-treated by a 3-minute long immersion in a 1 M acid bath and ultrasonication, followed by three 

rinsing cycles of 10 minutes with MiliQ water. Sub-boiled concentrated nitric acid (at 120°C) was used 

for subsequent acid digestion. Afterwards, samples were purified using chromatography on ion-

exchange resins (Snoeck et al., 2015). Isotopic ratios were acquired using a Nu Plasma MC-ICP mass 

spectrometer. In-house standard (NBS987) was applied. Raw data were corrected based on standard-

sample bracketing method of Weis et al. (2006). The analytical precision (1σ) is estimated as below 

±0.0003.  

Data are presented as cross plots and box plots. The latter represent only the data of 260 bulk samples 

for which both ICP-OES and stable isotope measurements were carried out. Data visualization via box 

plots follows the philosophy of Krzywinski and Altman (2014). Statistically significant difference 

between the individual groups were tested with Cluster analysis (Method: Ward, Validation: Silhouette 

plot) and ANOVA analysis. 

4.3 Results 

4.3.1. Stable δ13C and δ18O isotopes 

The δ13C values of the Süttő travertine complex show an average of –0.63‰ ± 1.28 (ranging from –

7.18‰ to +1.10‰), whereas the δ18O values cluster around a mean value of –11.04‰ ± 0.92 (from –

14‰ to –9.06‰). The stable δ13C and δ18O isotope signatures of each quarry and borehole are presented 

in Figure 4-1 (and in Annex 2-1).  

In case of δ18O, two significantly different groups can be distinguished (Fig. 4-1). Group I clusters 

around an average of –13.09‰ (± 0.68) represented by samples of the Cukor quarry. Group II 

characterized by samples of all the other quarries cluster around an average δ18O value of –10.75 ‰ (± 
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0.66). Within the latter group, the samples from Borehole B possess significantly lower oxygen isotope 

signatures compared to the other outcrops/borehole with exception of the Bego quarry. The latter is also 

significantly different, plotting above the 75th percentile of the data sets of the other quarries in Group 

II (Fig. 4-1).  

Regarding the δ13C data, also two populations can be distinguished. One of them is characterized by an 

average δ13C value of –0.45‰ ± 1.07 including all samples with the exception of those from the Bego 

quarry. Within this population, the data points of the Diósvölgy quarry are significantly different (Fig. 

4-1B) having higher carbon isotope signature compared to the other members of this group. The other 

population represented by the data set of the Bego quarry clusters around a mean value of –2.71‰ ± 

1.70 (Fig. 4-1A). 

 

Figure 4-1. Stable isotope values of the quarries and boreholes in the Süttő travertine complex (values are in V–

PDB). (A) Cross-plot of δ13C – δ18O. (B) Boxplots of the δ13C values of the outcrops and boreholes. (C) Boxplots 

of the δ18O values of the outcrops and boreholes. Data are displayed as individual points when values are outside 

the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With Q1 = 25 % quartile, Q3 = 75 % quartile, IQR = 

interquartile range. 

Stable isotope data were also plotted according to the observed lithofacies showing groups similar to 

those plotted by quarries (Fig. 4-2). Regarding the δ18O values, the crystalline facies, exposed in the 

Cukor quarry, groups significantly different from all the other lithofacies with an average value of –
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13.09‰ (± 0.68). The flat laminated, massive and Phytohermal lithofacies are grouped together 

representing 85% of the data set, clustering around –10.84‰ (± 0.60). The waterfall lithofacies 

significantly differs, it plots above the 75th percentile of the aforementioned lithofacies, whereas the 

non-cohesive facies plots below the 75th percentile of them thus also being significantly different (Fig. 

4-2B). The stable carbon isotope signature of the lithofacies displays two separate groups represented 

on the cross-plot and boxplot (Fig. 4-2A). The crystalline, flat laminated, massive and Phytohermal 

lithofacies form a significantly different group, plotting above the 75th percentile of the non-cohesive 

and waterfall lithofacies. This group is characterized by an average δ13C value of –0.47‰ (± 1.02). The 

stable carbon isotope signature of the non-cohesive facies clusters around –2.88‰ (± 0.89) representing 

a significantly different group, plotting below the 25th percentile of the other lithofacies and partially 

overlapping with the data set of the waterfall lithofacies. The latter displays the lowest δ13C signature 

with an average value of –3.89‰ (± 1.73). 

  

Figure 4-2. Stable isotope values of the observed lithofacies in the Süttő travertine complex (values are in V– 

PDB). (A) Cross-plot of δ13C – δ18O of the lithofacies. (B) Boxplots of the δ13C values of lithofacies. (C) Boxplots 

of the δ18O values of the lithofacies. Data are displayed as individual points when values are outside the range 

defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With Q1 = 25 % quartile, Q3 = 75 % quartile, IQR = interquartile 

range. 
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4.4.1.1. Stable isotope signature of the massive lithofacies 

The massive facies is the most common lithofacies observed in all boreholes and outcrops of the Süttő 

travertine complex. Its dominance is also reflected in the data set where this lithofacies represents 60% 

of the stable isotope values. Data of this facies are plotted on cross plots and box plots according to 

outcrops and boreholes (Fig. 4-3). 

The δ18O values of each outcrop are overlapping, thus separated groups cannot be distinguished. The 

δ18O values of the massive facies cluster around –10.85‰ (±0.58). The δ18O values of each outcrop are 

overlapping, but a certain trend can be observed and from the lowest to the highest δ18O values, the 

following succession can be deduced: Borehole B (–11.25±0.36‰) – Gazda quarry (–11.04±0.68‰) – 

Újharaszt quarry (–10.80±0.35‰) – Borehole A (–10.78±0.52‰) – Diósvölgy quarry (–10.68±0.10‰) 

– Hegyhát (–10.41±0.65‰) and Bego quarries (–10.25±0.34‰) (Fig. 4-3A, C). The δ13C data show no 

obvious trend ranging from –5.98 to 1.10‰ (–0.43±1.06‰) showing two significantly different groups 

(Fig. 4-3B). One of them is characterised by an average of –1.92‰ (±1.40) (Bego quarry samples), 

while the other group contains samples of all the other outcrops grouping around an average δ13C value 

of –0.33±0.95‰. 

 

Figure 4-3. Stable isotope values of the massive lithofacies in the Süttő travertine complex (values are in V-PDB). 

(A) Cross-plot of δ13C – δ18O of the massive lithofacies. (B) Boxplots of the δ13C values of the massive lithofacies. 

(C) Boxplots of the δ18O values of the massive lithofacies. Data are displayed as individual points when values are 

outside the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With Q1= 25 % quartile, Q3=75 % quartile, IQR = 

interquartile range (Suggested width 170 mm). 
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4.3.2. Clumped isotopes 

Four samples were selected from the Süttő travertine area in order to assess the precipitation temperature 

of the travertine as well as the stable oxygen isotopic signal of the precipitating fluid. Samples were 

selected on the basis of proximity to the supposed springs (see Fig. 1-12 in Chapter 1). Results are 

summarized in Table 4-1. 

The Δ47 values are ranging from 0.609 to 0.653‰ with an average of 0.627±0.019‰. In the course of 

the clumped isotope measurements, the stable oxygen isotope value of the samples was also measured 

(Table 4-1). Except to those of the Cukor quarry, all samples are characterized by the average 18O 

value of their locations with a significance level of 0.95. The previously analysed Cukor travertines 

possess lower average oxygen isotopic value (–13.09‰), than the sample used for the Δ47 measurement. 

The corresponding temperatures were calculated using the equation of Kelson et al. (2017) resulting in 

a high temperature value for the vein sample of the Gazda quarry (25°C), whereas the sample from the 

Bego quarry possesses the lowest temperature with 12°C.  

Table 4-1. Results of the clumped isotope measurements.  

4.3.3. Strontium isotopes 

The 87Sr/86Sr ratios of the Süttő travertine vary between 0.70835 and 0.70860 with an average value of 

0.70848 (±0.000058) (Table 4-2). The vein sample of the Gazda quarry (0.70860) is characterized by 

slightly higher Sr isotopic signature (Table 4-2).  

 

Table 4-2. 87Sr/86Sr ratios of the Süttő travertine indication of locations. (SE – standard deviation). 

Location 

δ13C 

(VPDB, 

‰) 

δ13C 

stdev 

δ18O 

(VPDB, 

‰) 

δ18O 

stdev 

Δ47 

(average, 

‰) 

Δ47 stdev 

error 

(‰) 

T (°C) 
(Kelson et al. 

2017) 

Gazda quarry - vein -1.56 0.01 -12.09 0.08 0.61 0.01 25 

Cukor quarry -1.11 0.00 -10.98 0.01 0.62 0.01 22 

Bego quarry -4.94 0.12 -10.42 0.06 0.65 0.00 12 

Újharaszt quarry -0.18 0.02 -10.84 0.03 0.63 0.01 19 
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4.3.4. Elemental composition of the Süttő travertine complex 

Several elements did not reach the detection and/or quantification limit. These elements (As, Co, Cr, 

Cu, Ni, Pb, N, Rb. Ti, V, Zn) were excluded from the statistical analyses. An overview of the data set is 

presented in Annex 2-2.  

In order to evaluate the origin of the elements, correlation matrices and hierarchical cluster dendrograms 

were calculated/compiled (Fig. 4-4). Based on these, two clearly separated element groups can be 

distinguished. Group I includes elements of Fe, Al and K whereas Group II contains Ca, Na, Mg, Ba, S 

and Sr. There are some other elements showing weak or changing associations with the main groups 

(predominantly Group II), such as Mn and P (Fig. 4-4). Lithofacies- and location-dependency of the 

concentration of the elements were also evaluated. 

 

Figure 4-4. Hierarchical cluster dendrograms based on Pearson correlation between the elemental concentrations 

(used method: Ward based on Euclidean distance and CLR transformation).  

4.3.4.1. Lithofacies dependency evaluation 

Elements of Group I are present with slightly higher amounts in massive, phytohermal and non-cohesive 

facies compared to the other lithofacies (Fig. 4-5). This is not significant in case of Al, however, Fe and 

K content of the non-cohesive travertine is significantly higher (Fig. 4-5A, B, C). Elements of Group II 

display a similar pattern to Group I regarding the lithofacies and their element concentrations. Waterfall, 

flat laminated and massive facies possess high concentrations of elements of Group II, their centre lines 

plot above the 75th percentile of the crystalline, phytohermal and non-cohesive facies (Fig. 4-5D-I). The 

Mg concentration is even highest in the flat laminated facies. Regarding the elements with changing 

association (Mn and P) to the main groups, both show quasi-uniform concentrations. Significant 

lithofacies-dependency cannot be observed. 
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The crystalline travertine (including all samples of the Cukor quarry) displays a slightly different 

elemental composition compared to the other lithofacies. Regarding all elements of Group II, the 

crystalline travertine is characterized by significantly lower element concentrations (Fig. 4-5B, F, G). 

However, regarding the elements of Group I, the crystalline facies is similar to the other lithofacies. 

Together with the non-cohesive travertine, this facies shows slightly higher Ca concentrations (Fig. 4-

5K).  

4.3.4.2. Location dependency evaluation  

Elements of Group I show uniform concentrations regarding the borehole and outcrop locations (Fig. 4-

6). Samples from Borehole A and B are characterized by a slightly higher concentration of Fe (Fig. 4-

6B). In case of the elements of Group II higher variation can be observed depending on the element 

concerned. Samples of the Hegyhát quarry show a slightly higher concentration of Ba compared to the 

other outcrops (Fig. 4-6D). As for S and Sr, samples from the Hegyhát and Diósvölgy quarries have the 

highest concentrations (Fig. 4-6G). Samples of Borehole B and the Gazda quarry, however, are 

characterized by low concentrations in elements of Group II. Their centre lines plot below the 25th 

percentile of the other quarries with exception of the Cukor quarry (Fig. 4-6D-I). Gazda quarry shows 

even lower concentrations of Na, whereas Borehole B has significantly lower concentrations of Mg. 

Regarding Mn, Borehole A and B have significantly higher concentrations (Fig. 4-6K).  

4.3.4.3. Location dependency evaluation in case of the massive facies 

As previously mentioned, the massive lithofacies is the most characteristic lithofacies of the Süttő 

travertine complex. Therefore, this lithofacies was chosen to deduce whether the depositional 

environment (and hereby the associated lithofacies) or the distance from the spring is a controlling factor 

affecting elemental composition. Comparing the boxplots of the measured elements in function of their 

locations, very similar trends can be observed as in case of the boxplots of the locations including all 

exposed lithofacies (Figure 4-7).  
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Figure 4-5. Boxplots of the identified lithofacies representing elemental compositions. (A, B, C) Elements of Group I, (D, E, F, G, H, I) elements of Group II. (J, K) Elements 

with weak or changing association to the main groups. Na concentration of the crystalline facies is under the detection limit.
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Figure 4-6. Boxplots of the quarries and boreholes represented according to elemental composition (A, B, C). Elements of Group I, (D, E, F, G, H, I) elements of Group II. (J, 

K) Elements with weak or changing association to the main groups. Na concentration of the Cukor travertine body is under the detection limit. 
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Figure 4-7. Boxplots of the massive lithofacies represented according to elemental composition. (A, B, C) Elements of Group I, (D, E, F, G, H, I) elements of Group II. (J, K) 

Elements with weak or changing association to the main groups.   



61 

4.4 Discussion 

4.4.1. Carbon isotopes 

Stable carbon isotopes are generally considered to provide information on the source of the CO2 (e.g. 

Minissale, 2004). Theoretically there may be four main sources of CO2 in travertine depositional 

environments i.e. (1) marine limestones related to a karstic setting and introduced into the system by 

regional to intermediate groundwater-flow (sensu Tóth; 1963), (2) soil related carbon (C3 and C4 plants) 

introduced into the system by locally infiltrating waters, and (3) igneous/metamorphic and (4) 

atmospheric carbon (Turi, 1986; Hoefs, 1996; Ghosh and Brand, 2003; Pentecost, 2005) supposedly 

added from the deep lithosphere below and from the direct contact of the discharging spring water with 

the atmosphere, respectively. Depending on the source of CO2, meteogene and thermogene travertines 

are distinguished (Pentecost, 2005). Possible CO2 sources are summarized in Figure 4-8 (modified after 

Claes et al., 2015). 

 

Figure 4-8. Possible carbon dioxide sources and related processes on the δ13C signatures of travertines (modified 

after Claes et al., 2015; data from Deines et al., 1974; Inoue & Sugimura, 1985; Andrews et al., 1993, 1997; 

Rollinson, 1993; Sano & Marty, 1995; Rose & Davisson, 1996; Deines, 2002; Minissale et al., 2002; Minissale, 

2004; Sharp et al., 2003; Leng and Marshall, 2004; Attanasio et al., 2006; Uysal et al., 2007; Hoefs, 2009; Jeandel 

et al., 2010 Demény et al., 2010). Temperature dependent fractionation of marine carbonates based on Bottinga 

(1968) and Friedman & O’Neil (1977). Fractionation to travertine based on Panichi & Tongiorgi (1976). Arrows 

of impact processes are not to scale. Blue bar indicates the carbon isotopic composition of the Süttő travertine 

complex whereas the red bar shows the range of the calculated carbon isotope values of the CO2 on the base of 

Panichi and Tongiorgi (1976).  
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Using the empirical equation of Panichi and Tongiorgi (1976) the δ13CCO2 of the precipitation waters 

(rain and snow) was calculated. δ13CCO2 values range between –17.67 ‰ and –9.18‰ (mean value: 

–11.20‰ ±1.43). However, several factors (e.g. downstream CO2 degassing; Kele et al., 2011, or in situ 

microbial activity) can modify the original δ13CCO2 signature of the fluid, therefore the calculated δ13C 

value is not necessarily representative of the original carbon isotopic signature of the source fluid from 

which the carbonate mineral precipitated.  

In case of the Süttő travertine complex, the most plausible carbon sources are the Triassic and Jurassic 

marine carbonate successions that are situated ca. 50 m below the travertine deposits as they also make 

up the bulk of the regional aquifer now and since Pleistocene times. The deepest position of these 

carbonate sequences reached during burial was between 1000 and 2000 m. Despite the high local 

geothermal gradients of 50-55°C/km, fractionation of the δ13C from the marine source rocks would take 

place only at maximum temperatures of 125°C, and more realistically between 60-90°C (Bottinga, 1968; 

Friedman and O’Neil, 1977). For shallower depths (in line with their occurrence now) the temperatures 

could be even less, i.e. at about 30°C (order of magnitude). Lower temperatures of the carbonate 

sequences imply a greater fractionation during dissolution. Based on these assumptions, a minimum of 

–10‰ and an average of –7‰ for the δ13CCO2carbonate values can be supposed by pure dissolution of 

marine carbonates (Fig. 4-8). This is slightly heavier than the calculated δ13CCO2 values of the Süttő 

travertines based on the empirical equation of Panichi and Tongiorgi (1976). Consequently, a CO2 

source with light carbon must have contributed to the system (Fig. 4-8). Several light carbon sources 

can have contributed. Deines (2002) and Demény et al. (2010) reported bimodal composition of 

magmatic δ13C signature with characteristic values of –5‰ and –25‰ from the Pannonian Basin (Fig. 

4-8). Given the sedimentological aspects – such as occurrence of immature palaeosoils and plant moulds, 

intercalated in the sequence, see in Chapter 1 – a more likely source can be found in soil-derived CO2. 

The latter in combination with the paleo-hydrological aspects (e.g. presence of shallow marine 

carbonates acting as main CO2 source) suggests that the carbon source of the Süttő travertine results 

from a mixture of shallow and deep-seated CO2 (Fig. 4-8). Despite their signatures in the overlapping 

area of meteogene and thermogene travertines (Pentecost, 2005), the deep-derived component, classifies 

them as endogenic (Crossey et al., 2006). Kele (2009) and Sierralta et al. (2010) also carried out stable 

isotope measurements on samples from the Újharaszt and the Hegyhát quarries. Based on their 

calculated δ13CCO2 signature, Sierralta et al. (2010) suggested a similar mixture of sources involved in 

the travertine formation.  

The carbon isotopic signature of the travertines of the Bego quarry is significantly different from all the 

other outcrops with an average δ13CCO2 value of –15.16‰ (±2.08). The wide range in carbon signature 

might reflect a mixing mechanism. In case of significant contribution of magma derived CO2 in the 

travertine precipitating fluid the latter would be characterized by lighter δ13CCO2 signature especially 
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close to the vent and not only in case of the travertine successions with distal position, such as the Bego 

quarry.  

In the waterfall environment – cropping out only in the Bego quarry – the continuous decay of in situ 

produces plant-organic matter and the omnipresence of fine plant detritus could explain the observed 

negative shift in δ13CCO2 values. Additionally, the travertine precipitating fluid could have been 

contaminated by atmospheric CO2 because of water turbulence within the waterfall (Deák, 1979). 

Plotting the stable oxygen and carbon isotope values in the combined cross plot of Teboul et al. (2016), 

CO2 sources of the travertine precipitating fluid(s) can be assessed (Fig. 4-9). Over 90 percent of the 

stable isotope data of the Süttő travertine body is plotting in the area of hypogene continental carbonates 

reflecting carbon sources from carbonate sequences with possible contribution of magmatic CO2 

(Teboul et al., 2016). Some samples – predominantly from the Bego quarry – falling within the range of 

epigean continental carbonates, suggest a pure carbonate source rock. Nonetheless, Teboul et al. (2016) 

reported that depleted δ13C signatures can be the results of the distal position of the sample where the 

carbonate precipitating fluid consists of a mixture of surface and distal hydrothermal waters. This might 

be the explanation for the travertine successions exposed in the Bego quarry (see Chapters 1 and 3). 

Several studies reported similar negative shift in carbon istope signature and concluded that it was rather 

controlled by the depostional conditions, than by the compositon of the parent fluid(s) (e.g. USA: 

Chafetz and Guidry, 2003; Croatia: Lojen et al., 2004; Turkey: Claes et al., 2015; Italy: Croci et al., 

2016). 

 

Figure 4-9. Stable oxygen and catbon isotopic compostion of the Süttő travertine complex plotted on the combined 

cross plot of Teboul et al. (2016) indicating the plausible CO2 sources (CATT: calcitic or aragonitic travertine and 

tufa; in Teboul et al., 2016). 
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The δ13C of the individual lithofacies and their specific outcrop location show no unequivocal trends. 

δ13C-signatures of the non-cohesive travertine and the waterfall lithofacies are significantly different 

from that of the other lithofacies, forming separate groups with average values of –3.89‰ (±1.74) and  

–1.96‰ (±0.79), respectively. However, the light δ13C values are characteristic rather for certain 

locations (e.g. Bego quarry and Borehole B). This observation suggests that, secondary processes, like 

post-depositional weathering may have overprinted the original isotopic signal.  

To conclude: the variation in δ13C values are rather independent of the depositional conditions in the 

subaqueous environments, and it can be interpreted in terms of the variation in the ratio of CO2 derived 

from the different proposed sources, and partly as variation due to the various types of degassing 

processes (biological or abiological). The low δ13C signature of the waterfall lithofacies may also be the 

result of a distal position from the springs with significant contribution of in situ microbial activity or 

soil derived CO2, the latter reflecting meteoric cementation (see Fig. 1-10J in Chapter 1).  

4.4.2. Temperature estimation of the travertine precipitating fluid(s) 

The temperature of the travertine depositing fluid can be calculated using the conventional oxygen 

isotope thermometer of McCrea (1950), which is based on the temperature dependence of the calcite-

water oxygen isotope fractionation using both the18O values of the travertines and of the precipitating 

water. However, this approach assumes equilibrium fractionation during travertine formation, which is 

not necessarily the case at least not in all travertine depositional environments (see Kele et al., 2008, 

2011). For the calculation of the ‘closest-to-equilibrium’ temperature, samples from vent and pool facies 

preferentially should be used (Yan et al., 2012; Kele et al., 2015). Besides, for any proper temperature 

calculation the 18OSMOW of palaeo-waters has to be estimated on the basis of some independent evidence 

– a requirement introducing further uncertainty into the calculated temperatures. Carbonate clumped 

isotope thermometry (Ghosh et al., 2006; Kele et al., 2015), however, does not require estimation of the 

18O of the travertine precipitating fluid causing much less uncertainty in the calculated temperature. 

Nonetheless, careful selection of the samples and temperature calibration is necessary to reduce the 

uncertainty. 

For paleo-temperature calculation, equations of Kim and O’Neil (1997), Coplen (2007) and Kele et al. 

(2015) were used (Table 4-3). δ18O (V-PDB) of the travertine precipitating fluid was calculated using 

the T derived from the measured Δ47 value and the above equations, which are based on the temperature 

dependence of calcite-water oxygen isotope fractionation (Table 4-3). The results were then compared 

to the δ18Owater values provided by Babidorics et al. (1998) measured from thermal water wells and 

springs. According to their investigations on the thermal karst system of the Buda Mountains (Hungary) 

all the measured cold groundwaters and karstwaters which infiltrated in Pleistocene times are 

characterized by δ18O range of –14‰ and –11‰, whereas, δ18O values of Pleistocene thermal waters 
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show a range between –12.71‰ and –9.44‰ (Babidorics et al., 1998). U–Th age dating reveals that the 

Süttő travertine formed in the Pleistocene (Kele, 2009; Sierralta et al., 2010, Chapter 5). Consequently, 

the travertine precipitating fluid(s) in the area of the Gerecse Hills could have been characterized by a 

similar δ18O range as in the Buda Mountains represented by an oxygen isotopic range of –14‰ and –

9.44‰ supposing a mixed groundwater - karstwater and thermal water origin.  

Our results for δ18Owater (Table 4-3), calculated by using the equation of Kim and O’Neil (1997) range 

between –10.83‰ and –9.78‰, suggesting a purely thermal water origin for the travertine precipitating 

fluid(s) based on Babidorics et al. (1998). The equation of Kele et al. (2015) suggests a dominance of 

groundwaters and karstwaters with calculated values from –12.84‰ up to –12.28‰, whereas the 

equation of Coplen (2007) resulted in a δ18Owater signature of –12.42‰ up to –10.93‰ suggesting a 

mixture of groundwaters, karstwaters and thermal waters.  

Using the calculated δ18Owater signatures ranging from –14.09‰ up to –9.26‰ (in V-PDB, Table 4-3), 

as well as the δ18Otravertine values of the selected four samples for Δ47 measurements, temperature ranges 

can be calculated (Table 4-4). Depending on the used δ18Owater value, the following ranges can be 

identified in case of each equation. According to the equation of Kim and O’Neil (1997), the calculated 

temperatures range between –2 and 25°C (mean value: 12 ±7°C). Using the equation of Coplen (2007), 

the resulting temperature values are higher with values varying around 20 ±8°C. The empirical equation 

of Kele et al. (2015) resulted in temperatures varying around 26 ±7°C. These calculations demonstrate 

that the derived temperatures strongly depend on the equation used in the calculations as well as on the 

estimation of δ18Owater signature resulting sometimes in unlikely results (e.g. some calculations in case 

of Kim and O’Neil, 1997; Table 4-4).  

The most widely used equation for temperature estimation is the one of Kim and O’Neil (1997), which 

is based on experimental studies performed in laboratory, supposing equilibrium between the 

precipitating carbonate and the fluid. Several studies reported that ‘close to equilibrium’ conditions are 

present only right at the orifice (e.g. Fouke et al., 2000; Kele et al., 2008 and 2009). The empirical 

equation of Coplen (2007) might also be a good approach as it is based on empirical observations, 

however, this equation is based on only one single datum and its slope is extrapolated from the Kim and 

O’Neil (1997) calibration. The empirical calibration of Kele et al. (2015) has a slightly steeper slope 

(i.e. higher temperature sensitivity) and it includes several sampling points from vent and pool 

environments. It is assumed to represent conditions at naturally forming travertine sites in the vicinity 

of vents. It is, however, unclear if the calculated temperatures (for downstream samples) may show 

significant deviations from equilibrium temperatures (Kele et al., 2011). 

In case of the Süttő travertine complex, all three equations provided reasonable δ18Owater signatures. 

Nonetheless, only the equation of Coplen (2007) resulted in δ18Owater values within the range of potential 
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Pleistocene water compositions including the eventual supply of a mixture of groundwaters, karstwaters, 

as well as thermal waters.  

Comparing the average temperature values of each quarries, it can be stated that independent of the used 

equation, compared to the Cukor travertine body the temperature of the travertine precipitating fluid was 

at least 7°C lower in the area of the Gazda and Újharaszt quarries, while it was 9°C lower in case of the 

Bego quarry. Thus, probably the Cukor travertine body was formed the closest to a spring, while the 

travertine in the area of the Bego quarry was deposited in the most distal situation. 

With the exception of some extremely low values – resulting from the application of the equation of 

Kim and O’Neil (1997) – the resulted temperatures are in accordance with the assumptions based on 

petrographic observations. The waterfall and Phytohermal lithofacies lithofacies, exposed in Bego, 

Gazda and Cukor quarries (see Chapter 1), indicate that in the course of carbonate precipitation the 

environment was suitable for colonization by hydrophilic plants. These plants can therefore be used as 

environmental indicators. Some species of these hydrophilic plants can tolerate 15°C whereas the 

optimum temperature for some other species is 30-35°C (Dilks and Protcor, 1975). However, Glime and 

Vitt (1984) reported that some aquatic bryophytes have a wider range of optimum temperature than their 

terrestrial counterparts.  

Table 4-3. Calculated stable oxygen isotopic signature of the travertine precipitating fluid(s) on the basis of 

clumped isotope measurements. Values with blue background indicate the potential values of the fluid composition 

(δ18Owater, in V-PDB) if only ground and karstic water origin is supposed (based on Babidorics et al., 1998). If 

thermal water origin is also assumed, a wider interval can be applied for the potential composition of the travertine 

precipitating fluid. These values are indicated with pink background in the table (δ18Owater, in V-PDB; based on 

Babidorics et al., 1998). Values with green background suggest mix of thermal and ground/karstic waters. Values 

without coloured background are out of the range described by Babidorics et al. (1998). 

4.4.3. Stable isotope composition in function of distance from the spring 

The stable isotope composition of travertines can vary due to several factors, and one of them is the 

downstream distance from the spring. Kele et al. (2011) described significant increase of δ13Ctravertine with 

increasing distance from the spring in case of the Pamukkale travertine. A similar trend was observed 

in case of 18Otravertine, however, the increase was less pronounced. According to Kele et al. (2011) the 

positive downstream shift in δ13Ctravertine is mainly caused by fast CO2 degassing favouring the light 

isotope, whereas the shift in 18Otravertine predominantly resulted from evaporation and temperature 

decrease.  

δ18Owater (V-PDB) Cukor quarry Gazda quarry - vein Újharaszt quarry  Bego quarry 

T°C (Δ47) 22 25 19 12 

18O  

(Kim & O'Neil, 1997) 
-9.26 -9.78 -9.75 -10.83 

18O  

(Kele et al., 2015) 
-12.28 -12.73 -12.84 -14.09 

18O  

(Coplen, 2007) 
-10.93 -11.46 -11.40 -12.42 
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Similar shifts in the stable isotope values were also observed in the Süttő travertine complex. Stable 

isotope values of the crystalline facies exposed in the abandoned Cukor quarry cluster around an average 

δ18O and δ13C of –13.09‰ and –0.86‰, respectively, forming a clearly separated group with respect to 

the δ18O signature whereas the average δ13C signature of this facies is similar to that of all the other 

facies with the exception of the waterfall facies. Field-observations and petrography of the Cukor quarry 

samples suggest that the formation of the crystalline travertine was characterized by high rate of calcite 

precipitation close to a supposed spring. The sub-vertical layers apparently formed a part of an ancient 

fissure ridge that developed syn-sedimentarily along a NW-SE oriented normal fault (Török et al., 

submitted). Consequently, this lithofacies formed closest to spring, representing spring depositional 

conditions (vent). In contrast, all the other lithofacies of the Süttő travertine complex represent 

dominantly subaqueous depositional environments with lacustrine (pool) and palustrine sub-

environments (see Chapter 1).  

Close to the vent, due to the sudden drop of the partial pressure of CO2, degassing is the dominant 

process resulting in a positive shift in the δ13Ctravertine values. This means, that the crystalline travertine 

could represent the least modified carbon isotopic signature of the Süttő travertine area. The low δ18O 

signatures are in line with the idea of fast degassing and high temperature conditions at the spring. 

Farther from the spring, evaporation and temperature decrease – having impact on pH too – take over 

the role as the dominant processes. The extensive lake-pond system of the Süttő travertine complex 

provided perfect conditions for cooling of the water and evaporation resulting in a positive shift in δ18O 

values. The role of CO2 degassing under the prevailingly lacustrine conditions was probably negligible, 

resulting in a much smaller positive shift in δ13Ctravertine of the forming travertine compared to the δ13C 

signature of the crystalline travertine. These groups are clearly shown in the acquired data set (Fig. 4-

3B). 

4.4.4. Carbonate source of the travertine precipitation 

Strontium isotope ratio provides information about the rocks which presumably acted as carbonate 

sources for the travertine precipitating fluids. On the basis of the 87Sr/86Sr there is no significant 

difference between the individual outcrops. This suggests that even though the travertine bodies show 

petrographic differences (e.g. crystalline travertine of the Cukor quarry and micrite dominated 

lithofacies in the other outcrops, see Chapter 1) and were formed in isolated depositional environments, 

the travertine precipitating fluids originated from the same regional reservoir. The 87Sr/86Sr ratios of the 

Süttő travertine complex (0.70835 – 0.70860) are, however, significantly higher than the ratios of the 

Late Triassic (0.7076-0.7080) to Eocene (0.7077-0.7078) marine carbonates that form the bulk of the 

Transdanubian Range (e.g. Brass, 1976) and serve as the main karstic reservoir in the area. The Sr 

isotope data of the Süttő travertines show, however, a good match with the Sr isotopic signatures of 
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δ18Owater  

(V-PDB) 

Cukor 

quarry 

Gazda 

quarry - vein 

Újharaszt 

quarry  

Bego 

quarry 

Range of δ18Owater values 

of the waters during the 

Pleistocene 
(based on Babidorics et al, 

1998) 

δ18Otravertine (V-PDB) -10.97 -12.09 -10.84 -10.42 

T°C (Δ47) 22 25 19 12 

T°C  
(Kim & 

O'Neil, 

1997) 

-9.26 22 28 21 19     

-9.75 20 25 19 17    

Thermal 

water 

 

-9.78 20 25 19 17   

-10.83 15 20 14 12   

-10.93 14 19 13 12   

-11.40 12 17 11 9 
 

Mixture of waters 

 

-11.46 12 17 11 9 

-12.28 8 13 7 6 

-12.42 7 12 7 5 

-12.73 6 11 5 4 Groundwater 

& karstwater 

  

-12.84 5 10 5 3   

-14.09 0 5 0 -2     

T°C  
(Kele et al., 

2015) 

-9.26 36 41 35 33     

-9.75 34 39 33 31    

Thermal 

water 

 

-9.78 33 39 33 31   

-10.83 29 34 28 26   

-10.93 28 33 27 26   

-11.40 26 31 25 23 

Mixture of waters 
-11.46 26 31 25 23 

-12.28 22 27 21 20 

-12.42 21 26 21 19 

-12.73 20 25 20 18 Groundwater 

& karstwater 

  

-12.84 20 24 19 17   

-14.09 14 19 14 12     

T°C 
(Coplen, 

2007) 

-9.26 31 37 30 28     

-9.75 28 34 27 25    

Thermal 

water 

 

-9.78 28 34 27 25   

-10.83 22 28 22 20   

-10.93 22 28 21 19   

-11.40 20 25 19 17 

Mixture of waters 

 

-11.46 19 25 19 17 

-12.28 15 21 15 13 

-12.42 15 20 14 12 

-12.73 13 19 13 11 Groundwater 

& karstwater  

  

-12.84 13 18 12 10   

-14.09 7 12 6 4     

Distance from spring + + ++ +++     

Table 4-4. Temperature calculation using different stable oxygen isotopic composition of the travertine 

precipitating fluid(s). Applied δ18Owater values were calculated based on clumped isotope measurements (see Table 

4-3). Values with grey background indicate δ18Otravertine values and the corresponding temperature data of clumped 

isotope measurements representing the datasets which were used for calculation of δ18Owater signatures in case of 

each equation. The plausible δ18Owater values are indicated by orange background.



68 

Miocene marine carbonates (0.7082-0.78090; McArthur and Howard, 2004) of the wider surroundings. 

The porous shallow marine Lower Miocene Leitha reef limestones crop out around Budapest and along 

the northern margins of the Visegrád Mountains (Nagymarosy and Hámor, 2012). Based on their 

geographical distance and limited occurrence, it is very unlikely that they could have been the sole 

reservoirs of the travertine depositing fluids. Especially considering that their water could have mixed 

on their way also with low 87Sr/86Sr waters derived from Triassic and Eocene aquifers that surround the 

study area. This indicates that the waters interacted with some other rock sequences with higher 87Sr/86Sr. 

Based on the local geology, Jurrassic carbonates and Cretaceous and Oligocene siliciclastic sequences 

can also be found in the Süttő area, on the top of the Triassic sequences (Scheuer et al., 1987) and they 

are likely candidates as reservoirs. Given the uniform Sr-isotopic signature, leaching from these 

Oligocene lithologies must have happened during downward percolation (i.e. recharge) of the fluids, in 

contrast to the fluid rise (discharge) right before travertine precipitation, since the latter situation is 

expected to cause a more variable signature. However, because of the distance of the hydrological 

communication in the fluid reservoirs, other scenarios cannot be excluded, either. 

Slightly different strontium signatures are found for the Cukor quarry (0.70856) and a vein sample 

(0.70860), implying that likely a different fluid phase was resulting in the precipitation. 

4.4.5. Considerations based on the elemental composition of the travertine body 

As indicated above, on the basis of the hierarchical cluster dendrogram (Fig. 4-4) two groups of elements 

could be distinguished. Group I contains Fe, Al and K which can be related to the non-carbonate fraction. 

Group II includes Na, Mg, Ba, S and Sr apparently related to the carbonate fraction of the analysed 

samples. These elements can be incorporated in the calcite lattice in different ways, such as substitution 

of Ca (e.g. Mg, Sr, Ba) or even of the carbonate group (CO3
2-
e.g. SO4

2-) (Fairchild and Treble, 2009). 

Some other elements (e.g. Na+) preferentially enter the interstitial space of the crystal lattice.  

Elements of Group I are associated with the non-carbonate fraction having different sources, being most 

often of detrital origin in the travertine system. Therefore, accumulation of these elements dominated 

over the carbonate related elements along subaerial exposure surfaces and during pauses of carbonate 

precipitation. The concentration of the carbonate phase related elements (represented by Group II) 

depends on the parent fluid and hence on the chemical composition of the bedrocks (including the karstic 

reservoir) under and around the travertine body.  

Regarding the Upper Triassic Dachstein limestone and its pore-filling calcite cements in the 

Transdanubian Range, Győri (2014) reported some compositional data from the Kálvária Hill (located 

approximately 20 km to the SW of the study area). Based on these measurements, concentrations of Fe, 

Mn, Na and Sr in the Triassic limestone are very similar to the concentrations of these elements in the 

Süttő travertine (see Table 4-5). The relatively higher Ba concentration in the recent springs as well as 
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in the travertine deposits in the Buda Hills was already reported by several authors (Kele et al., 2009; 

Poros et al., 2010; Poros et al., 2012). Ba may have originated from sediments associated with the post-

volcanic activity of the Early Miocene Visegrád Neovolcanic Complex and/or in the surrounding 

siliciclastic sequences covering the Mesozoic limestones (Csillag et al., submitted). Along the regional 

groundwater circulation, the parent fluid could have picked up the most characteristic elemental 

signatures from both the host rock – in this case various Mesozoic limestones – and the covering 

siliciclastic sequences. Consequently, the travertine precipitating fluid was characterized probably by 

relatively high Ba concentrations and its Sr content could have been similar to that of the Mesozoic 

marine carbonates. 

Table 4-5. Elemental composition of the Triassic limestone and its cements (Tata, Kálvária Hill, Transdanubian 

Range) (Győri, 2014) with indication of the elemental composition of the Süttő travertine complex. 

Even though, the elemental composition of the underlying siliciclastics and the Mesozoic carbonates are 

similar to that of the Süttő travertine complex, there are some slight differences between each lithofacies 

and the outcrops. Relatively high concentrations of the elements of Group I (Al, Fe and K) suggest 

higher relative contribution of non-carbonate detrital input (aeolian or fluvial). The Phytohermal 

lithofacies represents an essentially subaerial depositional environment providing opportunity for 

entrapment of detrital grains transported by wind. The observed yellow-black mottling of the lithofacies 

can be the result of Mn and Fe oxi/hydroxides that formed a coating around in-situ plants. The relatively 

high concentrations of Mn and Fe support this hypothesis (Fig. 4-5). The non-cohesive lithofacies is 

also rich in elements of Group II, representing alteration of the massive facies. Due to long-lasting 

subaerial exposure, the massive facies could have been subject to dissolution resulting in a decrease in 

carbonate-related, mobile elements (Group II). The decrease of Group II elements results in a relative 

increase in elements of Group I. High concentrations of Group II elements were observed in case of the 

waterfall, flat laminated and massive lithofacies suggesting that in these cases precipitation was more 

purely CaCO3. In case of the waterfall lithofacies, petrographic observations revealed pure 

circumgranular calcite rims of centimetre–scale thickness around the phytoclasts (see Chapter 1), 

explaining the rather pure nature of these precipitates. 

 Al Fe Ba Mg Na S Sr Mn P 

(Győri, 2014) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

Triassic Limestone - micrite 1445 669 5.8 4682 116 – 494 46 129 

Triassic Limestone - cement 

(1AT) 
125 502 1.5 3248 80 – 127 66 85 

Triassic Limestone - cement 

(2AT) 
– – 1.0 4273 77 572 140 20 72 

Triassic Limestone - cement 

(2BT) 
266 324 1.6 2782 61 – 120 18 64 

Triassic Limestone - cement 

(2BJb) 
– – 1.9 5214 – – 159 80 – 

Süttő travertine (this study) 554 267 32.9 3942 142 848 709 34 85 
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The crystalline travertines show lower concentrations of Group II elements, with the important 

exception of Ca. This lithofacies has the highest Ca concentrations among all the analysed lithofacies. 

The elemental composition can be interpreted as the result of Ca2+ positions of the crystal lattice not 

having been significantly substituted by other elements (such as Sr2+, Mg2+, Ba2+). This facies represents 

the purest primary carbonate formation in the Süttő travertine area. The pure crystalline appearance of 

this lithofacies on the macro and micro-scale points to the same conclusion (see Chapter 1). 

In order to deduce spatial distribution of the elements, the data set of the massive lithofacies was plotted 

on boxplots according to the location of the samples (Fig. 4-7). The trend of the elements at each location 

shows similar patterns to the one including all lithofacies of the outcrop. Based on this, the elemental 

composition depends rather on the location (and the input of non-carbonate components) rather than on 

the lithofacies, similarly to the Ballık travertines (Claes, 2015). 

Kele et al. (2011) reported decreasing concentrations of Sr, Ba, Mn and F with increasing distance from 

the spring, under subaerial conditions. In contrast, concentrations of Na, K and Cl increase in the 

precipitating fluid with increasing distance from the spring (Kele et al., 2011). As a consequence, higher 

concentrations of Sr, Ba and Mn in the precipitated carbonate may indicate proximity to the spring. In 

case of the Süttő travertine complex the most characteristic depositional environment is subaqueous 

with extensive lacustrine environments providing ideal conditions for the homogenisation of the 

elemental distribution likely blurring the spatial trend of the individual elements.  

4.5 Conclusions 

Geochemical analysis of the Süttő travertine area was carried out in order to characterize the depositional 

sub-environments and to infer whether there exists an indicator of spring proximity on the geochemical 

signatures. Several kinds of measurements were accomplished the results of which are represented by 

box plots showing the distribution of the elements according to their lithofacies and locations. Based on 

the observed trends in the data sets, the following conclusions could be drawn. 

- The travertine precipitating fluid(s) could have interacted with Triassic and Eocene carbonates 

as well as with Jurrassic, Cretaceous and Oligocene siliciclastic sequences resulting in 

significantly higher Sr isotopic signals than the one of Late Triassic marine carbonates building 

up the dominant part of the Transdanubian Range. Clumped isotope measurements revealed that 

the precipitation temperature varied around 25°C at the orifice of the spring, whereas the most 

distal parts of the lake system were characterized by rather cool – ca. 12°C – temperatures.  

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

cohesive travertine). 

- 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). 
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CHAPTER 5: U-TH AGE DATING OF THE TRAVERTINE DEPOSIT AND 

ITS IMPORTANCE IN TERRACE STRATIGRAPHY  

This chapter nucleated around an adapted paper* as well as on Claes (2015). The methodological challenges for 

age dating are the same in case of the Ballik travertine area (Turkey; Claes, 2015) and the Süttő travertine complex. 

Therefore these parts were taken over (indicated by Italic letters and quotation marks). This chapter, however, 

focusses on the Süttő travertine area and its relevance in terrace stratigraphy along the river Danube. 

*: Claes H., Török, Á., Soete J., Vassilieva E., Hamaekers H., Erthal M.M., Mindszenty, A., Kele, S., Cheng H., 

Edwards R.L., Özkul M., Swennen R.: U-Th dating and open system behavior of continental carbonates based on 

case studies of the Ballik area (Denizli, SW-Turkey) and the Süttő travertine complex (Gerecse Hills, Hungary). 

– in prep.  

Based on: Török, Á., Claes, H., Brogi, A., Liotta D., Tóth, Á., Mindszenty, A., Kudó, I., Kele, S., Shen, C.C., 

Huntington, K., Swennen, R.: A multidisciplinary and multi-method approach to reconstruct a travertine fissure 

ridge-type morphotectonic feature and the related geothermal system: the case of the dismantled Cukor quarry 

(Süttő, Gerecse Hills, Hungary) – submitted. 

5.1 Introduction 

“Continental carbonates have received recent attention as paleoclimate recorders (Frank et al., 2000; 

Bertini et al., 2014; Toker et al., 2015) and as potential reservoir analogues (Lottaroli et al., 2012; 

Ronchi and Francesco, 2015). In order to retrieve palaeoclimatological information from continental 

carbonates, besides a continuous section of non-altered signatures, reliable dating is essential. For 

paleoclimate studies, dating is of interest on a long-term time-scale, e.g. to verify whether continental 

carbonates such as travertines occur preferentially in interglacials or not (Hennig et al., 1983a, b; 

Frank et al., 2000; Uysal et al., 2009; Özkul et al., 2013), and on a shorter time-scale, such as for 

variations within the relevant recorded paleoclimate signature section (e.g. Yan et al., 2012).” Accurate 

age dating of travertine sequences, furthermore, can provide information for quantification of 

neotectonic deformation and incision rate of rivers (e.g. Ruszkiczay-Rüdiger et al., 2005). 

This chapter aims to complete and evaluate the contrasting age data of the Süttő travertine complex in 

an attempt (1) to better constrain the temporal depositional evolution of a travertine system and (2) to 

evaluate the relevance of age dating of travertine deposits in terrace stratigraphy.  

5.2 Geological setting – terrace horizons along the Danube 

As it was mentioned already in the introductory chapter, the Pannonian Basin (PB) is a Late Cenozoic 

structure, surrounded by the Carpathian chain, which was formed from Late Early to Late Miocene times 

as a result of extension and lithospheric attenuation of the area (Royden and Horváth, 1988). This 

evolution gave rise to the development of several sub-basins that offered accommodation space for one 

to six kilometres thick Late Miocene-Pliocene sediments deposited first in marine, then in lacustrine, 

deltaic and finally in fluvial environments (Horváth and Cloetingh, 1996). The Gerecse Hills, built up 
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by Mesozoic successions, represent the north-easternmost part of the Transdanubian Range (TR) a part 

of the outcropping basement of the PB.  

The tectonic evolution of the area is characterized by a number of faulting events that have developed 

since the Mesozoic (Bada et al., 1996; Fodor et al 2018). In late Miocene times extension gradually 

changed for transpression in the Pannonian Basin. Some sectors, e.g. the whole TR became uplifted 

(Horváth, 1993; Bada et al., 1996; Fodor et al., 1999) and partially eroded. By this time the western part 

of PB was characterized by deposition in a fluvio-lacustrine system fed by the paleo-Danube. Due to the 

gradual uplift of the area, runoff of the paleo-Danube was forced to change course and find its way 

across the uplifting TR (Szádeczky-Kardoss, 1938, 1941). In the course of this, the Danube River created 

relatively narrow valleys with several terrace horizons covered by gravels and travertines (e.g. Pécsi, 

1959; Schréter, 1953; Scheuer and Schweitzer, 1988). Age dating of the terraces (or their covering 

sediments) provides interesting information about the timing of terrace formation and hence the rate of 

uplift of the TR and incision of the Danube (e.g.: Ruszkiczay-Rüdiger et al., 2005; 2016a, b; 2018). 

5.3 Methodology 

“For fossil travertines, the most widely applied dating method is 238U/230Th with age limits of 3 years to 

about 600 ka (Edwards et al., 2003). Application of this method in some cases is controversial because 

of the complexity related to open-system U-leaching and the presence of detrital thorium (Alonso-Zarza 

et al., 2010). Recent studies (Mallick and Frank, 2002; Prado-Pérez et al., 2013; Özkul et al., 2013), 

however, claim to be able to circumvent these problems. 

The uranium/thorium dating method is based on the difference in solubility between parent uranium 

(high) and daughter thorium (negligible) in fluids under oxidizing conditions (Ivanovich et al., 1992). 

In an ideal case, all thorium found in freshly precipitated carbonates – such as continental carbonates 

– would result purely from the radioactive decay of uranium. However, there are several criteria that 

have to be fulfilled for a sample in order to be suitable for dating.” These criteria are summarized in 

Table 5-1.  

5.3.1 Sampling 

“Hand samples were collected from different stratigraphic levels of quarries and boreholes in the Süttő 

travertine complex covering the entire exposed succession (Table 5-2, Fig. 5-2). The sample suitability 

was evaluated by microscopic observations too. 

The selected samples were cut and micro-drilled in their most homogeneous, least porous parts, i.e. in 

macroscopically white, dense, micrite dominated zones.” Exception to this are the fully sparitic samples 

from the Cukor quarry and the vein sample from the Gazda quarry. 
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Criteria Reference 

Measurable quantity of uranium 

Ivanovich et al., 1992 Absence of daughter nuclides 

Sample must have behaved as a closed system to post-depositional migration or 

addition of the radionuclides 

Co-deposited 230Th must be minimum (absorbing normally on the surface of clay 

minerals, ferric hydroxides and organic particles) 

Harmon et al., 1980; 

Schwarcz, 1990; 

Pentecost, 2005 

Dense (low-porosity) sediments are required (large pores enlarge the potential for 

open system behaviour) 
Mallick and Frank, 2002 

Microscopically spar dominated samples are preferred without evidence for 

recrystallization. 
Mallick and Frank, 2002 

Prado-Pérez et al., 2013 
Low 230Th/232Th activity ratio (indicator of detrital input) 

Table 5-1. Criteria of samples for U-Th age dating based on literature (summarized by Claes, 2015). 

5.3.2 Uranium/thorium dating 

About 50 to 100 mg travertine samples were sent to the High–Precision Mass Spectrometry and 

Environmental Change Laboratory (HISPEC), Department of Geosciences (National Taiwan 

University, Taipei, Taiwan) for U-Th series age dating. With regard to sample selection, dense and 

crystalline samples were chosen. A triple–spike, 229Th–233U–236U isotope dilution method (Shen et al., 

2002) was used to measure U-Th isotopic and concentration data. Measurement was carried out on a 

multi–collector ICP–MS (MC–ICP–MS), Thermo Electron Neptune (Shen et al., 2012). Uncertainties 

in the U-Th isotopic data were calculated offline (Shen et al., 2002) at the 2σ level and include 

corrections for blanks, multiplier dark noise, abundance sensitivity, and contents of the four nuclides in 

spike solution. 

5.3.3 Detrital correction 

Despite a careful sample selection, detrital contamination of thorium due to non-carbonate constituents 

cannot be excluded. Presence of detrital 230Th can result in false (older) ages with a maximum error of 

100 ka (Geyh, 2008), however, a detrital correction can be applied. A new concept has been introduced 

by Kaufman and Broecker (1965) on the basis of the difference between the decay processes of detrital 

and radiogenic 232Th. Since the half-life of radiogenic 232Th is very large, it can be regarded as a stable 

isotope, therefore the proportion of detrital 230Th can be estimated. If the initial 232Th/230Th ratio is 

known, the U-Th age can be corrected (Geyh, 2008). According to the latter author, correction of detrital 

230Th is necessary in cases where the corrected and uncorrected U-Th ages differ by more than 10%. 

Richards and Dorale (2003) proposed that age data provided by MC–ICP–MS (such as in our case) 

should be corrected for detrital Th contamination with an 230Th/232Th activity ratio <100-300 in order to 

avoid false ages.  

The U-Th data set of the Süttő travertine complex was also corrected for detrital Th contamination. In 

the course of this, age correction has been done with an estimated initial atomic 230Th/232Th ratio of 4 
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(±2) x 10-6 supposing that the detrital material is in secular equilibrium with the bulk earth 232Th/238U 

value of 3.8. The errors are arbitrarily assumed to be 50%.  

5.4 Previous age datings within the study area 

Several, mostly Quaternary travertine occurrences can be found in the Pannonian Basin (e.g. Kele, 

2009). More than 50 travertine occurrences are known in the Gerecse Hills, located predominantly in 

the northern marginal areas of the Hills (Scheuer and Schweitzer, 1988). The travertine bodies occurring 

along the fluvial terraces and tributaries of the Danube possess a key role in the correlation of the terrace 

levels and in estimating the incision of the river as well as the uplift rate of the TR (e.g. Ruszkiczay-

Rüdiger et al., 2005). It is generally accepted that dating these formations provides crucial 

information about the timing of terrace formation along the river. Pécsi (1959) and Kretzoi and Pécsi 

(1982) identified 6 to 8 terrace levels and 12 associated travertine horizons along the Danube. The 

travertine complexes are often covered by loess, the age of which was determined by luminescence 

dating (e.g. Novothny et al., 2009; Rolf et al., 2014), thus providing additional independent information 

about the interval of travertine formation. Ruszkiczay-Rüdiger et al. (2005) summarized the results of 

the chronological studies and dated the sequences under- and overlying the travertine occurrences along 

the terrace levels of the Danube. They pointed out that the terrace stratigraphy and the timing of the 

travertine and terrace formation is not in line with the theory of Pécsi (1959) and Kretzoi and Pécsi 

(1982) and that travertine formation was not necessarily taking place only at the base level of erosion of 

the Danube (i.e. on the prevailing low-lying flood-plain) but simultaneously also on higher and older 

terrace levels (Ruszkiczay-Rüdiger et al., 2016a). 

For the Süttő travertine complex specifically, based on borehole information, the underlying beds consist 

of gravels, sands, silts and clays of uncertain origin (Véghné et al., 1971). These sediments may correlate 

with the tVII terrace level of the Danube of an estimated Late Pliocene – Early Pleistocene age (Pécsi, 

1959). However, they may belong to the Upper Pannonian (Újfalu Formation) as well (Csillag et al., in 

press). According to the most recent re-evaluation of the borehole data (Csillag et al., in press) these 

sediments are most probably redeposited and have no connection with the paleo-Danube river. 

On the top of the eroded surface of the Süttő travertine body, likewise Late Pleistocene siliciclastics and 

Riss (Saale)-Würmian (Weichsel) loess were deposited (Novothny et al., 2009; 2011; Rolf et al., 2014). 

The whole sequence is covered by Holocene top-soil.  

The age of the Süttő travertine complex has been estimated based on several methods. Based on the 

vertebrate contents of the Diósvölgy quarry, Brunnacker et al. (1980) estimated a maximum Pleistocene 

age. Paleomagnetic investigations of Lantos (2004) suggested that the Süttő travertine complex formed 

780 ka before present (still during the Matuyama chron). Sierralta et al. (2010), however, also performed 

paleomagnetic measurements on samples from the Újharaszt and Hegyhát quarries with a resulting 
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unstable paleomagnetic signal. Uranium series (238U/230Th) dating was carried out on samples from the 

Újharaszt, Hegyhát and Diósvölgy quarries resulting in Middle Pleistocene ages (235±21 ka and 422±21 

ka) (Kele, 2009; Sierralta et al., 2010). Pazonyi et al. (2014) summarized the paleontological studies that 

have been done in more than 250 sites of the Süttő travertine complex in the last 150 years and 

Ruszkiczay-Rüdiger et al. (2018) re-evaluated the most relevant fossils for age estimation of the 

travertine body. According to the fossil remains, most of the fracture-fillings in the area can be correlated 

with different phases of MIS 5 (130 and 70 ka) being in line with the optical dating of the covering loess 

(see above). The fossil content of the travertine body itself, exposed in the Hegyhát quarry, indicates an 

Early to Middle Pleistocene age (1.0-0.9 Ma), whereas the fossil remnants of the Újharaszt quarry 

suggest a Lower Pleistocene age (with interval of 2.0-0.8 Ma), being in contrast with the suggested age 

based on uranium series dating of Kele (2009) and Sierralta et al. (2010). The fauna of the Cukor quarry 

indicates an even older, i.e. Pliocene/Early Pleistocene age (2.0-1.8 Ma) (Ruszkiczay-Rüdiger et al., 

2018).  

In general, travertine occurrences in the Gerecse Hills become younger from the middle part of the Hills 

towards the River Danube. Active travertine precipitation can still be observed along the lowest terrace 

level of the Danube (Dunaalmás, Csokonai springs), however, there are no data regarding the 

precipitation rate. 

The new results of the present study, including a comparison with the stratigraphic position of the 

samples, contribute to and were intended to help evaluating the previous dating results reviewed above. 

5.5 Results 

5.5.1 Petrography 

The massive and flat laminated travertines are the most dominant lithofacies in the Süttő travertine area 

with negligible amounts of non-carbonate minerals. These lithofacies are predominantly characterized 

by different kinds of micrite structures (such as clotted and dense micrite) embedded in microsparitic 

and sparitic calcite cement (Török et al., 2017; Chapter 1). Samples of the massive lithofacies often 

contain reworked extra- and intraclasts. Microscopic observations reveal significant microscale 

variations in the microtexture. Samples of the Cukor quarry are macroscopically white showing sugar-

like macrotexture. Microscopically these samples consist of clean sparitic calcite crystals displaying a 

mosaic texture with bladed and elongated, feather-like features. Neither extra- nor intraclasts can be 

observed. Diagenetic overprint of the selected samples from the Cukor quarry seems to be negligible. 

One sample was taken from a brownish crystalline vein of the Cukor travertine body (see Chapter 1, 

Fig. 1-5I, J). 

Two samples were gathered from altered sections of the Süttő travertine complex. Sample BH-B 20.6 

taken from the non-cohesive facies has been subject to weathering. Additionally, another sample was 
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selected from the brecciated zone of the Cukor travertine body affected by subaerial exposure (Török et 

al., submitted; Chapter 1) 

For the selected samples, mostly non-luminescence is observed by cathodoluminescence microscopy. 

Some micrites showed a dull pink to reddish luminescence. In general, micrites and spars never showed 

any bright luminescence.  

5.5.2 Uranium/Thorium 

The results of the U-Th measurements are listed in table 5-2. The 230Th/232Th ratios suggest that sixteen 

samples of the Süttő travertine area contained thorium from detrital origin (230Th/232Th <100). Therefore, 

for all samples a detrital correction to the age was applied. Corrected ages range from 120.615 ± 43.152 

to 553.810 ± 60.137 ka BP (Table 5-2). Most age data range between 220 and 400 ka. Eight samples 

have higher 230Th/232Th ratio than 100 representing the least contaminated samples by detrital thorium. 

Their ages range between 196 ± 45 and 554 ± 60 ka. 

The corrected ages are plotted on a map showing the different quarries studied (Fig. 5-2). In addition, a 

plot of age versus topographic elevation is 

provided (Fig. 5-3). According to the 

general rule of classical stratigraphy 

samples taken along a vertical profile at any 

given point, should be younger higher up in 

the sequence, i.e. at higher elevations, which 

is not always the case in Süttő. Example for 

this stratigraphic inconsistency is presented 

in figure 5-1 where U-Th ages are plotted 

along Borehole A and B. Lithofacies 

exposed in these boreholes – and in most of 

the quarries too – represents lacustrine and 

palustrine depositional environments 

without apparent lateral progradation (see 

Chapter 1) assuming younger ages upwards, 

however, it is neither the case in Borehole A 

nor in B.

Figure 5-1. Lithologs of Borehole A and B with 

indication of the results of the U-Th 

measurements. U-Th data are not in accordance 

with the classical stratigraphy trend of lacustrine, 

palustrine sequences showing younger beds 

upward. 
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Table 5-2. 230Th/U dating results of the Süttő travertine area (Hungary). The error is 2σ. *δ234U = ([234U/238U] activity – 1) x1000. ** δ234Uinitial was calculated based on 230Th age 

(T), i.e., δ234Uinitial = δ234Umeasured x eλ234xT. ***B.P. stands for “Before Present” where the “Present” is defined as the year 1950 A.D. Grey coloured lines indicate those samples 

which do not need detrital correction. In all the other cases the leachate-leachate method was used (Schwarcz and Latham, 1989; Kaufman, 1993). 
 

Sample 
238U 232Th 230Th/232Th 230Th/232Th 234U 234U/238U 230Th/238U 230Th/238U Age (yr ago) Age (yr ago) 234Uinitial

Number 
(ng/g) (pg/g) (atomic x 10-6) 

(activity) 
(measured) (activity) (activity) 

(activity) 
(uncorrected) (corrected) (corrected) 

SU12TS001 89.5 0.1 31876.3 262.3 63.7 1.3 11.9 0.2 316.3 2.5 1.3 1.0 1.4 0.0 70.3 1.3 365566.3 45626.4 360439 43769.2 874.7 135.5 

SU12TS012 101.8 0.2 6374.6 20.0 289.2 2.5 54.0 0.5 78.0 2.4 1.1 1.0 1.1 0.0 56.0 0.5 501186.5 89703.9 499925 88426.7 319.6 123.8 

SU13AT012 66.6 0.1 26158.4 157.8 42.0 0.9 7.8 0.2 156.0 2.3 1.2 1.0 1.0 0.0 51.1 1.1 199395.4 11361.8 190889 11453.2 267.4 9.9 

SU13AT023 42.9 0.1 1054.5 6.9 729.3 7.0 136.1 1.3 112.7 3.2 1.1 1.0 1.1 0.0 55.5 0.4 319086.0 14333.9 318575 14271.6 276.8 14.4 

CU15AT001 4.6 0.0 11.5 7.7 12365.9 8295.9 2308.3 1548.6 673.4 12.4 1.7 1.0 1.9 0.0 97.0 0.9 449816.5 48718.8 449797 48715.2 2396.2 404.7 

CU15AT004 8.4 0.0 9156.9 35.1 21.6 0.6 4.0 0.1 352.9 7.4 1.4 1.0 1.4 0.0 72.8 2.1 369150.2 73201.0 353515 64063.1 956.9 236.7 

CU15AT014 7.4 0.0 9.9 7.4 15311.2 11448.8 2858.1 2137.1 236.5 7.6 1.2 1.0 1.2 0.0 63.4 0.5 318224.2 17676.0 318202 17673.6 580.5 36.5 

Sugar Q. vein 686.1 1.1 147.0 8.0 77201.7 4215.5 14411.0 786.9 6.8 1.7 1.0 1.0 1.0 0.0 51.2 0.1 553815.2 60140.3 553810 60137.1 32.3 10.9 

BE15AT026 119.1 0.4 156030.5 2362.5 15.4 0.6 2.9 0.1 226.4 4.9 1.2 1.0 1.2 0.0 62.4 2.1 309255.8 54240.1 283710 45623.7 504.3 80.7 

HE16AT057 73.4 0.3 76990.9 1033.8 17.7 0.7 3.3 0.1 174.8 7.4 1.2 1.0 1.1 0.0 57.4 2.2 271725.1 43890.9 249207 38056.1 353.2 47.5 

HE16AT064 66.2 0.2 2847.0 13.6 385.0 4.3 71.9 0.8 157.1 5.5 1.2 1.0 1.0 0.0 51.3 0.5 200637.2 6516.2 199742 6477.9 276.0 11.0 

DV16AT005 40.0 0.2 1037.4 7.5 677.9 6.8 126.5 1.3 86.8 7.0 1.1 1.0 1.1 0.0 54.4 0.5 340812.7 26119.6 340252 25985.7 226.7 26.2 

DV16AT021 51.9 0.2 1281.9 11.7 747.6 8.7 139.6 1.6 119.8 6.2 1.1 1.0 1.1 0.0 57.2 0.5 364608.5 28672.6 364118 28547.7 334.9 35.2 

BH-A10.5 87.2 0.3 1003.7 11.0 1503.0 18.0 280.6 3.4 70.6 4.6 1.1 1.0 1.0 0.0 53.5 0.3 345747.3 18516.2 345491 18472.9 187.2 16.2 

BH-A 16.9 45.6 0.2 2568.0 11.3 328.7 2.8 61.4 0.5 136.1 6.1 1.1 1.0 1.1 0.0 57.3 0.5 328742.4 21285.4 327628 21081.0 343.0 27.2 

BH-A 22.7 79.2 0.4 21071.1 201.8 72.6 1.9 13.6 0.4 239.2 6.7 1.2 1.0 1.2 0.0 59.8 1.5 247991.1 21625.4 243125 20894.5 475.1 33.9 

BH-A 28.8 54.6 0.2 40362.0 427.4 24.0 1.0 4.5 0.2 140.9 6.1 1.1 1.0 1.1 0.0 55.0 2.3 264415.4 45729.6 248090 40322.3 283.8 41.6 

BH-A 35.0 119.7 0.4 324728.8 10498.3 6.5 0.6 1.2 0.1 162.0 4.2 1.2 1.0 1.1 0.1 54.5 4.7 237144.2 75565.9 158438 81597.8 253.4 48.8 

BH-B 12.9 98.6 0.4 10083.6 44.8 179.9 2.0 33.6 0.4 110.6 5.3 1.1 1.0 1.1 0.0 56.9 0.6 382260.9 39171.4 380199 38461.5 323.3 44.9 

BH-B 20.6 111.0 0.6 67278.1 771.2 28.3 0.8 5.3 0.2 86.6 7.2 1.1 1.0 1.0 0.0 53.2 1.4 299654.9 43209.2 285365 38549.3 193.8 30.2 

BH-B 29.2 90.9 0.1 348516.1 7862.7 5.2 0.3 1.0 0.1 294.3 2.7 1.3 1.0 1.2 0.1 61.4 3.3 229520.8 38411.2 120615 43151.6 413.7 92.3 

BH-B 34.1 31.9 0.0 75256.9 859.7 7.5 0.4 1.4 0.1 201.3 3.8 1.2 1.0 1.1 0.1 54.7 2.8 212173.6 31629.0 151153 49506.3 308.4 37.7 

BH-B 39.4 53.4 0.1 75324.1 916.0 12.1 0.6 2.3 0.1 94.0 3.3 1.1 1.0 1.0 0.0 52.8 2.5 277928.5 61914.5 241148 48864.7 185.6 31.6 

Unconf1 17.1 0.0 77.4 6.6 3877.3 330.9 723.8 61.8 224.1 6.2 1.2 1.0 1.1 0.0 54.3 0.4 196119.6 4486.7 196033 4483.3 389.7 11.9 
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Figure 5-2. Satellite image of the quarries of the Süttő travertine area (Hungary) with indication of the sample 

locations, supposed springs and the corrected U-Th age data (base-map modified after Google Earth).  

 

Figure 5-3. U-Th age data of the Süttő travertine area as related to their topographic elevation above sea level. 

Stratigraphic inconsistency can be detected for each location. The outcrops clearly represent younger ages at lower 

elevations.
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5.6 Discussion 

5.6.1 Sample and age reliability evaluation 

“The best indication of reliability of the reported ages is provided by the consistency between the 

radiometric ages and their relative stratigraphic position (Livnat and Kronfeld, 1985)”. Age data from 

the Süttő travertine system seem to scatter over the quarry walls and boreholes (Fig. 5-2 and 5-3). 

Samples taken from higher stratigraphic levels– with the exception of the samples of the Diósvölgy 

quarry and the lower part of Borehole B – show older ages (Fig. 5-3), and are thus out of the classical 

stratigraphic order. The observed inconsistency within the age data can be explained on several ways, 

such as: 

“Tectonically moved travertine packages” 

The tectonic history of the Süttő travertine complex is summarized by Török et al. (2017; submitted; 

Chapter 3) revealing that there is no evidence for tectonic displacements which could explain the 

scattered ages. Therefore, this explanation can be discarded. 

“Contribution of detrital thorium” 

Presence of detrital 230Th can result in false (older) ages with a maximum error of 100 ka (Geyh, 2008), 

however, corrections for the detrital contributions can be made. In case of the Süttő travertine area, all 

samples have been corrected, however, only 16 samples (Table 5-2) required detrital Th correction. The 

U-Th ages of the other samples did not change significantly, meaning that stratigraphic inconsistency 

of the age data cannot be explained only by detrital 230Th contamination. 

“Open system processes” 

“Discrepancies between stratigraphy and radiometric ages sometimes relate to a possible opening of 

the system, i.e. input or loss of uranium or thorium after deposition (e.g. Drysdale and Head, 1994; 

Horvatinčić et al., 2000). Especially highly porous samples permit leaching of uranium, resulting in 

older ages. In addition, post-depositional incorporation of uranium into travertines (by cementation of 

carbonates) may lead to younger apparent ages (Livnat and Kronfeld, 1985).”  

In the course of sampling, effort was made to avoid samples with diagenetic alteration, however, micro-

scale heterogeneities of continental carbonates (Chapter 1) do not always permit the best sample 

selection as described also in the literature. Weathering causing uranium leaching can be supposed in 

case of three samples situated in the upper part of Borehole A and B (BH-A 10.5, 16.9 and BH-B 12.9). 

In addition, one sample has been collected from the non-cohesive lithofacies of Borehole B (BH-B 20.6) 

showing evidence for weathering (Chapter 1). These samples display older ages than the others situated 

lower in the stratigraphic column.  
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Age results indicate that, despite the careful sampling, most of the samples could have been affected by 

diagenetic alteration. Microscopic observations reveal that micritization and recrystallization by post-

depositional crystal growth (Brasier et al., 2011) are commonly observed phenomena in the Süttő 

travertine area (Török et al., 2017; Chapter 1). In the course of micritization, micro-scale dissolution can 

be supposed resulting in uranium loss and hence older apparent ages of the deposit. Negative effect of 

micritization on U-Th age dating was already reported in literature (Clark et al., 1991; Claes, 2015). In 

addition, microscopic evidence indicates recrystallization and subsequent cementation possibly causing 

addition of uranium and hereby inducing younger ages.  

The effect of these processes on the age of the travertine body cannot be estimated, therefore the 

provided U-Th age data should be taken as for the minimum ages of the measured travertine samples.  

5.6.2 Open system implications for the Süttő travertine ages 

U-Th dating resulted in scattered ages in the Süttő travertine area. Age data provided by Kele (2009) 

and Sierralta et al. (2010) are in line with the ones presented in this study, however, in the case of the 

Újharaszt quarry older ages have been reported, i.e. 500 ± 44 ka. Additionally, the age data are not in 

line with the stratigraphy. Younger ages are situated in the lower part of the lithological column in most 

of the cases (Fig. 5-1). This stratigraphic inconsistency is also observed in the data set of Sierralta et al. 

(2010). It is peculiar that they did not emphasize this inconsistency, especially given the fact that they 

dated several sub-samples from the same sample locations with an age scatter covering the entire range 

of the U-Th-dating method.  

Remarkably, a trend can be observed, however, between the outcrops and their elevation above sea level 

(Fig. 5-4). The Cukor quarry situated on the top of the Haraszt Hill represents the oldest (min. 554 ± 60 

ka) travertine body in the area. Based on the 230Th/232Th ratio, samples of the Cukor quarry are the purest. 

According to the petrographic observations, samples from the Cukor quarry show the least diagenetic 

overprint. Together, with vein samples they thus can be considered to represent the most reliable age 

data. The samples from the other outcrops are overlapping, however, they represent younger ages 

towards the Danube. This observation is in line with the terrace stratigraphy of Pécsi (1959) and Kretzoi 

and Pécsi (1982).  

The presented U-Th age data of the Süttő travertine area are in accordance with the ones of Kele (2009) 

and Sierralta et al. (2010) and in agreement with the optically simulated luminescence (OSL) datings of 

the overlying loess (Novothny et al., 2011; Rolf et al., 2014). In contrast to the U-Th data set presented 

in this study, Sierralta et al. (2010) initially reported low detrital 230Th contents of the samples and they 

regarded the system as closed. Even though three to seven subsamples were analysed from each sample, 

still significant variation can be recognized in their data set.  
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The age of the travertine complex was also estimated based on the fossil content by Pazonyi et al. (2014) 

and Ruszkiczay-Rüdiger et al. (2018) suggesting a longer period of travertine formation, with a 

maximum interval from 2600 to 780 ka (Fig. 5-3). The beds underlying the travertine are most probably 

Upper Pannonian sediments redeposited by slope mass movements during the Pliocene (Csillag, in 

press). They have a minimum age of 2.6 Ma suggesting that travertine formation started well after the 

development of the terrace horizon.  

Taking into account the maximum and minimum intervals of the travertine formation provided by 

different kinds of age dating methods (Fig. 5-4), it can be stated that precipitation in the Süttő travertine 

complex initiated the earliest from 1820 ka and the latest from 433 ka ago.  

 

Figure 5-4. Intervals of the bedrock, travertine and the covering loess in the Süttő travertine complex based on 

published and own data. The fossil content of the travertine suggests a longer formation period compared to U-Th 

ages. 

5.6.3 Age dating of travertines as a tool of terrace stratigraphy 

Age dating of travertine deposits for estimation of a terrace horizon formation along a river is a 

commonly applied approach worldwide. Several studies have reported U-Th age data of travertines 

covering terraces being in line with palaeontological observations and other independent age data of the 

terrace sediments – i.e. cosmogenic nuclides and luminescence dating –proving their applicability to 

calculate uplift rates and/or river incision rates (e.g. Antoine et al., 2007; Wang et al., 2017).  

Terrace horizons along the Danube have already been in the focus of geomorphological studies since 

the last century (e.g. Cholnoky 1923; Bulla 1941). Terraces were identified predominantly on the basis 

of their relative elevation, sedimentological characteristics and also of their fossil content (Pécsi, 1959). 
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The best preserved terrace horizons along the Danube are present in the Gerecse Hills, thanks to the 

covering travertine sequences providing protection against erosion (Scheuer and Schweitzer, 1995). 

From the 70’s with the progress of the U-Th method, the first age dating of these deposits was carried 

out and accepted as the minimum age for the terrace horizons (e.g. Pécsi and Osmond, 1973). Since then 

an extensive age data base of the travertine bodies and their underlying and covering beds became 

available indicating contradiction with the well-known hypothesis, namely that travertines are forming 

on the base level of erosion. With gradual uplift of the area and/or incision of the river their feeding 

springs – and hereby the travertine formation too – becomes gradually reorganised towards the new base 

level indicating younger ages towards the river (Pécsi, 1982).  

Despite the fact that the Süttő travertine complex was deposited on the seventh terrace horizon, which 

had no direct river origin (Csillag et al., in press), its detailed U-Th age dating and the contradictions 

with other independent dating approaches point out that application of U-Th technique in terrace 

stratigraphy requires very careful interpretation of the data.  

The recent study of Ruszkiczay-Rüdiger et al. (2018) summarizes and revises the published age data of 

the terrace horizons along the Danube and provides new age data on the basis of cosmogenic nuclides 

and luminescence dating. They observed that, similarly to the Süttő travertine complex, travertine 

deposits on the neighbouring Less Hill – ca. 10 km to the West from the study area – indicates much 

younger U-Th ages (273 to 408 ka; Kele, 2009) compared to the paleontological and 

magnetostratigraphic ages which indicated travertine formation over a maximum interval of 2.6 to 1.6 

Ma (Lantos, 2004; Virág and Gasparik, 2012; Virág, 2013). According to their paleontological studies 

and age dating based on cosmogenic nuclides, the age of the seventh terrace horizon is 2323 ± 140 ka, 

whereas the covering travertine sequence represented by the Süttő travertine area suggest an age range 

of 2 to 3 Ma being in contrast with the U-Th ages (Kele, 2009; Sierralta et al., 2010; Török et al., 

submitted; this study). In case of younger terrace horizons (tIII-tI), however, Ruszkiczay-Rüdiger et al. 

(2018) reported a good match between travertine-based U-Th ages, the geomorphological position and 

the paleontological data.  

The contradiction between the U-Th ages and other independent age dating results, with decreasing 

discrepancy between the methods for younger terrace horizons, can be explained in two ways:  

Hydrogeological constraints 

In general, groundwater flow is controlled mainly by topography and is driven by gravity where presence 

of a major valley (in this case the valley of Danube) focusses the discharge points (e.g. Tóth, 1962; Tóth, 

1963; Freeze and Witherspoon, 1966). Tóth (1963) reported that in an ideal homogenous basin with 

diverse topography, three distinctly different flow systems are established (local – intermediate – 

regional). In case of an intermediate flow system, recharge and discharge areas do not necessarily 
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represent the highest and the lowest elevated places, sometimes resulting in spring activity at higher 

elevation than the local base level of erosion without significant change in the physical properties of the 

host rock and of the flow (Tóth, 1963; Tóth et al., 2016). 

Non-homogenous anisotropic basins, however, describe more the natural conditions characterized by 

complex topography and stratigraphy with various hydraulic conductivity characteristics, causing 

change in the regional fluid flow pattern. This change manifests itself predominantly at boundaries of 

different lithologies characterized by different hydraulic conductivities (e.g. permeable limestone and 

low permeability claystone) (Mádl-Szőnyi and Tóth, 2015). This conductivity contrast is able to change 

the fluid flow direction to vertical – against gravity – and channelling the fluid flow in the lithology with 

high hydraulic conductivity and/or along whatever conductivity contrast (Freeze and Witherspoon, 

1966).  

The Gerecse Hills are built up of highly fractured Mesozoic carbonates characterized by high hydraulic 

conductivity (10-4 m/s). They are covered by Cretaceous, Paleogene and Neogene marls, clays and 

siliciclastics having lower hydraulic conductivities (10-7 – 10-11 m/s) (Mádl-Szőnyi and Tóth, 2015). In 

late Miocene times, extension of the PB gradually changed to transpression resulting in a differential 

uplift of the area (Horváth, 1993; Bada et al., 1996; Fodor et al., 1999) exhuming several fault-bound 

basement units, such as the Gerecse Hills. The faults between Mesozoic carbonates and Cenozoic clay 

and siliciclastic sediments can act as conductivity contrast forcing fluid flow upward resulting in 

discharge also at higher elevations than the local base level of erosion. Travertine precipitation, 

therefore, can take place also on older (already higher elevated) terrace levels of the river, resulting in a 

discrepancy between the age of the terrace and the covering travertine deposit.  

This scenario is plausible, however, does not explain entirely the contradiction between the U-Th age 

data of the travertine body and the paleontological age deduced from its fossil content. 

Open system behaviour 

The most plausible explanation for the contradictory age data is provided by a possible open system 

behaviour of continental carbonates. Cementation, recrystallization and micritisation are the most 

significant post-depositional processes having impact on the uranium and thorium content of the 

travertine body. These processes may take place long after travertine formation in presence of fluids 

having an “infinite” supply due to the relatively humid climate of Hungary. Consequently, the older the 

deposit, the more affected it may be by post-depositional processes hereby modifying the uranium and 

thorium composition of the deposit and increasing the discrepancy between the U-Th ages and the results 

of other dating methods. This scenario is attested by observations of Ruszkiczay-Rüdiger et al. (2018) 

who reported well-matching ages of young terrace horizons and their covering travertine sequences 



83 

based on the results of other than U-Th age-dating methods (e.g. cosmogenic isotopes and OSL) in 

contrast to the older travertines. 

5.7 Conclusions 

The age of the Süttő travertine complex has been estimated based on several dating methods resulting 

in several independent age ranges. New age results have been compared with previous dating results in 

order to understand the temporal depositional evolution of travertine system. It also allowed to evaluate 

the relevance of age dating of travertine deposits in the context of terrace stratigraphy. The detailed 

investigation of the Süttő travertine body by different age dating methods can be summarized as follows: 

- 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 evaluating the 

reliability of calculated ages together with consistency of the radiometric ages and the relative 

stratigraphic position. 

- New age data of the Süttő travertine area provided by the 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 

behaved as an open system for uranium after deposition. Consequently, the provided ages can 

be considered as minimum ages only. 

- 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. 

- 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 indicates that 

younger travertine bodies are less affected by U-Th resetting by post-depositional processes, i.e. 

dissolution and recrystallization. 

In conclusion, it is best to evaluate the dating results in as many independent ways as possible. Dating 

based on other methods such as age data of the surrounding lithologies and biostratigraphy can provide 

a reliable data set for an age estimation of the travertine body. 
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CHAPTER 6: RESERVOIR CHARACTERIZATION ON THE BASIS OF 

SEDIMENTOLOGICAL FEATURES AND HYDRAULIC UNITS 

Based on the following paper:  

Török, Á., Claes, H., Brogi, A., Liotta D., Fodor, L., Mindszenty, A., Kudó, I., Soete, J., Kele, S., Shen, C.C., 

Swennen, R.: Relation between Pleistocene tectonic activity and travertine deposition in northern Hungary – the 

formation of the Süttő travertine Complex (Gerecse Hills, Hungary) – in prep. 

6.1 Introduction 

Microbialites – and related analogues such as continental carbonates – have been intensively studied as 

reservoir rocks in the past few decades focusing on the relationship between the building components 

and their fundamental reservoir properties (Rezende and Pope, 2015). Textures and fabrics of these 

rocks are the results of complex processes taking place in diverse depositional environments with early 

diagenetic modifications (Riding, 2000) resulting in highly heterogeneous pore networks.  

The primary reservoir features of a continental carbonate body are strongly influenced by the related 

lithofacies and therefore they are closely linked to the depositional conditions. Consequently, 

description and interpretation of the petrophysical data in terms of lithofacies is an important (and a 

classical) approach in order to evaluate the spatial changes of these properties. The primary reservoir 

properties, however, are often overwritten by early diagenetic processes such as recrystallization, 

subsequent cementation and dissolution (see Chapter 1). Therefore, these processes should also be taken 

into account when the petrophysical properties are described and interpreted. The current chapter is 

focusing on the reservoir characterization of the Süttő travertine complex by using two different kinds 

of approaches in order to evaluate the complex petrophysical features of the travertine body, namely: 

(1) Lithofacies-based reservoir characterization approach aiming to describe the reservoir properties 

in the light of syn-depositional features as main controls on the primary reservoir features including the 

effects of spring proximity and post-depositional processes.  

(2) High fluctuation in the permeability values (represented by their strange standard deviations) 

suggests the application of the pore geometry – based approach. According to this method, 

identification of the petrophysical characteristics focuses on the pore geometry by determination of 

hydraulic units and fluid zone indicators which may be independent of the primary pore characteristics 

and lithofacies, in line with the research approach proposed by Amaefule et al. (1993). 
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6.2 Methodology  

Continental carbonates have one of the most complex pore networks (e.g. Rezende and Pope, 2015; 

Soete et al., 2015; Claes et al., 2015; Török et al., 2017), therefore characterization of their porosity and 

permeability requires a multidisciplinary approach.  

Different kinds of petrophysical measurements were carried out on samples taken from both outcrops 

and boreholes. Helium porosimetry and nitrogen gas permeability surveys were performed on 135 plugs 

(with size of one or one and a half inch diameter and 5 cm in length) to assess the effective porosity and 

permeability. The measurements were carried out by PanTerra Geoconsultant B.V. (Leiderdorp, the 

Netherlands). To avoid the gas slippage effect, Klinkenberg correction (Tanikawa and Shimamoto, 

2006) was applied on the permeability data set. 

To obtain information about the reservoir properties from the available boreholes (see Chapter 1; 

Annex-1.2), water saturation and air-permeability measurements were carried out in-house, at 

University of Leuven (Belgium). In case of the water saturation measurements, samples were taken at 

every 20 cm of the boreholes and were placed in an exicator under vacuum conditions (<2 mbar) for 

minimum 2 hours. Afterwards, water was allowed to flow in slowly (~150 cm3/h) by opening a valve 

until the samples were submerged. After turning off the vacuum pump, the samples were left in the 

exicator for the next 24 hours. On these samples dry (dried at 60°C), wet and saturated weight were 

measured allowing calculation of bulk and grain volumes, bulk and grain density as well as porosity 

(see equations in: Crain, 2011).  

Air-permeability measurements were carried out by the use of a hand-held air permeameter (TinyPerm 

III) on a flat surface of core slabs, at the same locations where the samples were taken for water 

saturation measurements. The instrument consists of a vacuum cylinder, pressure transductor, handle 

and plunger, microprocessor and control unit. During the measurement a rubber tip is pressed against 

the flat surface of a core slab sucking air out of the unsaturated rock with a single stroke of a syringe. 

The created vacuum results in air flow from the rock into the device while the gas flow rate and the 

pressure are monitored. Data are stored automatically by the supplied wireless android device. By using 

signal processing algorithms of the microcontroller, the response function of the transient pressure is 

computed. The exact air permeability is determined by a device-specific calibration curve (New England 

Research and Vindum Engineering, 2011). The measured volume of the rock (in case of isotropic porous 

media) by air permeameter can be described as a hemisphere of the size of two to four times of the 

internal radius of the tip (Goggin et al., 1988a; Jensen et al., 1994; Rogiers et al., 2014). In case of 

TinyPerm III, the device has a rubber tip with inner diameter of 9 mm providing maximum investigation 

depth of 18 mm, corresponding to a measured volume of 25 cm3 (Goggin et al., 1988b; Jensen et al., 

1994).  
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The fact that the applied methods rely on different approaches (e.g. requiring different sizes of samples 

and measurement conditions), it is likely that this will have an effect on the measurement resulting in 

values deviating between the applied techniques. The observed discrepancy, however, predominantly is 

the result of the highly heterogeneous nature of the travertines making it difficult to reach the 

representative sample size (volume; REV). Even though samples were taken carefully following the 

criteria of REV, the Archimedes porosity and air-permeability values show high diversity along the 

boreholes indicating significant heterogeneity of the pore network. 

The data sets are presented as cross plots and box plots. In the course of the interpretation of the box 

plots, the approach proposed by Krzywinski and Altman (2014) was followed. The permeability data 

are presented after logarithmic transformation. Statistically significant differences between the 

individual groups were tested with ANOVA analysis.  

6.3 Results 

6.3.1. Lithofacies-based reservoir characterization 

Porosity and permeability characteristics are plotted in cross plots and box plots according to the 

outcrops and their lithofacies in order to deduce their spatial variation in function of sedimentological 

changes. The following sub-chapters are focussing on (1) the reservoir characterization of the outcrops 

and the observed lithofacies as well as (2) their spatial variation based on laboratory measurements, and 

(3) variability of the petrophysical properties along boreholes on the basis of water saturation and air 

permeability measurements. 

6.3.1.1 Porosity and permeability characterization of the outcrops 

Based on He porosimetry and N2 permeability measurements, the Süttő travertine complex is 

characterized by an average porosity of 12.6% (±8.1%) and log-permeability of 3 mD (± 3.4 mD). 

Borehole B and the Újharaszt quarry have the highest average porosity and permeability values in the 

area, whereas the travertines of the Gazda and the Cukor quarries are the least porous and permeable. 

Average porosity and permeability values of each quarry/borehole as well as the lithofacies are given in 

table 6-1 and plotted on cross plot in figure 6-1.  

The associated porosity and permeability box plots are given in figure 6-1B and C. The Bego quarry 

has the highest average porosity, plotting above the averages of all other quarries and above the 75th 

percentile of Borehole A, Cukor, Gazda and Újharaszt quarries (Fig. 6-1A). The lowest porosities are 

recorded in Borehole A and Gazda quarry (8.4 and 8.6% average porosity respectively; Table 6-1). 

Borehole B yields similar mean porosity values as the other locations. However, a significantly higher 

heterogeneity can be observed within the dataset.  
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Lithofacies/ 

Quarry 

Sample 

nr. 

Plug 

Direction 

Porosity (%) 
Log-Permeability 

(mD) 
Porosity (%) 

Log-Permeability 

(mD) 

Average SE Average SE Average SE Average SE 

Crystalline 

lithofacies 
6 

V 12.3 2.7 0.2 0.2 
10.5 3.15 -0.1 0.1 

H 8.7 2.8 -1.5 -1.7 

Flat laminated 

lithofacies 
28 

V 12.1 4.0 2.9 3.4 
14.1 6.85 3.3 3.8 

H 15.7 8.4 3.5 3.9 

Massive 

lithofacies 
79 

V 10.9 6.2 2.6 3.1 
10.9 7.17 2.6 3.1 

H 11.8 8.1 2.6 3.1 

Phytohermal 

lithofacies 
10 

V 12.7 5.3 2.1 2.4 
11.7 5.09 2.2 2.5 

H 11.0 5.3 2.2 2.6 

Wavy lithofacies 2 
V 4.5 0.0 -1.5 0.0 

5.5 1.31 -1.4 -4.0 
H 6.4 0.0 -1.4 0.0 

Non-cohesive 

lithofacies 
5 

V 39.3 0.0 4.0 0.0 
32.2 9.29 3.7 3.7 

H 30.4 9.7 3.6 3.6 

Waterfall 

lithofacies 
5 

V 18.3 4.8 3.0 2.8 
19.8 8.95 2.6 2.7 

H 20.8 12.1 1.2 1.1 

Cukor quarry 6 
V 12.3 2.7 0.2 0.2 

10.5 3.2 -0.1 0.1 
H 8.7 2.8 -1.5 -1.7 

Óharaszt 

quarry 
4 

V 11.9 0.1 0.0 0.1 
13.4 2.4 0.5 0.7 

H 15 2.8 0.7 0.9 

Bego quarry 17 
V 15.3 4.0 2.6 2.8 

16.4 7.4 2.9 3.2 
H 10.5 3.2 3.0 3.3 

Gazda quarry 24 
V 8.8 4.7 -0.6 -0.3 

8.4 4.8 1.8 2.3 
H 8.1 5.0 -0.1 0.3 

Újharaszt 

quarry 
50 

V 11.1 5.7 2.5 3.1 
12.3 7.1 3.1 3.7 

H 13.4 8.1 3.3 3.8 

Borehole A 11 
V 10.2 6.3 3.4 3.7 

8.6 5.0 3.0 3.5 
H 8.4 5.0 2.3 2.7 

Borehole B 23 
V 14.8 11.1 3.1 3.5 

17.1 12.3 3.1 3.5 
H 18.9 13.3 3.1 3.4 

Table 6-1. Average He-porosity and specific gas permeability values of the investigated travertines from different 

quarries, boreholes and lithofacies in the Süttő complex with standard deviations indicated. 

6.3.1.2 Reservoir properties of the individual lithofacies 

With regard to permeability similar trends can be observed as in the case of the box plots of the porosity 

values (Fig. 6-1C). From the point of view of permeability, the Bego and Újharaszt quarries are 

significantly different from the other locations. In case of the Újharaszt quarry significant variation can 

be observed in permeability while porosity values do not change significantly (Fig. 6-1B, C). 

The porosity and permeability dataset was plotted based on plug orientation, as represented in box plots 

shown by figure 6-1D & E. Based on these box plots there is no significant difference between the 

values of horizontally oriented and vertically oriented plugs neither for porosity nor for permeability 

(i.e. no anisotropy could be detected here).The porosity and permeability values of the individual 

lithofacies are presented in figure 6-2 and table 6-1. Crystalline travertine (including all lithofacies of 

the Cukor quarry) and phytohermal and wavy laminated travertines are characterized by low porosity 

and log-permeability values (equal or less than 1 mD permeability and 15% porosity values). The non-

cohesive travertine and waterfall lithofacies have the highest average porosity (32.2 ± 9.3% and 19.8 ± 

9% respectively) and log-permeability (3.7 ± 3.7 mD and 2.6 ± 2.7 mD respectively). 
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Figure 6-1. (A) Cross plot of ambient Helium porosity values (%) against Klinkenberg corrected permeability 

values (mD) of the quarries in the Süttő travertine complex. The vertically orientated plugs are indicated by squares 

whereas the horizontal plugs are represented by spheres. (B, C, D, E) Boxplots of samples of different lithofacies 

for He-porosimetry and nitrogen gas permeability measurements. Data are displayed as individual points when 

values are outside the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With Q1= 25 % quartile, Q3=75 % quartile, 

IQR = interquartile range. Porosity and permeability values of the different locations (B, C) and of horizontal and 

vertical plugs (D, E). 

The porosity of the flat laminated lithofacies can be regarded as the “average” (14.1 ± 6.85%), however, 

its log-permeability is significantly higher than that of the massive lithofacies with an average of 3.3 

mD (± 3.8 mD). Box plots (Fig. 6-2B, C) show that porosity values of the crystalline-, flat laminated-, 

massive- and Phytohermal lithofacies are not significantly different, their averages fall within the range 

of 10.5 and 14.1% porosity (Fig. 6-2B). The waterfall lithofacies, however, shows significantly high 

values (Fig. 6-2B). The non-cohesive lithofacies is characterized by highest porosity values, ranging 

between 19.1 and 41.7 % (average: 32.2 ± 9.3%). The flat laminated, massive and phytohermal 

travertines fall within the same permeability range (Table 6-2), however, notable variation is present 
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within the data sets (Fig. 6-2C). The permeability characteristics of the crystalline lithofacies are 

significantly lower than that of all the aforementioned lithofacies. The waterfall lithofacies shows less 

variation regarding permeability values and significantly differs from the crystalline- and Phytohermal 

lithofacies as well as from the non-cohesive lithofacies. The latter represents the highest permeability 

values with negligible variation (Fig. 6-2C). 

 

Figure 6-2. (A) Cross plot of the ambient Helium porosity values (%) against the Klinkenberg corrected 

permeability values (mD) of lithofacies in the Süttő travertine complex. (B, C) Boxplots of samples of lithofacies 

for He porosimetry and nitrogen gas permeability measurements. Data are displayed as individual points when 

values are outside the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With Q1= 25 % quartile, Q3=75 % quartile, 

IQR = interquartile range. 

6.3.1.3 Massive and flat laminated lithofacies 

The massive- and flat laminated lithofacies are the most common lithofacies in the Süttő travertine 

complex showing significant macroscopic and microscopic variations within the area. In fact, 58% of 

the data relates to the massive lithofacies whereas 21% of the data were derived from the flat laminated 

lithofacies. To facilitate the evaluation of the location dependency of these lithofacies – since they are 

present in all outcrops and boreholes – their porosity and permeability characteristics are presented 

separately. These values are plotted in separate cross- and box plots according to their orientation and 

location (Fig. 6-3 and Fig. 6-4). 
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The most porous formations of the massive lithofacies occur in the Újharaszt and Bego quarries whereas 

their less porous and permeable equivalents are exposed in the Gazda quarry and were penetrated by 

Borehole A (Fig. 6-3). The same trend can be observed in case of the flat laminated lithofacies (Fig. 6-

4). 

The box plots of the massive lithofacies show that the most porous and permeable variant of this 

lithofacies appears in the Bego quarry characterized by highly changing values (Fig. 6-3B, C). In the 

Gazda quarry and Borehole A, less porous massive lithofacies are present with an average porosity of 

9.5 ± 8.1% being significantly different when compared to the other outcrops and Borehole B (Fig. 6-

3B). 

The permeability of this lithofacies in the Gazda quarry is significantly lower than that from the other 

outcrops and boreholes. In the Újharaszt quarry high permeabilities, similar to those in the Bego quarry 

were observed. These values are, however, significantly different from those of the Gazda and Óharaszt 

quarries as well as those from Borehole A (Fig. 6-3C). In case of the flat laminated lithofacies, the box 

plots cannot be statistically interpreted since in most locations the number of samples does not reach a 

minimum (n=5) (Krzywinski and Altman, 2014). 

 

Figure 6-3. (A) Cross plot of the ambient Helium porosity values (%) against Klinkenberg corrected permeability 

values (mD) of the massive lithofacies in the Süttő travertine complex (n=79). (B, C) Boxplots of samples of the 

massive lithofacies for He porosimetry and nitrogen gas permeability measurements. Data are displayed as 

individual points when values are outside the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With Q1= 25 % 

quartile, Q3=75 % quartile, IQR = interquartile range. 
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The porosity and permeability data set of the massive- and the flat laminated lithofacies have also been 

examined with regard to plug orientation (Fig. 6-4B, C). In the massive lithofacies, there is no significant 

difference between horizontally and vertically oriented plugs. Their reservoir characteristics can be 

regarded as isotropic. In the flat laminated lithofacies, however, box plots of vertically and horizontally 

oriented samples yield permeabilities significantly different from each other implying remarkable 

anisotropy. 

 

Figure 6-4. (A) Cross plot of the ambient Helium porosity values (%) against Klinkenberg corrected permeability 

values (mD) of the flat laminated lithofacies in the Süttő travertine complex (n=28). (B, C) Boxplots of samples 

of the flat laminated lithofacies for He-porosimetry and nitrogen gas permeability measurements. Data are 

displayed as individual points when values are outside the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With 

Q1= 25 % quartile, Q3=75 % quartile, IQR = interquartile range. 

6.3.1.4 Spatial variation of the reservoir properties  

Due to the fact that the massive lithofacies (including its variant, the non-cohesive lithofacies) represents 

58% of the data and in addition it is present in all quarries and boreholes, its data have been plotted 

separately in order to evaluate the effects of sampling location and diagenesis (such as dissolution and 

cementation) (Fig. 6-5). Four representative samples have been selected for four locations. 

The Gazda quarry represents the least porous and permeable massive lithofacies with an average 

porosity of 6.8 ± 3.5% and log-permeability of 1.5 ± 2.1 mD (Fig. 6-5). Microscopically, this lithofacies 
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is characterized by different kinds of micrite and reworked clasts (more details are provided in table 6-

1 and Chapter 1). A representative sample from the Gazda quarry consists of reworked litho- and 

phytoclasts surrounded by dark micrite crusts ranging from a few microns up to 50 μm in thickness (Fig. 

6-5B). Between the clasts, clumps of dense micrite can be observed with diameters of 50-100 μm, 

floating together with the clasts in sparitic calcite cement. The clasts are often affected by dissolution, 

only the surrounding micritic coating indicates the original outline of them. All these features point to a 

marshy (palustrine) depositional environment with episodes of ephemeral subaerial exposure resulting 

in several subsequent dissolution events and in-situ reworking of the broken-up clasts (Török et al., 

2017). The relatively large crystal size and the inclusion-free, clean character of the pore filling cement 

phase suggest fast precipitation from a highly oversaturated fluid with respect to calcite, reducing 

significantly both the porosity and the permeability of this lithotype (Fig. 6-5A). 

The sample that represents the massive lithofacies in the Újharaszt quarry yields average values of 

porosity 10.3 ± 5.5% and log-permeability 2.3 ± 2.8 mD (Fig. 6-5A, C). However, significant variation 

can be observed in the data set especially for the permeability values. The sample has been impregnated 

with a fluorescent (yellow) resin allowing to directly observe the macro and micro pores (Fig. 6-5C.2). 

Microscopically, it is characterized by micrite clouds embedded in micro- and macro sparitic calcite 

cement. The interparticle pore space is partially reduced by cement. Evidence for significant dissolution 

cannot be observed. The cloudy micrite structure as well as the blurred, solid inclusion rich sparitic 

calcite suggest aggradational neomorphism (Török et al., 2017; Sub-chapter on diagenesis in Chapter 

1). Microporosity of the sample is negligible (Fig. 6-5C.1), which can be the result of recrystallization 

(see more details in sub-chapter on diagenesis in Chapter 1). Based on the observed micro-features, 

there is no evidence either for long term subaerial exposure or of other characteristics indicative of a 

palustrine environment. Therefore, the travertine likely formed in a shallow lacustrine environment 

preserving almost entirely the original reservoir characteristics of the sedimentary deposit. 

One sample of the massive lithofacies was taken from the Bego quarry (Fig. 6-5A, D). The sample has 

been impregnated with blue resin. Microscopically it shows similar characteristics to the one from the 

Gazda quarry (Fig. 6-5B). It consists of cloudy micrite embedded in microsparitic and sparitic calcite 

cement forming irregular shaped rounded clasts ranging between 50 μm and several hundreds of μm 

(Fig. 6-5D). Around these clasts dense micrite encrustation can be observed with varying thickness 

varying from 10 to 50 μm. Between the clasts the interparticle pore space is filled with clean, solid-

inclusion-free sparitic calcite cement showing evidence of dissolution and resulting in well-connected 

vuggy pores (displayed by the colour of the blue resin in the pores Fig. 6-5D). Microscopic observations 

suggest a similar depositional environment as for its equivalents in the Gazda quarry, however, a late 

dissolution event significantly enlarged the interparticle pore space (Fig. 6-5B). 
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The porosity of the Bego quarry sample (12.2%) is nearly similar to the one from the Újharaszt quarry 

(11.4%), however, there is a significant difference between their permeabilities. The connectivity 

between the pores of the sample from the Bego quarry is much higher due to late dissolution, represented 

by an average log-permeability value of 3.1 mD. However, the pre-diagenetic porosity and permeability 

characteristics could have been similar to those from the Gazda quarry sample (Fig. 6-5B). 

The most porous sample (42.3%) taken from the massive lithofacies (in this case the non-cohesive 

lithofacies) occurs in Borehole B (Fig. 6-5A, E). The highly porous nature of this sample is evidenced 

by its fluorescence (yellow) after impregnation (Fig. 6-5E). Microscopically, it is characterized by 

microsparitic and sparitic calcite crystals. Significant vuggy porosity due to late dissolution can also be 

observed when looking at the microphotographs (Fig. 6-5E). Micro-porosity is obviously increased by 

the dissolution (Fig. 6-5E.1). Cloudy micrite was part of the primary micro-texture, however, due to 

subsequent dissolution, it has completely disappeared. The log-permeability of the sample form 

Borehole B (177 mD) falls inbetween the permeabilities of the Bego and Újharaszt quarry samples 

(samples C and D) (Fig. 6-5A).
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Figure 6-5. (A) Porosity and permeability cross plot of the massive lithofacies in function of outcrops and 

boreholes. Red circles correspond to the chosen samples from four different locations of which micro-features are 

presented below. (B, C, D and E) Scanned thin sections of the massive lithofacies from different outcrops with 

indication of the microphotograph locations indicated by black rectangles. (B) Gazda quarry sample impregnated 

by fluorescent (yellow) resin. Most of the pores are filled with cement showing a white colour in the former pore 

space. The high proportion of cementation is obvious in the microphotograph too (B.1–PL). (C) Újharaszt quarry 

sample impregnated by fluorescent (yellow) resin. Microphotograph (C.1–PL) shows cloudy micrite suggesting 

recrystallization. The microphotograph in the circle (C.2–FL) reveals non-porous nature of the recrystallized 

micrite. (D) Bego quarry sample impregnated by blue resin. Microscopically (D.1–PL) it consists of reworked 

clasts with dense micrite encrustation embedded in sparitic calcite cement. Significant vug porosity can be seen 

due to a late dissolution event. (E) Borehole B sample impregnated by fluorescent (yellow) resin. The sample 

consists of microsparitic and sparitic calcite crystals showing evidence of dissolution (E.1–PL) increasing the 

microporous nature of the sample (circle E.2–FL).
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6.3.1.5 Reservoir properties of Borehole A and B 

In order to acquire information about the variability of the petrophysical characteristics along the entire 

thickness of the travertine body, beside the classical laboratory measurements, hand-held air 

permeability and water saturation measurements were applied on core slabs and hand specimens of 

Borehole A and B (BH-A and BH-B), with an average spacing between the individual measuring points 

being 20 cm (Fig. 6-7 and 9). These data were compared with the results of the He-porosimetry and N2 

gas permeability surveys based on boxplots in order to verify comparability of the different approaches 

(Fig. 6-6). Boxplots of the different kinds of measurements indicate that there is no statistically 

significant difference between the data sets, therefore results of these methods are comparable. Due to 

this – and the high density of the data set provided by Archimedes porosity and air permeability 

measurements – the latter data are predominantly used in the following sub-chapter. 

The travertine section intersected by BH-A is built up predominantly by massive lithofacies interbedded 

with flat laminated lithofacies between 11 and 11.5 m (more details see Chapter 1). Porosity and 

permeability values of the exposed lithofacies in BH-A show an average porosity of 4.9 ± 4.7% and log-

permeability of 10 ± 18 mD representing similar reservoir characteristics as the ones exposed in the 

quarries (Fig. 6-7; see Annex-3). Laboratory measurements, carried out on plugs, indicate that the 

reservoir characteristics of the massive lithofacies is orientation-independent, whereas the exposed flat 

laminated travertine shows the typical anisotropy of this lithofacies described from the surrounding 

outcrops.  

Based on porosity and permeability characteristics, three statistically different intervals can be 

distinguished along Borehole B (Fig. 6-8, 9; see results of ANOVA test in Annex-3), namely: 

(1) Unit 1 – lower massive lithofacies situated between depths of 28.2 and 40 m made up of massive 

lithofacies, characterized by an average porosity of 7.4 ± 3.6% and log-permeability of 26 ± 95 

mD, having reservoir properties similar to those of the massive lithofacies exposed in BH-A and in 

the outcrops.  

(2) Unit 2 – non-cohesive lithofacies corresponding to diagenetically altered massive lithofacies, 

due to extensive dissolution (see Chapter 1). This unit is exposed between 28.2 and 16.8 m depths 

and has a porosity of 22.3 ± 9.6% and log-permeability of 13166 ± 23519 mD representing one of 

the most porous and permeable lithofacies of the Süttő travertine complex.  

(3) Unit 3 – upper massive lithofacies representing massive lithofacies with minor dissolution, 

characterized by a porosity of 12 ± 5.1% and log-permeability of 3651 ± 8236 mD. This unit is 

present between depths of 16.8 and 10 m (Fig. 6-9).  

The data set provided by laboratory measurements does not show orientation dependence, supporting 

the isotropic nature of the travertine in Borehole-B. 
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Figure 6-6. Comparison of the porosity and permeability values of Borehole A and B provided by the different 

methods. (A) Permeability data by hand-held air permeability and nitrogen gas permeability measurement with p-

value indicating that there is no statistically significant difference between the two data set at significance level of 

0.05. (B) Porosity data by water saturation and He-porosimetry measurements with indication of the p-value 

showing that there is no statistically significant difference between the two data set at significance level of 0.05. 

Data are displayed as individual points when values are outside the range defined by [Q1 – 1.5*IQR, Q3 + 

1.5*IQR]. With Q1= 25 % quartile, Q3=75 % quartile, IQR = interquartile range. 
 

 

 

Figure 6-8. Porosity and permeability values of the three units in Borehole B. (A) Permeability data by hand-held 

air permeability measurement. (B) Porosity data by water saturation measurement. In both data set statistically 

significant difference can be observed between the three units, proven by ANOVA test (see in Annex-3). Data are 

displayed as individual points when values are outside the range defined by [Q1 – 1.5*IQR, Q3 + 1.5*IQR]. With 

Q1= 25 % quartile, Q3=75 % quartile, IQR = interquartile range. 
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Figure 6-7. Reservoir properties of Borehole A based on laboratory, hand-held air permeability and water saturation measurements. Different measurements were carried out 

on different samples resulting in discrepancies between the data sets. (H – horizontally oriented plugs; V – vertically oriented plugs).
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Figure 6-9. Reservoir properties of Borehole B based on laboratory, hand-held air permeability and water saturation measurements. Based on petropgraphic observations and 

reservoir characteristics three units can be distinguished: lower-massive lithofacies between 28.2 and 40 m, non-cohesive lithofacies between 28.2 and 16.8 m and upper-massive 

lithofacies between 16.8 and 10 m. Different measurements were carried out on different samples resulting in discrepancies between the data sets. 
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6.3.1.6 Statistical analyses of the reservoir properties 

Cluster analysis and Pearson’s Chi-squared independence test were carried out on the porosity and 

permeability data set in order to investigate the relationship between the reservoir properties and the 

lithofacies characteristics as well as the location of the samples. Results of the independency test are 

presented in Annex 3 (Fig. A3-2 and Table A3-1). Based on the results, there is no relationship between 

lithofacies and reservoir properties, however, location dependency of the reservoir properties is obvious. 

6.3.2. Reservoir characterization based on Hydraulic Units and Fluid Zone Indicators 

In order to understand the complexity of the pore geometry in case of heterogeneous rock types – such 

as continental carbonates – it is necessary to identify the reservoir properties which are not necessarily 

related to primary sedimentary features. There are several factors including syn- and post-depositional 

processes (e.g. dissolution and subsequent cementation) which have significant impact on the pore 

geometry, often overwriting the primary pore geometry hereby creating lithofacies independent pore 

systems. Petrographic observations reveal notable early-diagenetic overprint on the Süttő travertines 

(see Chapter 1) suggesting that the classical, sedimentary feature-based reservoir characterization cannot 

provide precise approach for the description of the complex pore system of the travertines studied.  

In the course of reservoir characterization, permeability represents one of the most important parameters 

which is – in contrast to porosity – strongly influenced by the pore geometrical attributes, resulting in 

permeability values varying over several orders of magnitude (Amaefule et al., 1993). This significant 

variation indicates existence of distinct zones with different fluid flow characteristics. In order to 

describe the fluid flow characteristics and estimate permeability for the unexposed part of the reservoir 

rock, Amaefule et al. (1993) introduced a concept purely based on relationship between permeability 

and porosity characteristics (Reservoir Quality/Type Index). This approach (Amaefule et al., 1993) 

establishes a grouping of rock intervals based on hydraulic flow units (HU). Figure 6-10 summarizes 

the applied approach used in the course of the identification of hydraulic units and their fluid zone 

indicators (FZI).  

This sub-chapter is dedicated (1) to introduce a lithofacies independent approach for reservoir 

characterization of continental carbonates, and (2) to investigate the factors (e.g. location, plug 

orientation) having influence on the pore geometry and hereby the petrophysical characteristics.  

6.3.2.1 Hydraulic units and their fluid zone indicators 

In the course of the identification of hydraulic units, the workflow of Amaefule et al. (1993) was 

followed. As first steps, reservoir type (RTI) and normalized porosity indexes (NPI, Φz) were computed  
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Definitions for Enhanced Reservoir Description (Amaefule et al., 1993) 

Reservoir Quality Index (RQI)* is described as relation between the porosity and permeability values 
using the following equation: RQI(μm)=0.0314√ (k/Φ) 

Normalized Porosity Index (Φz) is defined as the pore volume-to-grain volume ratio. Applied equation: 
Φz(%)= ( Φe/1–Φe) 

k – permeability (mD) Φ – porosity (%) Φe – effective porosity (%) 

Hydraulic (pore geometrical) Unit (HU) is defined as the representative elementary volume (REV) of total 
reservoir rock within which geological and petrophysical properties that affect fluid flow are internally 
consistent and predictably different from properties of other rock volumes. It is often defined by 
petrophysical properties such as porosity, permeability and capillary pressure.  

Flow Zone Indicator (FZI) is a unique parameter that incorporates the geological attributes of texture 
and mineralogy in the discrimination of distinct pore geometrical facies. All hydraulic units are 
characterized by a flow zone indicator. 

*NOTE: The concept of Amaefule et al. (1996) is a commonly used method in reservoir engineering, 
however, the term of Reservoir Quality Index is fallacious since it describes rather “reservoir type” on 
the bases of porosity and permeability ratios than real reservoir quality, therefore the term Reservoir 
Type Index (RTI) is suggested for further use (and will be used also hereinafter).  

 

 

Figure 6-10. Flowchart for characterization of hydraulic units (HU) and flow zone indicators (FZI) based on 

Amaefule et al. (1994) with the most important definitions. 
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in order to identify the relation between the porosity and permeability characteristics (Fig. 6-10). Based 

on these two parameters, hydraulic units were distinguished by cluster analysis classifying the dataset 

based on RTI and NPI values. 

The number of hydraulic units were validated by silhouette analysis. In the course of this method, 

cohesion of the data points within the groups are measured (how good they are fit in their group), as 

well as, their average distance to the other groups in order to select the ideal number of clusters 

(=hydraulic unit groups). The resulting value – silhouette coefficient – describes the cluster cohesion 

and cluster separation ranging between 0 (no structure in the dataset) and 1 (strong structure in the 

dataset). On the basis of the average silhouette coefficients, two optimal numbers of hydraulic unit 

groups were selected: Hydraulic Unit System 4 (average silhouette width of 0.7) and Hydraulic Unit 

System 18 (average silhouette width of 0.5). These two hydraulic unit systems were chosen also in order 

to (1) investigate the effect of the number of hydraulic units on lithofacies independency, and (2) to test 

whether the reservoir properties can be described more precisely.  

Hydraulic Unit System 4 (HUS-4): on the basis of reservoir type (RTI) and normalized porosity indices 

(NPI), the dataset was split up into four statistically different hydraulic units (HU) (Table 6-3, Fig. 6-

11). With exception of HU 4 – which has only one sample from Borehole A and therefore it is 

statistically insignificant thus it was excluded from further description – all other units are represented 

by nearly equal number of samples. All hydraulic units are characterized by a fluid zone indicator (FZI) 

representing distinct pore throat attributes (Amaefule et al., 1993). In this hydraulic unit system, HU 1 

possesses the highest FZI with an average value of 9.77 (± 5.25), whereas HU 3 includes the samples 

with the lowest FZI values (average: 0.34 ± 0.16) (Table 6-3).  

Hydraulic Unit System 18 (HUS-18): dataset of RTI and NPI was also split up into 18 hydraulic units 

providing more detailed FZI identification (Table 6-3, Figure 6-12). Due to the more detailed 

subdivision of the dataset, the HU 1 to HU 7 correspond approximately to HU 1 in HUS-4 (indicated by 

grey in Table 6-3) whereas HU 8 to 11 and HU 12 to 17 represent HU 2 and 3 in HUS-4 (indicated by 

orange and yellow in Table 6-3). The statistically insignificant groups (with less than 5 samples: HU 1, 

2, 7, 15, 17 and 18) are left out from further description. In case of 18 hydraulic units, HU 3 represents 

the highest (average: 14.56 ± 0.91) whereas HU 16 the lowest FZI values (average: 0.12 ± 0.02).
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Hydraulic Unit System 4 (HUS-4) Hydraulic Unit System 18 (HUS-18) 

Hydraulic 

Unit 

Number of 

Samples 

Average 

FZI 

Standard 

Deviation 

Hydraulic 

Unit 

Number of 

Samples 

Average 

FZI 

Standard 

Deviation 

HU 1 43 9.77 ± 5.25 

HU 1 2 49.15 ± 8.19 

HU 2 4 22.46 ± 1.90 

HU 3 6 14.56 ± 0.91 

HU 4 12 9.57 ± 2.62 

HU 5 11 7.4 ± 0.59 

HU 6 7 5.69 ± 0.44 

HU 7 4 4.11 ± 0.17 

HU 2 39 1.75 ± 1.50 

HU 8 7 2.41 ± 1.04 

HU 9 11 2.64 ± 2.41 

HU 10 8 1.29 ± 0.12 

HU 11 15 0.91 ± 0.37 

HU 3 47 0.34 ± 0.16 

HU 12 10 0.52 ± 0.09 

HU 13 11 0.43 ± 0.14 

HU 14 9 0.32 ± 0.03 

HU 15 4 0.25 ± 0.04 

HU 16 12 0.12 ± 0.02 

HU 17 2 0.09 ± 0.02 

HU 4  1 0 0 HU 18 1 0 0 

Table 6-3. Hydraulic units (HU) and their average fluid zone indicator (FZI) values based on reservoir quality and 

normalised porosity indexes. The dataset provided by laboratory measurements was split up into four and eighteen 

groups. Due to the more detailed subdivision of the dataset, the previously identified 4 HU were divided up into 

smaller units, e.g. HU1 in Hydraulic Unit System 4 (HUS-4) were split up into 7 HU in Hydraulic Unit System 18 

(HUS-18) (indicated by grey colour) while HU2 in HUS-4 correspond to 4 distinguished HU in HUS-18 (orange 

colour). HU3 of HUS-4 is split up into 6 groups in HUS-18 (yellow colour). HU4 and HU18 are statistically 

insignificant due to their low sample numbers.  
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Figure 6-11. (A) Logarithmic plot of the calculated Reservoir Type Index (RTI) and Normalized Porosity Index (NPI) values in case of Hydraulic unit system 4 (HUS-4). After 

the identification of the hydraulic units (HU) by statistical analysis, Fluid Zone Indicators (FZI) of each HU. “All samples with similar F'ZI values will lie on a straight line 

with unit slope. The value of the FZI constant can be determined from the intercept of the unit slope straight line at Φz =1” (Amaefule et al., 1993). (B) Cross plot of Klinkenberg 

permeability and porosity values of the identified hydraulic units.  
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Figure 6-12. (A) Logarithmic plot of the calculated Reservoir Type Index (RTI) and Normalized Porosity Index (NPI) values in case of Hydraulic unit system 18. After the 

identification of the hydraulic units (HU) by statistical analysis, Fluid Zone Indicators (FZI) of each HU. “All samples with similar F'ZI values will lie on a straight line with 

unit slope. The value of the FZI constant can be determined from the intercept of the unit slope straight line at Φz =1” (Amaefule et al., 1993). (B) Cross plot of Klinkenberg 

permeability and porosity values of the identified hydraulic units.  
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In order to evaluate the relationship between the pore geometry (and hereby the hydraulic units) and the 

lithofacies characteristics, plug orientation and the location of the samples, Pearson’s Chi-squared 

independence test was carried out at five different significance levels. Results of the independency test 

are summarised in Table 6-4. Critical values at each significance level were selected based on the degree 

of freedom (Davis, 2002). Based on the results, in case of four hydraulic units there is no relationship 

between the lithofacies and the pore geometry (so they are irrelevant from the point of view of the 

hydraulic units), whereas in case of eighteen groups this relation exists up to a significance level of 0.95. 

Plug orientation did not have any influence on the hydraulic units neither in case of the above four nor 

in case of the eighteen groups. Location dependency of the hydraulic units, however, is obvious in both 

groups up to significance level of 0.975 and even higher levels in case of the above eighteen groups (at 

0.999).  

Independency from: 
Degree of 

freedom 

X-square 

value 

Critical value at significance level of: 

0.9 0.95 0.975 0.99 0.999 

Plug 

orientation 

 4 groups 3 1.335 6.251 7.815 9.348 11.345 11.266 

18 groups 17 21.637 24.769 27.587 30.191 33.409 40.79 

Lithofacies 
 4 groups 18 16.539 25.989 28.869 31.526 34.805 42.312 

18 groups 102 131.74 120.679 126.574 131.836 138.134 151.884 

Location 
 4 groups 18 32.351 25.989 28.869 31.526 34.805 42.312 

18 groups 102 157.82 120.679 126.574 131.836 138.134 151.884 

Table 6-4. Summary table of the results of the Pearson’s Chi-squared test. Orange colour indicates significance 

levels where the null hypothesis is not valid whereby the independency of the hydraulic units from a certain factor 

is not true. 

6.4 Discussion 

6.4.1. Reservoir properties: lithofacies dependency and spring proximity 

135 plugs were taken from the seven most common lithofacies in the Süttő travertine complex for He-

porosity and specific gas permeability measurements (Table 6-1). Furthermore, hundreds of additional 

measurements (provided by water saturation and air permeability surveys) were carried out for 

identification of the reservoir properties along the boreholes. The data sets provided by the different 

methods, however, are comparable (Fig. 6-6) giving a data set with more than 800 values. Data were 

plotted on cross plots and box plots in order to verify the spatial changes of petrophysical characteristics 

in function of lithofacies dependence and spring proximity.  

The most porous lithofacies of the Süttő travertine complex is represented by the non-cohesive, and the 

waterfall lithofacies whereas the most permeable lithofacies correspond to the non-cohesive and the flat 

laminated lithofacies. These three lithofacies, however, are characterized by different origins regarding 

their pore networks, i.e.:  
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The non-cohesive lithofacies is a diagenetically altered modification of the massive lithofacies. Due to 

extensive dissolution by subaerial exposure, the originally heterogeneous pore network of the 

massive lithofacies, characterized by isolated pores, was modified resulting in a highly porous, 

“grain-supported” framework having a homogenous pore network. Due to this homogeneity, the 

measurements provided by different approaches were matching well (Fig. 6-7 and 6-9).  

The flat laminated lithofacies is defined by a primary pore network that is slightly reduced by subsequent 

calcite precipitation. Micropetrographic observations reveal that this lithofacies was not 

significantly modified by secondary processes, therefore it can be supposed that it preserves the 

primary petrophysical characteristics. The porosity and permeability data set regarding plug 

orientations reveals that in contrast to the porosity features, permeability values of the flat 

laminated lithofacies display significantly higher permeability values in horizontal direction, 

obviously because of the open space in-between the laminae (Fig. 6-4). Due to its layered nature 

of this formation causing anisotropy, this is the second most permeable lithofacies of the Süttő 

travertine body. 

The waterfall lithofacies possesses the second highest average porosity value in the area (19.8 ± 9%). 

Beside the fact that the waterfall and the Phytohermal lithofacies are characterized by similar 

phytomouldic pore networks, the latter has only 11.7% (± 5.1) average porosity. The reason for 

this petrophysical discrepancy between the two lithofacies lies probably in syn-diagenetic 

processes. In both cases, the primary frame of the lithofacies was provided by plants around which 

primary precipitation took place. This was followed by subsequent precipitation between the 

individual plant stems and/or hanging plants, controlled predominantly by abiotic precipitation. 

In case of the waterfall lithofacies, precipitation was likely equally fast as in case of the 

phytohermal lithofacies, however, decay of the plants and finely dispersed organic matter was 

apparently followed by subaerial exposure and hereby dissolution and micritisation without 

significant amounts of secondary calcite precipitation. On the contrary, in case of the phytohermal 

lithofacies, dissolution and micritisation had a minor effect on the primary texture due to quasi-

continuous water supply and hereby the phytomouldic and the primary intercrystalline pore space 

was significantly reduced by secondary calcite precipitation. As a consequence of the syn-

diagenetic processes, the final pore networks of these two lithofacies are remarkably different as 

reflected in their different reservoir characteristics.  

Petrophysical features of the travertine body were investigated also in function of the sampling locations. 

Based on this, the most porous and permeable travertine sequences are exposed in the Bego and 

Újharaszt quarries as well as in Borehole B, whereas the Cukor and the Gazda quarries expose 

travertines with the worst reservoir properties (Fig. 6-1). All lithofacies exposed in the above-mentioned 

outcrops/boreholes are characterized by significantly higher or lower reservoir properties compared to 
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the average, suggesting that the spatial position could have a higher impact on the petrophysical 

characteristics than the primary pore network of the lithofacies. In order to verify this hypothesis, 

reservoir properties of the massive lithofacies – as the most common lithofacies in the area representing 

lacustrine and palustrine depositional environments with the least heterogeneous primary pore network 

– were plotted depending on sampling location and proximity to the supposed springs, considering the 

micro-texture of the lithofacies and its relationship to the diagenetic processes (Fig. 6-5). For this 

purpose, four representative samples were taken. On the basis of the petrographic observations and their 

relation to the reservoir properties, it can be stated that post-depositional processes, such as dissolution, 

cementation and recrystallization and the order in which they affected the travertine body, have 

significant influence on the pore network system.  

Sample B and D (from the Gazda and Bego quarries, respectively) were deposited in a palustrine 

environment corresponding to marginal areas of the ancient lake system (for more details see Chapter 

1). Due to the fluctuating water level, these parts of the lake were often subject to subaerial exposure 

reflected by significant dissolution features and in-situ re-deposition of broken up clasts. In case of 

sample D, cementation was followed by subsequent dissolution resulting in the development of a well-

connected vuggy pore system (Fig. 6-5D.1). In case of sample B, similar micro-texture and pore network 

was observed, however, the pore space here was significantly reduced by subsequent calcite 

precipitation suggesting that the location of this sample was closer to a carbonate rich water supply 

resulting in cement formation after the dissolution event (Fig. 6-5B.1).  

Sample C and E (from the Újharaszt quarry and Borehole B respectively) represent deposition in a 

lacustrine environment without evidence for paludal processes or re-deposition. Sample C shows an 

example where the primary microporous nature of the micrite was demolished by recrystallization (Fig. 

6-5C and C.2). Due to this, connectivity of the pores decreased resulting in lower log-permeability (2.5 

mD), however, not really reducing the pore volume (i.e. preserving the primary porosity characteristics 

with a value of 11.4%). Nonetheless, late dissolution can improve the connectivity of the pores and the 

pore shape even after recrystallization (Fig. 6-5E). Sample E is characterized by significant vuggy 

porosity both on micro and macro scale representing the most porous sample of the massive lithofacies 

(Fig. 6-5E and E.2). A late dissolution event increased the porosity of the sample, however, at the same 

time it increased less significantly the connectivity of the pores resulting in a less permeable pore 

network than in case of sample D. The reason for the difference in porosity can be the pore size (Fig. 6-

5A). Sample E is a clotted micrite dominated lithofacies of microporous nature – in this case even more 

emphasized by dissolution – providing higher porosity, however, less good connectivity between the 

pores and hereby lower permeability (Fig. 6-5E.2). The granular nature of sample D – due to subaerial 

exposure and re-deposition – results in larger intergranular pores with larger pore throats being even 

more enlarged by late dissolution giving rise to better reservoir properties than in case of sample E. 
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It therefore can be stated that proximity to a spring reduces the initial pore network by cementation and 

thus it has its deteriorating impact on the final reservoir properties. Primary pore shape and connectivity 

have elemental influence on the fluid circulation and consequently on carbonate precipitation, however, 

post-depositional processes can easily overwrite their primary effect. Even after a long-lasting subaerial 

exposure (resulting in dissolution and re-deposition of carbonate constituents), a well-developed vuggy 

pore network can still be entirely cemented by subsequent calcite precipitation in proximity of a spring 

resulting in similar reservoir properties to another lithofacies characterized by primary pore-network 

with no significant diagenetic overprint (e.g. Fig 6-5B). With increasing distance from the spring, the 

pore network (including primary and secondary pores) is more likely to be preserved. Therefore, these 

travertines often possess a more complex pore system with highly diverse reservoir properties. 

Location dependency of the reservoir properties were also proven by cluster analysis and Pearson’s Chi-

squared test.  

6.4.2. Considerations about reservoir property variations along the boreholes  

Borehole A and B, which intersect the whole travertine body, are predominantly characterized by the 

massive lithofacies providing the opportunity to evaluate reservoir properties along the entire 

succession.  

Comparison of the petrophysical characteristics of the massive lithofacies in BH-A and Unit 1 (lower 

massive lithofacies) in BH-B with the one exposed in the quarries suggests that the primary reservoir 

properties of the studied lithofacies are similar and independent from the location. Nonetheless Unit 2 

and 3 penetrated in BH-B show significantly different petrophysical features indicating that the different 

depositional and diagenetic history characterising these units affected their reservoir properties, 

reflected by higher porosity and permeability values (Fig. 6-8 and 9).  

Regarding the different units in BH-B, the following conclusions can be drawn, in line with the 

microscopic observations. The observed units of the massive lithofacies in BH-B may represent different 

phases of dissolution due to relatively long-lasting subaerial exposure. The dense, barely porous lower 

unit probably documents the least dissolutional overprint, affecting the massive lithofacies. This 

hypothesis is supported by the petrographic observations as well as the very similar reservoir 

characteristics. Due to the ongoing dissolution under subaerial conditions, the original texture of the 

massive lithofacies in Unit 2 (non-cohesive lithofacies) was altered, resulting in a homogeneous, well-

connected pore network, like that of a porous sandstone.  

Unit 3 (upper massive lithofacies) covering the non-cohesive lithofacies, however, is a result of the 

formation of a new sequence of the massive lithofacies displaying pore network with primary origin and 

barely affected by dissolution (see more details in Chapter 1). The unexpectedly high porosity and 
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permeability of Unit 3 may reflect that after the subaerial exposure the spring(s) became reactivated, the 

conditions of precipitation have changed Two possible scenarios can be raised to explain the 

petrophysical characteristics of this unit: (1) after the reactivation of the spring(s) the position of this 

part of the travertine body became more distal than before and thus the fluid arriving from the spring(s) 

was less rich in dissolved carbonate and therefore also precipitation became reduced, or (2) proximity 

to the spring(s) did not change significantly, however, for some reason the chemistry of spring water 

has changed (it became less rich in dissolved carbonate). 

6.4.3 Hydraulic Units and their fluid flow characteristics 

With the exception of the non-cohesive lithofacies, all facies are characterized by highly changing 

permeabilities. In case of the outcrops/boreholes, the Gazda, Cukor and Óharaszt quarries display less 

variable permeability ranges compared to the Bego, Újharaszt quarry and BH-B travertines (Fig. 6-1, 2, 

3). These observations suggest that the pore geometry of the identified lithofacies is highly diverse 

referring to the existence of distinct hydraulic units. Additionally, the location-related tendency of the 

variation of the permeability values allude that spring proximity and post-depositional processes play 

an important role in the creation of the individual hydraulic units. In order to verify this hypothesis, two 

hydraulic unit systems (groups 4 and 18) were tested statistically on five different significance levels 

comparing the results with the petrographic observations.  

The two hydraulic systems were tested, using the Person’s Chi-squared test in order to investigate the 

orientation dependence of the hydraulic units, showing strong independency in function of plug 

orientation.  

The same conclusion can be drawn in case of “HU System–4” regarding lithofacies dependency, 

however, with increasing number of the hydraulic units (“HU System–18”) a relation can be seen 

between hydraulic characteristics and lithofacies up to significance level 0.95 (Table 6-4). Though 

lithofacies dependency is proven statistically, this result is in contrast with the petrographic 

observations. As an example, samples of HU 16 can be seen in figure 6-13, where high diversity of the 

lithofacies (and lithotypes) is obvious as well as pore types of primary and secondary origin. 

Consequently, it can be stated that, the increasing number of hydraulic units, results in statistically 

relevant lithofacies dependence.  

Geometric characteristics of the pore network can explain this peculiar phenomenon. As it was pointed 

out earlier (Chapter 6.4.1) complex secondary processes are able to modify the primary petrophysical 

features of a lithofacies resulting in pore geometries similar to another, “intact” lithofacies. Due to this, 

pore geometry is often independent of the primary sedimentary features. 
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The strength of the relation between lithofacies and hydraulic units, can be re-evaluated by testing higher 

significance levels and the petrographic features, which reveals that, in case of the Süttő travertine 

complex, the lithofacies and the hydraulic units are, indeed, unrelated. 

 

Figure 6-13. Samples of HU16 showing high diversity of poretypes lithofacies and lithotypes. 

Regarding the sampling location dependency of the hydraulic characteristics, a strong relation can be 

observed for both HU systems (Table 6-4). In case of “HU System–4” this relation is present up to 

significance level 0.975, whereas in case of “HU System–18” it is obvious at all significance levels. 

Table 6-5 represents the percentage of the samples in different hydraulic units in the light of outcrops 

and boreholes. Based on this, it can be concluded that outcrops and boreholes situated in proximity of 

springs – such as Cukor, Gazda and Óharaszt quarries as well as BH-A – are characterized by lower 

fluid zone indicators (average FZI values on the basis of the most dominant hydraulic units: 0.09-0.91 

equivalent with HU 11 to 17 in “HU System–18”) and by showing positive correlation with the 

increasing distance from springs (Table 6-5). The Újharaszt and Bego quarries are located farthest away 

from the supposed springs possessing the highest fluid zone indicators (7.40-9.57 equivalent with HU 4 

to 5) of the Süttő travertine complex (e.g. Fig. 1-13 in Chapter 1). 

Hydraulic units were plotted along Borehole–B in order to investigate the fluid zone characteristics of 

the three identified units (Fig. 6-14). Unit 3 (upper massive facies) is represented by only 2 samples 

taken from the interbedded layer of the flat laminated facies, therefore this unit could not be described 

statistically. Both unit 1 and 2 (lower massive and non-cohesive facies) possess 10-10 samples being 

statistically significant. Unit 1 is characterized by HU 11 to HU 15 with an average FZI of 0.58, while 

Unit 2 is defined by HU 3 to 11 with higher (7.75) average FZI value. This suggests that zones with 

distinct fluid flow characteristics can be determined along the borehole.  
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These results indicate that the identification of hydraulic units and their fluid zone indicators is a 

powerful method to describe the pore geometrical attributes and their impact on reservoir properties. 

Based on petrographic observations and statistical analyses, the features of the hydraulic units seem to 

be independent of lithofacies/lithotypes, plug orientation and pore origin, however, location of the 

springs and their impact on the preservation of the modified reservoir properties have a crucial effect on 

the fluid flow characteristics. Additionally, the highly diverse origin of the pores within any given 

hydraulic unit indicates that different processes are able to finally create porosity with similar 

geometrical attributes and hereby similar fluid flow characteristics.  

System of 

Hydraulic 

Units 

Hydraulic 

Units 

Average 

Fluid 

Zone 

Indicator 

Percentage of the samples at location of: 

Cukor 

quarry 

Gazda 

quarry 

Borehole 

A 

Óharaszt 

quarry 

Borehole 

B 

Újharaszt 

quarry 

Bego 

quarry 

4 units 

HU 1 9.77 / 13 18 / 35 48 53 

HU 2 1.75 33 42 18 50 26 28 24 

HU 3 0.34 67 46 55 50 39 24 24 

HU 4 0 / / 9 / / / / 

18 units 

HU 1 49.15 / / 9 / / 2 / 

HU 2 22.46 / / / / / 4 12 

HU 3 14.56 / / 9 / 4 8 / 

HU 4 9.57 / 4 / / 9 12 18 

HU 5 7.40 / 4 / / 22 8 6 

HU 6 5.69 / 4 / / / 8 12 

HU 7 4.11 / / / / / 6 6 

HU 8 2.41 / / / / / 10 6 

HU 9 2.64 / 13 9 / 4 10 6 

HU 10 1.29 17 4 9 25 9 4 / 

HU 11 0.91 17 25 / 25 13 4 12 

HU 12 0.52 17 8 18 / / 10 / 

HU 13 0.43 / 25 / / 13 4 / 

HU 14 0.32 / 8 9 / 13 4 6 

HU 15 0.25 / 4 / / 9 2 / 

HU 16 0.12 17 / 27 50 4 4 18 

HU 17 0.09 33 / / / / / / 

HU 18 0 / / 9 / / / / 

Distance from spring + + ++ ++ +++ +++++ +++++ 

Table 6-5. Relation between the hydraulic units and different outcrops/boreholes. Bold numbers (with dark orange 

background) indicate the most characteristic hydraulic units of the individual outcrops/boreholes in proportion of 

the number of studied samples. Light orange coloured background shows the second most common hydraulic unit 

of each quarries/outcrops. Based on the most characteristic hydraulic units, a positive correlation can be observed 

between the fluid flow characteristics and the increasing distance from the springs (+ = close and ++++ = far away 

from spring). 
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Figure 6-14. Hydraulic Units along Borehole – B indicating zones with distinct fluid flow characteristics. 

In order to describe the pore geometry of each hydraulic unit, application of micro Computed 

Tomography (μCT) is suggested as a further step. This method provides opportunity for description of 

pore shape parameters in 3D. Several studies reported (e.g. Claes et al., 2015; Soete et al., 2015) that 

pore network of continental carbonates can be efficiently characterized by combination of artificial 

three-dimensional shapes. 

6.5 Conclusions 

Two different kinds of approaches were applied on the porosity and permeability data sets – provided 

by laboratory and in-house measurements – in order to characterize the reservoir properties of the Süttő 

travertine body and to investigate the impact of lithofacies and spring proximity on the petrophysical 

features. In case of the classical reservoir characterization, data were plotted based on lithofacies as well 

as in function of outcrop and borehole location, whereas in the course of the identification of hydraulic 

units, fluid flow characteristics were in the focus as influencing factors. On the basis of this multi-

methodological approach the followings can be concluded:  
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- 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. 

- High variability of the permeability values indicates existence of distinct hydraulic units 

providing the opportunity for reconsideration of the reservoir properties based 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, revealed that the relationship between 

lithofacies and hydraulic units is questionable. 

- 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. 
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CHAPTER 7: THREE-DIMENSIONAL STRATIGRAPHIC FORWARD 

MODELLING TO RECONSTRUCT THE DEVELOPMENT OF THE SÜTTŐ 

TRAVERTINE COMPLEX 

7.1 Introduction 

Several studies have attempted to build a three-dimensional sedimentary model of continental 

carbonates in order to investigate their architecture and development (e.g. Pedley et al., 2000; Vázquez-

Urbez et al., 2012; Arenas et al., 2014). Their reliability, however, is often low due to the absence of 

sub-surface information. The Süttő travertine body is exposed in several outcrops providing opportunity 

for direct 3D observation of the geobody. The acquired geophysical data of the non-exposed travertine 

body (see Chapter 2), pointed out the necessity of adding sub-surface information in order to better 

understand the architecture and extend of a travertine body, such as the Süttő travertine complex. 

Huerta et al. (2016) made one of the first attempts to build a three-dimensional sedimentary model with 

integration of outcrop information and geophysical data. Their 3D model was constructed by using 

Petrel software in which they could visualize the 3D distribution of the facies associations. Based on the 

geometrical relationships they supposed one or several springs feeding the geobody formation. 

However, their attempt to model the development of the tufa system or the depositional conditions was 

unsuccessful (Huerta et al., 2016). 

Stratigraphic forward modelling (SFM) is a frequently applied tool for simulation of three-dimensional 

evolution of sedimentary systems and their stratigraphic record as function of accommodation space 

variations, sediment supply and transport. This type of modelling allows to assess the climatic and 

tectonic controls as well as the sedimentary processes throughout the simulation of different geological 

scenarios (Csato et al., 2012). One of the most often used stratigraphic forward modelling software is 

“Dionisos” which is a diffusion-process-based software using four main physical processes, such as sea-

level change, tectonics, sediment supply and transport (more details in Csato et al., 2012 and Kolodka 

et al., 2015). This software, however, is “sequence stratigraphy”-driven and thus assumes almost all 

sedimentation under subaqueous conditions which is often not the case in continental carbonate systems 

(e.g. Chapter 1). Consequently, application of this software to continental carbonates remains limited 

and not appropriate to this case study.  

The French multinational hydrocarbon company, TOTAL, developed its own stratigraphic forward 

modelling software known as Sedlake (working on their in-house SISMAGE platform). This brand-new 

software integrates the advantages of Dionisos and other commercial SFM software packages (e.g. 

GPM) with dozens of extra functions such as carbonate formation under subaerial conditions (see 
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below). Sedlake, therefore, provides an exceptional platform for 4D modelling of continental carbonate 

systems and their controlling factors.  

As one of the first attempt for stratigraphic forward modelling of a continental carbonate system, 

modelling was carried out in the area of the Süttő travertine complex and its surroundings. In the course 

of the modelling, the newly developed Sedlake software was used which hitherto was never been tested 

on a real continental carbonate system. The major aims of this reconnaissance study were (1) to 

calibrate/validate the sedimentological model of the travertine system including verification of spring 

locations and their characteristics, (2) to evaluate the impact of the antecedent topography on travertine 

formation, and (3) to validate the supposed depositional environments, additionally, (4) to test the 

limitations of the software. 

7.2 Geomorphological setting along the Danube  

Although, the geological conditions have a primary impact on establishing the fluid circulation and thus 

the feeding system of the travertine formation, the geomorphological setting is the major controlling 

factor on the establishment of the depositional conditions and the forming lithofacies. Due to this, the 

following sub-chapter is focusing on the supposed geomorphological conditions along the Danube on 

the basis of literature by the time of the formation of the Süttő travertine complex. 

The Quaternary evolution of the Danube was controlled by the late stage evolution of the entire 

Pannonian Basin (PB) characterized by a complex tectonic history. Since early Late Miocene times, the 

western part of the PB was subject to structural inversion resulting in the uplift of the Transdanubian 

Range (TR) while the marginal basins (i.e. Vienna and Danube basins) were still subsiding (e.g. Horváth, 

1993) (Fig. 7-1). During the Quaternary these subsiding basins were filled with fluvial sediments, 

transported by the predecessor of the Danube and its tributaries (Gábris and Nádor, 2007). The northern 

forelands of the TR are one of the most unique locations along the Danube where fluvial sedimentation 

can be studied between juxtaposed uplifting and subsiding areas (Fig. 7-1. Gábris and Nádor, 2007).  

Gábris and Nádor (2007) reported that due to the uplift of the TR, Danube was forced to change its 

course from a directly southern route to a more easterly direction, inducing formation of terrace horizons 

on the northern slopes of the TR (i.e. Gerecse Hills) by complex processes of incision of the river and 

uplift of the TR. The antecedent topography of the area of the Süttő travertine complex was, 

consequently, controlled by the incision of the ancient Danube and its tributaries (valleys) as well as by 

the uplift of the TR and the subsiding terrains in front.  

Due to the uncertainties about the ancient environmental conditions of the paleo-Danube in the area of 

the Süttő travertine complex, in the course of the stratigraphic forward modelling, different kinds of 

antecedent topographies were used (see below).
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Figure 7-1. Alluvial fans of the Danube deposited by the river as it arrived from the Alpine-Carpathian 

mountainous area to the Pannonian Basin. Terraced sections of the Transdanubian Range are also indicated in the 

Gerecse Hills area (modified after Gábris and Nádor, 2007; Gábris, 1994). 

 

Figure 7-2. Simplified N-S relief of the topographic scenarios of the forward modelling. (A) Simple topography 

with gradually sloping terrain towards the valley of the Danube. (B) Ancient topography along a tributary of the 

Danube forming a partially isolated lake environment. (C) Isolated lakes separated from the Danube.
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7.3 Methodology 

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

developed by TOTAL and developed only for in-house use. The algorithm of the software is not 

available yet because it is still under development, however, the concept of the software is known. As 

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

restore/reconstruct carbonate production with depth and other parameters such as salinity, nutrients and 

wave energy. However, compared to other commercial SFM software packages, Sedlake is suited for 

modelling also lake sedimentation including the possibility to simulate subaerial precipitation. By doing 

so, the formation of complex continental carbonate systems can be reproduced. The software works with 

cellular automat and allows the transport of particles by vertical advection. When the particles reach the 

surface, according to the bathymetry and slope value of the cell, it precipitates either as a travertine 

(plateau shape with rapid fluid flow) or as pinnacles (mound shape with low fluid flow). 

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. 

7.3.1. Initial conditions and parameters 

Forward modelling requires to settle a number of initial parameters that have a crucial impact on the 

outcome of the numerical model. These parameters relate to the time interval of travertine formation 

and initial topographic conditions. The travertine formation itself is also controlled by several 

parameters (e.g. carbonate precipitation rates, nutrient availability, accommodation space) that should 

be defined at the beginning of the forward modelling. The following sub-chapters are dedicated to 

introduce the applied specifications. 

7.3.1.1 Initial topographic conditions 

Antecedent topography of a travertine system has a primary impact on the forming lithofacies. 

Consequently, estimation of the ancient topography under the travertine body is a crucial input 

parameter in SFM software. In case of the Süttő travertine complex, quarries (Annex 1-1), shallow 

boreholes (Annex 1-2) and geophysical data (Chapter 2) provide information about the extent of the 

travertine and the antecedent topography (Fig. 7-3A). The reliability of the map for this area (covering 

6 km2) is high, however, field observations reveal that the travertine body must have occupied an even 

larger area (Chapter 3). In order to estimate the size of the travertine body before the neotectonic imprint, 

the area of the modelling was enlarged to 35 km2. Therefore, the reliability of the map outside of the 

quarry complex is necessarily lower (Fig. 7-3B). Due to the uncertainty of the ancient topographic 

conditions, three topographic scenarios were tested (Fig. 7-2; Fig. 7-5). Each of these scenarios were 

selected in course of the forward modelling on the basis of the results of the validation (see Chapter 

7.3.1.5). 
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Scenario 1 supposes the least variable topography, characterized by a gradually sloping terrain towards 

the Danube valley, as observed nowadays (Fig. 7-2A).  

Scenario 2 represents the hypothesis that the travertine body formed along a tributary of the Danube 

forming a partially isolated lake environment (Fig. 7-2B). 

Scenario 3 displays complex depositional conditions, where several isolated lakes could have formed in 

the vicinity of the Danube (Fig. 7-2C). 

Similarly to other commercial SFM software packages (e.g. Dionisos; Kolodka et al., 2015), Sedlake 

has also difficulties with simulating smaller features (i.e. intra-reservoir heterogeneities) because of the 

cell limitation. Due to this, cell resolution was improved by upscaling the size of the modelled area.  

7.3.1.2 Duration of the travertine formation 

The duration of the travertine formation is crucial for the forward modelling. In the case of the Süttő 

travertine complex, there is a contradiction between the U/Th age data and the biostratigraphy (see 

Chapter 5) respectively reporting a maximum time interval of 120 ka and 2.5 Ma (BP). In the course of 

the modelling a time interval of 500 ka was selected for the formation of the whole travertine body on 

the basis U-Th results (see Chapter 5). The time frame was split up into hundred packages, each with a 

time step of 5 ka. The formation of the travertine body and the changing environmental conditions were 

calibrated by these time steps. 

7.3.1.3 Lithofacies and their depositional settings 

Petrographic observations revealed that the travertine area was characterized by ten main lithofacies 

(see Chapter 1). However, they were re-classified in order to simplify the depositional model and hereby 

better appraise the controlling factors of sedimentation. A schematic cross-section is presented in Figure 

7-4 displaying the main depositional environments in the Süttő travertine area with the re-classified 

lithofacies. Based on this, subaerial and subaqueous environments were distinguished. Subaerial 

environments include all supposedly spring-related deposits, such as the Cukor fissure ridge and the 

phytohermal mounds (Chapters 1, 2, 3; e.g. Figs. 1-6A and 3-8). Subaqueous environments correspond 

to lacustrine and palustrine depositional conditions. Characteristic depths of each lithofacies were 

estimated based on literature data, indicated in Figure 7-4. 

7.3.1.4 Accommodation space 

Accommodation space of the forming lacustrine travertine body is determined by the antecedent 

topography (controlled by faults), and the allocycility of the lakes. Depending on the initial topographic 

conditions the following sub-lakes were identified. 
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Figure 7-3. (A) Antecedent topography map of the Süttő travertine complex with indication of field observations, 

geophysical measurement and shallow borehole locations (input data to the modelling). (B) Topography map of 

the recent surface in the Süttő travertine area and its surroundings. Red rectangle indicates the location of Figure 

7-3A. In order to estimate the size of the travertine body before the imprint of the neotectonic movements, the 

study area was enlarged. Consequently, the reliability of the antecedent topography map outside the red rectangle 

is low due to the lack of subsurface information. 
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In Scenario 1 two sub-lakes were identified, one around the Újharaszt and Diósvölgy quarries and the 

other one in the area of the Gazda quarry (Fig. 7-5A). In this scenario, the Danube River as the main 

water supply was also included, flooding the travertine area at about 190 ka after the beginning of the 

travertine formation. 

Scenario 2 supposes a depositional environment along a tributary of the Danube. In this case a separated 

lake is proposed in the area of the Gazda quarry, while the northern areas of the travertine complex are 

part of the ancient tributary (Fig. 7-5B). At about 70 ka after the start of the travertine formation, the 

whole area is characterized by one extensive lake environment. 

Scenario 3 represents a complex lake environment with three initial lakes. One of them is present in the 

area of the Gazda quarry. The other two lakes are located at the Újharaszt and the Bego quarries (Fig. 

7-5B). These two lakes – due to the gradual increase of the water level – merge at about 120 ka after the 

beginning of the travertine formation, creating an extensive lake environment in the northern area of the 

travertine complex. 

In all cases gradual lake level rise was applied until ca. 360 ka after the beginning of travertine 

formation. Field observations suggest increasing dominance of palustrine deposits with time. Therefore, 

the first two third of the travertine formation (ca. 330 ka), greater water depth (with an average of 15 m) 

was selected providing depositional conditions for lacustrine carbonate formation. For the last third of 

the depositional period, shallow water conditions were simulated (with an average water depth of 8 m) 

in order to establish the circumstances for palustrine deposition.  

 

Figure 7-4. Schematic cross-section of the Süttő travertine complex with indication of the main depositional 

environments. The observed lithofacies were re-classified based on depositional conditions. The characteristic 

depth of each lithofacies is given based on forward modelling. The indicated colours (see column Legend) are 

identical with the applied colours of the 3D forward modelling.
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Figure 7-5. Antecedent topography scenarios of the Süttő travertine complex and its surrounding with indication 

of the sources feeding the travertine system as well as the initial lacustrine sub-environments identified in course 

of the modelling and applied in the different scenarios. (A) Initial topographic conditions of Scenario 1 possessing 

two lakes and the Danube as the main water source. (B) Initial topography of Scenario 2 and 3 including three 

lakes and a possibility of travertine formation along a tributary of the Danube. In Scenarios 2 and 3, an additional 

source was applied in the area of the Bego quarry.
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7.3.1.4 Sources  

Field observations and geophysical measurements reveal that the feeding system of the Süttő travertine 

area was strongly controlled by faults, constraining fluids precipitating the travertine (see Chapter 3). 

The springs could have appeared at the intersections of faults and fractures providing zones of optimum 

permeability for fluid circulation. Looking at the structural geological map of the Süttő travertine area 

(Fig. 3-1 in Chapter 3), springs can be supposed at several places. Surface conditions, however, have 

significant impact on the surface appearance of the springs. Consequently, two kinds of spring were 

distinguished: (1) discharge under subaerial conditions, and (2) discharge under subaqueous conditions 

(Figs. 7-4 and 7-5). (Regarding the feeding system and eventual discharge points of the travertine area 

see Chapter 1; sub-chapter 1.5.1.5.)  

The crystalline Cukor travertine represents the clearest manifestation of travertine formation fed by 

subaerial springs (Török et al., submitted). Török et al. (2017) reported that the self-constructed 

phytohermal mounds described from the Gazda quarry and to the NW of the Hegyhát quarry (Fig. 7-

3A), could have formed in the proximity of a similar subaerial spring.  

Consequently, three subaerial springs (Cukor, Gazda, Auer springs; see Fig. 7-6) were used in the course 

of the modelling. In case of Scenarios 2 and 3, an additional subaerial spring was added in the area of 

the Bego quarry because of an extra source in this area required by the lithologies observed there (Fig. 

7-3B). 

Finding evidence for subaqueous discharge is challenging due to its limited preservation potential (e.g. 

Hernández et al., 1998). However, the abundance of palustrine and lacustrine carbonates in the Süttő 

travertine area suggests diffuse discharge at the bottom of the lakes. Several studies (Evens, 1999; 

Schneider et al., 1999; Della Porta, 2015) reported presence of lacustrine deposits near fault zones, 

associated with palaeo-groundwater or spring deposits under subaqueous conditions. A similar feeding 

system can be supposed in the lakes of the Süttő travertine area (Fig. 7-4). Therefore, subaqueous diffuse 

discharges were also applied in all scenarios.  

Sedlake provides an exceptional platform to reproduce spring behaviour. Their activity through time 

was calibrated from U/Th age dating and fossil contents within the travertine. The selected time intervals 

as well as the duration of spring activity are summarized in Figure 7-6.  

Carbonate production was identified as function of water depth and nutrient availability (Tables 7-1 and 

7-2). Additionally, relative presence of the nutrients was identified according to the distance to the 

springs (Table 7-3). In the case of subaqueous springs, carbonate production has been calibrated with 

gradual decrease with distance to the spring location. In contrast, the subaerial springs were 
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characterized by a high precipitation rate close to the spring that significantly (and abruptly) decreased 

with distance from the latter (Table 7-3). Nutrient demand of the lithofacies was identified depending 

on the distance from the springs and water depth (Table 7-2). Characteristic depths of each lithofacies 

were estimated based on literature data and are indicated in Figure 7-4.  

 
Figure 7-6. Spring activity in the Süttő travertine area applied in stratigraphic forward modelling with indication 

of their current elevation (a.s.l – above sea level). Spring activity of each discharge point are described by four 

stages: NO – there is no fluid supply precipitation, LOW – spring intensity is reduced, MEDIUM – the fluid supply 

is moderate, HIGH – spring activity is the maximum. With exception of the Bego spring (present only in case of 

Scenarios 2 and 3) these parameters were not changed during the simulations. 

Production (P)* as function of age/time layer/lithofacies 

Time layers Age (ka) 
Plant rich 

carbonate 
Organic rich carbonate 

Bioclastic 

carbonate 
Mud  

100 0 0.3 0.5 0.5 0.2 

1 495 0.3 0.5 0.5 0.2 

Table 7-1. Travertine-production as function of age/time layer/lithofacies. Values are given based on relative 

intensity of production (*no production when P=0, full production when P=1). 

Production (P)* as a function of water depth 

Water depth 
Plant rich 

carbonate 

Organic rich 

carbonate 
Bioclastic carbonate Mud  

0 m 1 0 0 0 

2 m 1 0.5 0 0 

4 m 0 1 0 0 

8 m 0 0 0.5 0 

25 m 0 0 1 0.5 

30 m 0 0 0.5 1 

100 m 0 0 0 1 

Table 7-2. Production (P)* as a function of water depth. Values are given based on relative presence of production 

(*no production when P=0, full production when P=1). 
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Relative presence of nutrients (N) * vs. distance to the spring 

Distance to the 

spring 

Cukor 

Spring 

Gazda 

Spring 

Auer 

Spring 

Bego 

Spring 

Subaqueous 

Springs 

0 m 1 1 1 1 1 

1 m 1 1 1 1 0.04 

2 m     0 

5 m 0 0.7 0.7 0.7  

Table 7-3. Relative presence of nutrients (N)* vs. distance to the spring. Values are given based on relative 

presence of nutrients (*no nutrients when N=0, full nutrients when N=1). 

7.3.1.5 Validation of the models  

In order to validate the models, a reference cross-section was prepared (Fig. 7-7) based on field 

observations and borehole information in order to perform a qualitative check on the model outputs. 

Validation of the modelled travertine body for non-exposed parts of the Süttő travertine complex was 

based on literature and geophysical data (see Chapter 2).  

 

Figure 7-7. Reference cross-section based on field observations and borehole information used for validation of 

the models. The location of the section is indicated in Figure 7-3. 

7.4 Results 

The primary goals of the SFM study were (1) the investigation of the antecedent topography (2) its 

impact on the travertine formation and (3) on their morphologies as well as (4) the distribution of springs 

and the characteristics thereof. Consequently, some parameters were not changed in the course of the 

modelling in order to simplify the influencing factors of travertine formation. These fixed parameters 

were the time interval for travertine formation, carbonate production and nutrient supply from the 

sources as well as their locations. The following sections are dedicated to describe the tested scenarios 

step by step. The most important observation points in the models are marked by red dots in figures 7-

8, 7-9 and 7-10. In case of each time slice (presented in figs. 7-8 to 7-10) only those cells are coloured 

other than grey, where active carbonate production occurred in the given time period. Inactive cells are 

coloured dull grey. 
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7.4.1. Initial topography 1 

This topographic scenario was constructed to represent overall geomorphological conditions similar to 

the recent topography in the Süttő travertine area outside of the quarry system (Fig. 7-5A). In this 

scenario, areas (outside of the quarry system) are characterized by lack of factual information regarding 

the antecedent topography, therefore the recent overall geomorphology was applied as it is. 

Consequently, it is supposed, that the ancient depositional conditions were also characterized by a 

relatively steeply dipping valley in the area of the Gazda quarry and an extensive flat area (appropriate 

for a lake environment) to the South, bordering the western and the southern slopes of the Haraszt Hill 

(Fig. 7-5). This “valley-lake” system is present invariably in all three topographic scenarios. The 

northern region of the study area is typified by an extensive, gently sloping terrain inclined towards the 

North. In the area of the Diósvölgy and Újharaszt quarries this gently sloping terrain is partially covered 

by a shallow lake while the northernmost plain area is occupied by the valley of the river Danube (Fig. 

7-5A). 

At the beginning of the travertine formation only the Cukor spring is active forming an isolated travertine 

body on the southern slope of the Haraszt Hill. After 110 ka, the Gazda and Auer springs become active 

forming a travertine barrage between the northern and the southern areas and hereby separating the lakes 

(Fig. 7-8A, B). About 315 ka after the start of travertine formation – due to a, probably climatically 

controlled, rise of the water level of the river – the level of the Danube reaches the Süttő travertine 

complex establishing lacustrine conditions everywhere in the area (Fig. 7-8C). As a result of decreasing 

accommodation space (accelerated uplift; Ruszkiczay-Rüdiger et al., 2018), shallow 

lacustrine/palustrine depositional environments were everywhere established in the travertine area after 

400 ka until the end of the travertine formation (Fig. 7-8D). 

7.4.2. Initial topography 2 

In case of the second topographic scenario a more complex geomorphological situation is proposed. 

Formation of the Süttő travertine complex takes place along a partially abandoned tributary of the 

Danube. Therefore, the initial depositional conditions are characterized by a southern valley-lake system 

in the area of the Gazda and Hegyhát quarries, and additionally, by a northern shallow pond environment 

near the place of the Bego quarry (Figs. 7-5B and 7-9A).  

Carbonate production begins with the initiation of the Cukor spring. In this scenario, the spring-related 

travertine, thus formed, interfingers with the lacustrine deposits to the south of the Haraszt Hill (Fig. 7-

9A, B). At about 80 ka after the start of carbonate formation, due to the continuously increasing water 

level, the northern lake and the southern valley-lake system merge establishing an extensive lacustrine 

domain (e.g. Fig. 7-9B). The activity of the Auer and Gazda subaerial springs starts only about 30 ka 

after the lakes merged, therefore formation of a barrage between the northern and the southern lakes  
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Figure 7-8. Carbonate formation in case of initial topographic scenario 1. Age of each formation step is given compared to the start of the carbonate formation in the area 

covering a maximal time interval of 500 ka. Legend: Red dots – reference points indicating the location of the subaerial discharge points, 1 – mud (deep lacustrine environment), 

2 – bioclastic-rich carbonate (shallow lacustrine environment), 3 – organic-rich carbonate (palustrine environment), 4 – plant-rich carbonate (shallow palustrine), 5 – travertine 

(subaerial spring). In each time slice only the currently active cells are coloured according to the lithofacies forming. Inactive cells are coloured in grey. (A) Three subaerial 

sources are active in the area. (B) Formation of a dam in-between the northern and southern regions forming two separated lakes. (C) The travertine area is flooded by the 

Danube. (D) End of the carbonate formation. Shallow lacustrine environment is still present in the southern valley-lake area as well as in the most northern area, supposedly 

occupied by the Danube. 
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Figure 7-9. Carbonate formation in case of initial topographic scenario 2. Age of each formation step is given compared to the start of the carbonate formation in the area 

covering a maximal time interval of 500 ka. Legend: Red dots – reference points indicating the location of the subaerial discharge points, 1 – mud (deep lacustrine environment), 

2 – bioclastic-rich carbonate (shallow lacustrine environment), 3 – organic-rich carbonate (palustrine environment), 4 – plant-rich carbonate (shallow palustrine), 5 – travertine 

(subaerial spring). In each time slice only the currently active cells are coloured according to the lithofacies forming. Inactive cells are coloured in grey. (A) The travertine of 

the Cukor spring interfingers with the lacustrine deposits forming in the valley-lake system. (B) Activity of the Auer and Gazda springs starts after the amalgamation of the 

northern and southern lakes causing the absence of barrage formation in-between these two lakes. (C) Extensive lacustrine environment with dominance of palustrine conditions 

in the northern region. (D) End of the carbonate formation. Shallow lacustrine environment is still present in the southern valley-lake area as well as in the northernmost are
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does not happen in this scenario (Fig. 7-9B). Location of these springs, additionally, moves too much 

northward than in other scenarios. Interfingering of the spring-related deposits of the Cukor and Gazda 

quarries can be observed along the western slope of the Haraszt Hill (Fig. 7-9B). Around 200 ka after 

the beginning of carbonate formation, activity of the Bego source starts feeding the extensive lake-

system from the East (Fig. 7-9C). In this scenario, the northern region is characterized by palustrine 

conditions, while the southern areas are characterized by shallow lacustrine environment. From 410 ka 

until the end of the travertine formation, accommodation space is gradually decreasing (accelerated 

uplift) forming an even more extended palustrine environment in the northern regions. At the end of the 

carbonate formation, three isolated lakes were established, in the areas of the Újharaszt and Bego 

quarries and another more extensive lake in the area of the Gazda and Hegyhát quarries (Fig. 7-9D).  

7.4.3. Initial topography 3 

The geomorphological conditions have not been significantly changed in comparison to Scenario 2. In 

this case, however, several smaller isolated and hydrologically independent lakes are supposed. 

Comparing the initial conditions to the ones that existed in Scenario 2, several differences have been 

evidenced. The separated lakes of the Bego and Újharaszt quarries merged only 120 ka after the start of 

carbonate formation (Fig. 7-10A). Due to the slower lake level rise, the merged northern lakes reach the 

valley of the Gazda-Hegyhát quarries only 30 ka after the formation of the barrage by the Auer and 

Gazda springs resulting in a longer lasting separation (ca. 160 ka) between the northern and southern 

lakes than in Scenario 1 and 2 (Fig. 7-10B. The northern and the southern lakes merge 160 ka after the 

start of the carbonate formation. Due to the gradual increase in water level, after 250 and 380 ka the 

whole area is characterized by lacustrine conditions (Fig. 7-10C). During the last 120 ka the depositional 

environment changes for predominantly palustrine, while carbonate formation only takes place in the 

valley of the Gazda quarry at the end of the simulation (Fig. 7-10D).  

The formation of the Süttő travertine complex based on stratigraphic forward modelling in case of each 

scenarios is summarized step by step in Table 7-4. 

Steps of the travertine formation 
Scenario 1 Scenario 2 Scenario 3 

start end start end start end 

1 Formation of the Cukor fissure ridge 30 110 30 120 30 110 

2 Activity of the Gazda Auer springs 110 400 120 250 110 250 

3 Formation of a barrage 110 160   110 130 

4 Flooded by Danube 190     

5 Merge of the lake systems 160 70 130 

6 Activity of the Bego source   200 220 200 220 

7 
Establishment of an extensive lacustrine 

environment 
190 410   130 350 

8 Palustrine environment 410 460 70 460 350 400 

9 End of the carbonate formation 460 500 460 500 400 500 

Table 7-4. History of formation of the Süttő travertine body for the three modelling scenarios. The indicated values 

refer to the timing (in thousand year) of the given steps as compared to the start of carbonate formation.
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Figure 7-10. Carbonate formation in case of initial topographic scenario 3. Age of each formation step is given compared to the start of carbonate formation in the area covering 

a maximal interval of 500 ka. Legend: Red dots – reference points indicating the location of the subaerial discharge points, 1 – mud (deep lacustrine environment), 2 – bioclastic-

rich carbonate (shallow lacustrine environment), 3 – organic-rich carbonate (palustrine environment), 4 – plant-rich carbonate (shallow palustrine), 5 – travertine (subaerial 

spring). In each time slice only the currently active cells are coloured according to the lithofacies forming. Inactive cells are coloured in grey. (A) Initial conditions with presence 

of three separated lakes. (B) Barrage formation before the merge of the northern and southern lakes. (C) Extensive lacustrine settings everywhere in the Süttő travertine complex. 

(D) End of the carbonate formation. Shallow lacustrine and palustrine environments are still present in the southern valley-lake area as well to the North of the Bego quarry
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7.5 Discussion 

During stratigraphic forward modelling, three topographic scenarios were tested in order to deduce the 

impact of the initial geomorphological conditions on the travertine formation. In order to validate the 

simulation results, a comparison was made between model outputs and a reference cross-section based 

on field observations and borehole information (Fig. 7-7). The displayed models were additionally 

compared to analogues reported in literature in order to understand the wider frame of the travertine 

formation.  

7.5.1. Validation of the geobodies 

Four cross-sections were selected passing over the areas of the subaerial sources in order to evaluate the 

internal geometry of the carbonate body and the relationships between the different lithofacies (Fig. 7-

11A). The outcomes of the simulations and their validations are presented for each subaerial spring 

separately. The validation of the models, however, is restricted to the area where direct data about the 

travertine body are available (Fig. 7-3A). The recent spatial distribution of the Süttő travertine body is 

controlled by neo-tectonic movements which are triggered by the continuous uplift of the whole mass 

of the Gerecse Hill (Chapter 3). Through reactivation of older structural elements, the lithified travertine 

body was fragmented. Due to the increase of gravitational slope movements – as one of the 

consequences of neo-tectonics – several tens of m3 sized blocks of the travertine body slided downwards 

towards the surrounding valleys (e.g. Chapter 3; Zalai et al., 2015; Török et al., submitted). As a result, 

the Süttő travertine complex is bound by NW–SE oriented steep slopeward normal faults to the N and 

to the S, where the hangingwall blocks are missing (Fig. 7-7 and Fig. 3-1 in Chapter 3). Due to this 

situation, validation of these parts of the models were done by comparison with literature analogues.  

7.5.1.1 Cukor fissure ridge 

Field observations and geophysical measurements reveal that the Cukor travertine forms an isolated 

body being separated from the neighbouring Gazda valley-lake travertine system. The fissure ridge is 

highly eroded, therefore reconstruction of its original dimension is challenging (Török et al., submitted). 

Additionally, the southern normal fault (=boundary of the Süttő travertine complex) passes nearby the 

outcrop of the Cukor travertine which might have influenced the final dimension of the fissure ridge. 

Consequently, the possibility for the Cukor travertine body interfingering with the neighbouring valley-

lake travertine system of the southern regions cannot be excluded. Scenario 2 was designed to test this 

hypothesis (Figs. 7-9A and 7-11B).  

Lateral interaction between different depositional environments are commonly observed phenomena in 

continental carbonate studies, however, it is more often reported in the case of intercalation with 

terrigenous sediments (e.g. Croci et al., 2016; Huerta et al., 2016; Henchiri et al., 2017; Verbiest et al., 
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in press). A unique depositional system, however, has been described from the Lake Urmia (NW Iran) 

and its surroundings (Mohajjel and Taghipour, 2014). They reported an extensive travertine area with 

more than 40 fissure ridges formed along a NW–SE trending extensional fracture system. The fissure 

ridges are present in various forms from early stages up to highly eroded ones and they are traceable to 

the edge of the Lake Urmia. Seismic cross-section from the central part of the lake indicates the presence 

of a vertical travertine fissure ridge. The gradually decreasing water level, additionally, provides 

possibility for direct observation of lateral interactions between the fissure ridges and adjacent lacustrine 

deposits.  

There is no direct information about the travertine body to the south of the Cukor outcrop, however, the 

possibility for some connection between the fissure ridge and the lacustrine environment cannot be 

excluded. Although, only Scenario 2 suggests co-formation (and hereby interfingering) of the Cukor 

fissure ridge and the Gazda travertine system. Covering of the Cukor fissure ridge by lacustrine deposits 

can be seen in all the other scenarios (Fig. 7-11B-D). This observation suggests that these two travertine 

systems likely have been connected in the southern region of the Süttő travertine complex. 

Field observations and geophysical data reveal that the total thickness of travertine at the Cukor fissure 

ridge is maximum 30-35 m (Chapter 2, Fig. 2-2). On the basis of the W–E cross-sections passing over 

the Cukor travertine body, the different scenarios reproduced the same maximum vertical extent of the 

travertine body (Fig. 7-11B-D). This may be due to the fact that the Cukor travertine body and its 

surroundings belong to a well-studied area of the Süttő travertine complex (e.g. Török et al, submitted). 

Therefore, the initial topographic conditions could reliably be estimated. Consequently, this part of the 

initial surface was not significantly modified, and remained approximately the same in all three 

topographic scenarios. It explains why the cross-sections display similar geobodies in all scenarios for 

the Cukor fissure ridge (Fig. 7-11B-D). Nonetheless, changes in the configuration of the lakes and their 

water level result in a slight but detectable influence on the shape of the travertine body (see Fig. 7-11B-

D). 

7.5.1.2 Gazda and Auer springs  

The maximum vertical extension of the phytohermal mound exposed in the Gazda quarry is 20 m, 

approximately (Figs. 7-7 and 7-12G). Borehole information, however, suggests the presence of a 

phytohermal mound of even larger spatial extension in the area of the abandoned Auer quarry – to NW 

from the Hegyhát quarry – with a maximum thickness of 15-20 m (Véghné et al., 1971). The 

phytohermal mounds laterally interfinger with lacustrine and palustrine sequences with increasing 

abundance of palustrine beds upward. In the case of the Gazda phytomound, interfingering can be 

observed with lacustrine facies (represented by massive lithofacies) on the second excavation level  
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Figure 7-11. (A) Topographic map of Scenario 1 with indication of the cross-sections. (B-D) W–E cross-sections 

of the Cukor fissure ridge in case of the three topographic scenarios. The topographic conditions in the area of the 

Cukor travertine body did not been significantly changed during the simulations due to the fact that the initial 

topography was reliably estimated based on Török et al. (submitted). Consequently there is no significant change 

between the different scenarios. Legend: light blue – bioclastic-rich carbonate (shallow lacustrine environment), 

grey-blue – organic-rich carbonate (palustrine environment), green – travertine (subaerial spring).
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(Figs. 7-12G and 7-13D), while it is overlapped by shallow lacustrine and palustrine facies (indicated 

by flat laminated lithofacies) on the third excavation level (Fig. 7-13E) (Török et al., 2017). Borehole 

information suggests that the Auer phytomound displays a gradual transition into the overlying 

lacustrine and palustrine sequences (Fig. 7-3). In figures 7-12 and 7-13, N–S and W–E oriented cross-

sections represent the Gazda and Auer springs and their surroundings showing the results of the 

simulations (Fig. 7-12 and 7-13). 

Topographic Scenario 1 (Figs. 7-12A, B and 7-13A) provides adequate conditions for the formation of 

the phytohermal mounds (their thicknesses are in line with the observations). The dominance of 

palustrine deposits characterizing the beginnings of the carbonate formation is taken over by lacustrine 

sequences. This is in contrast with the characteristic shallowing upward pattern of the Süttő travertine 

complex. The mismatch between simulation and field observations can be explained by taking into 

consideration the timing and the velocity of the “flooding” of the area by the Danube, establishing deep 

lacustrine conditions for too long time.  

Topographic Scenario 2 (Figs. 7-12C, D and 7-13B) displays the right proportion of lacustrine and 

palustrine deposits, however, the modelled environmental conditions were not adequate for the 

formation of the phytohermal mounds. The reason explaining the absence of the mounds could lie in the 

applied parameters of the lakes themselves (i.e. too fast lake level rise). Despite the fact that the 

accommodation space seems to be sufficient to form lacustrine/palustrine sediments, lake parameters 

are not fulfilling the necessary requirements for reproduction of the phytohermal mounds of the Süttő 

travertine.  

Topographic Scenario 3 (Figs. 7-12E, F and 7-13C) has nearly the same initial geomorphological 

conditions as Scenario 2, however, the applied input parameters of the lakes provided suitable conditions 

to form phytohermal mounds and their surrounding lacustrine and palustrine deposits. The sequence 

thicknesses are also in line with field and borehole information.  

7.5.1.3 Bego spring  

The Bego quarry represents the easternmost outcrop of the Süttő travertine complex. The outcrop 

exposes predominantly flat laminated facies (formed in shallow lacustrine and palustrine environment) 

with intercalation of massive facies (precipitated under lacustrine conditions) on the lower excavation 

level (Fig. 7-14D). On the basis of the field observations, the sequences of the Bego outcrop display a 

shallowing upward pattern. 

The individual topographic scenarios resulted in different proportions of palustrine and lacustrine 

sequences. 
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Figure 7-12. W–E and N–S cross-sections of the Gazda subaerial spring and its surroundings in case of the three 

topographic scenarios (A-F). Results of topographic scenarios 1 and 2 (A-D) are not in line with field observations, 

while topographic scenario 3 (E-F) could provide sufficient conditions for a formation of carbonate body validated 

by field observations. Legend: Legend: light blue – bioclastic-rich carbonate (shallow lacustrine environment), 

grey-blue – organic-rich carbonate (palustrine environment), green – travertine (subaerial spring). The location of 

the cross-sections are shown in Fig. 7-11A. (G) Overview of the Gazda quarry with indication of the observed 

lithofacies. The geobody exposed in the quarry shows similarities with the results of Scenario 3. 
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Figure 7-13. W–E and N–S cross-sections of the Auer subaerial spring and its surroundings in case of the three 

topographic scenarios. Results of topographic scenarios 1 and 2 (A-B) are not in line with field observations, while 

topographic scenario 3 (C) could provide sufficient conditions for a formation of carbonate body validated by field 

observations. Legend: light blue – bioclastic-rich carbonate (shallow lacustrine environment), grey-blue – organic-

rich carbonate (palustrine environment), green – travertine (subaerial spring). The location of the cross-sections 

are shown in Fig. 7-11A. (D) Reed mound exposed in the second level of the Gazda quarry is laterally 

interfingering with the massive lithofacies, formed under lacustrine conditions. (E) On the third excavation level 

of the Gazda quarry, flat laminated lithofacies – formed in palustrine/shallow lacustrine depositional environment 

– is onlapping the reed mound. D and E photos show similarities with cross-sections of Figure 7-11E, F. (F) 

Overview of the Újharaszt quarry with indication of the observed lithofacies. Geobody exposed in the quarry 

shows similarities with the results of Scenario 3.
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Topographic Scenario 1 supposes the recent topographic conditions in the area of the Bego quarry, 

characterized by a sloping terrain towards the valley of the Danube. Such settings do not include the 

occurrence of a local depression for formation of palustrine/lacustrine deposits. Consequently, 

simulation of Scenario 1 cannot reproduce the formation of the Bego travertine (Fig. 7-14A). It can be 

concluded that the topographic configuration of Scenario 1, although, providing sufficiently favourable 

conditions for travertine deposition from the Cukor-Gazda-Auer springs and their surroundings (Figs. 

7-11; 7-12 and 7-12), application of the recent topographic conditions for the areas in the absence of 

factual data is not satisfactory. 

In order to provide more favourable depositional conditions for the formation of the Bego 

palustrine/lacustrine deposits, deposition along an abandoned tributary of the Danube is supposed in 

Topographic Scenario 2 with presence of an initial lake in this area (Fig. 7-9A). In this scenario, an 

additional subaerial spring-source was also added in order to provide fluid supply for the carbonate 

formation (located to the SE from the Bego quarry; Fig. 7-5B). The simulation of Scenario 2 could 

reproduce very well the formation of the Bego palustrine carbonates regarding their thickness. However, 

the proportion of the palustrine and lacustrine deposits does not fit with the field observations as it 

displays a deepening upward pattern (Fig. 7-14B).  

In Topographic Scenario 3 the configuration of the initial lakes and the timing of their evolution are 

modified compared to Scenario 2. The relatively late merging of the northern lakes (Fig. 7-10B) 

provides adequate conditions for the formation of extensive palustrine deposits in the area of the Bego 

quarry being in line with the field observations.  

7.5.2. Implications about the initial topography and input parameters  

The validation of the topographic scenarios pointed out that not only the initial geomorphological 

conditions have a crucial impact on the travertine formation but also the evolution of the lakes. For 

example the timing of their merging is a significant factor and should be taken into consideration when 

trying to reconstruct and unravel the ancient depositional conditions.  

Topographic Scenario 1 includes the possibility of a direct contribution of the Danube in the formation 

of the travertine system by merging with the northern Újharaszt-Diósvölgy lakes and by flooding the 

whole travertine area (Fig. 7-8). Although the validation of this scenario highlighted that the modelled 

travertine body cannot simulate entirely the ancient carbonate formation (e.g. absence of the travertine 

body from the simulated 3D model at the place of the Bego quarry), this model is also in contrast with 

the supposed sedimentological features to be expected in the case of a fluvial contribution to the 

travertine formation. Several studies (e.g. Corci et al., 2015; Verbiest et al., in press) reported that lateral 

interaction of travertines with fluvial systems results in the deposition of terrigenous material (e.g.  
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Figure 7-14. W–E and N–S cross-sections of the Bego area in case of the three topographic scenarios. Bego quarry 

represents the easternmost outcrop of the Süttő travertine complex. (A) Topographic Scenario 1 does not provide 

sufficient conditions for the formation of the palustrine sequences of the Bego area (see location of the quarry 

indicated by red rectangle). (B) Topographic Scenario 2 introduces better conditions for carbonate formation, 

however, the formed deposits are not in line with the shallowing upward pattern of the Bego travertine body 

observed in the field. (C) Topographic scenario 3 provides adequate conditions for carbonate formation which is 

in line with field observations. Legend: light blue – bioclastic-rich carbonate (shallow lacustrine environment), 

grey-blue – organic-rich carbonate (palustrine environment). The location of the cross-sections are shown in Fig. 

7-11A. (D) Flat laminated facies intercalated with layers of massive lithofacies representing changes between 

palustrine and lacustrine conditions. (E) Centimetre-sized alteration can be observed between the brownish and 

the whitish coloured layers representing small scale variation between shallow lacustrine and palustrine 

depositional environments. Location of the photo is indicated by red rectangle in Fig. 7-14D. 
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conglomerates) and reduced travertine precipitation – due to dilution by meteoric water. Travertine 

formation predominantly takes place during the quiescence periods of the fluviatile sedimentation.  

Some evidence for the interaction between travertine formation and the fluvial system can be observed 

in the Süttő travertine complex. The underlying layers of the travertine body in the Gazda valley are 

represented by gravelly sandstone with imbricated pebbles (Fig. 1-14B in Chapter 1) suggesting the 

occurrence of a fluviatile environment some time before the travertine development. In the same area, 

the overlying beds are also characterized by gravelly sandstone with quartz pebbles suggesting the same 

depostional conditions following the travertine formation (Fig. 3-4 in Chapter 3). Similar evidences for 

intercalation of sediments of a fluvial system, however, cannot be observed within the travertine body.  

Increasing of the discharge of the Danube, however, can modify the groundwater circulation (and its 

transport and temperature) without direct flooding of the area nearby the river. Based on shallow 

groundwater monitoring wells along the Danube, Trásy et al. (2018) reported that during flood events 

of the river, sudden increase of the shallow groundwater level was observed. Its spatial variance changed 

from perpendicular to parallel comparted to the river hereby modifying the regional flow characteristics 

temporarily (ca. 2 months) within 4-6 km distance from the river. According to Trásy (personal com.), 

longer lasting increase of the discharge of the Danube (e.g. due to climate change) could cause change 

in the groundwater circulation over 10 km distance from the river.  

In case of the Süttő travertine complex, due to the proximity of the river, communication between the 

travertine precipitating fluids and the water body of the Danube could have been plausible resulting in 

dilution of the carbonate rich fluids and therefore decreasing the carbonate precipitation rate. In this way 

the water body of the Danube could have contributed to increase the water level in the Süttő travertine 

area, however, decreasing the travertine formation without direct sedimentological evidence for fluvial 

contribution. In case of Scenario 1 precipitation rate does not change after the flood of the Danube which 

is geochemically unlikely.  

Due to the geochemical and sedimentological contraditions, Topographic Scenario 1 is excluded as a 

possible depositional environment of the Süttő travertine complex. 

Topographic Scenarios 2 and 3 both suppose a deposition along an abandoned tributary of the Danube 

providing a partially restricted environment for travertine formation (Figs. 7-9 and 7-10). Gábris and 

Nádor (2007) reported such environment along the ancient Danube, thus validating these scenarios. 

These models include existence of a depression with a local subaerial source for the formation of the 

Bego palustrine/lacustrine carbonate sequence in the eastern area of the travertine system. However, 

validation of the cross-sections indicates that even if the initial topographic conditions seem fair enough 
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to initiate travertine formation, the lithofacies which should have been thus formed are not in line with 

the field observations. This discrepancy can be explained by the impact of other factors on the travertine 

formation like lake level fluctuations and/or variations in the travertine precipitation rate.  

Simulations pointed out the importance of the barrage between the northern and the southern lacustrine 

environments. Although, there is no evidence for interfingering of the Auer and Gazda phytohermal 

mounds, to suppose the formation of the barrage is necessary in order to separate the lakes for the first 

part of travertine formation. Too sudden lake level rise – as presented in case of Scenario 2 – cannot 

provide adequate length of time for the formation of the barrage in the absence of phytohermal mounds 

(Figs. 7-12C, D and 7-13B). Increase of the production rate might be a solution for the formation of the 

phytohermal mounds, however, this parameter was regarded as fixed in the course of the simulations. 

In order to implement ideal conditions for the barrage formation, two initial sub-lakes were supposed in 

Scenario 3, in the northern areas. Merge of these lakes happens after 120 ka and amalgamation with the 

Gazda valley-lake system only 130 ka after the start of travertine formation. Consequently, Topographic 

Scenario 3 represents the most plausible conditions for the formation of the Süttő travertine complex as 

it is now.  

7.5.3. Future possibilities  

Sedlake provides exceptional platform for stratigraphic forward modelling of continental carbonate 

systems. The present study is rather focusing on the effect of the initial topography on travertine 

formation, however, several other sedimentological hypotheses can be tested by using this software.  

Enlarging the number of cells can provide more detailed information about the relationship between the 

individual lithofacies and hereby deducing initial parameters like nutrients, allocyclicity, precipitation 

rates, etc. Considering the initial surface conditions as constant parameter, additional simulations can 

be carried out in order to shed light to other controlling factors of travertine formation such as production 

rate as a function of the water depth and distance from springs.  

Nonetheless, there are some software limitations prohibiting simulations of certain phenomena which 

are commonly observed in continental carbonate systems and which are crucial for description of a real 

travertine system. These phenomena are for instance subaerial exposure and its consequences 

(dissolution), feeding a lake by a subaerial source and temperature change as a function of the distance 

from springs and topography change due to tectonic activity. Furthermore, source parameters are given 

in relative terms (values are between 0 and 1) in contrast to physical units. These limitations make it 

difficult to directly compare the simulation results with active travertine systems. After all, the software 

is under development providing new solutions and possibilities for stratigraphic forward modelling day 

by day (!).  
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7.6 Conclusions 

Three-dimensional stratigraphic forward modelling was carried out as one of the first attempts on a 

continental carbonate system. For this reconnaissance study, the Süttő travertine complex was selected. 

The modelling was carried out by using of Sedlake software (developed by TOTAL) providing an 

exceptional platform for 4D modelling of continental carbonate systems and their controlling factors. 

The main goals of this study were (1) to calibrate the sedimentological model of the travertine system 

including verification of spring locations and their characteristics, (2) to evaluate the impact of the 

antecedent topography on travertine formation, and (3) to validate the depositional environments 

supposed on the basis of lithological studies. Due to this, three topographic scenarios were tested for a 

travertine formation interval of 500 ka. In order to simplify the influencing factors of travertine 

formation the following parameters were not modified in the course of the simulations: time interval of 

the travertine formation, rate of carbonate production and nutrient supply of the sources as well as their 

location. Based on these, the following tentative conclusions can be put forward. 

- The stratigraphic forward modelling suggests 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.  

- 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 

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. 

- 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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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSION 

8.1 Introduction 

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

formation of the Süttő travertine system and the syn- and post-depositional processes that affected the 

carbonate body. The presented seven chapters addressed the main research objectives raised during the 

investigation of the Süttő travertine complex. The following chapter focuses on the most important 

results of this study and their contribution to better understand the evolution of the Transdanubian Range 

and the Danube as well as the South Atlantic Cretaceous pre-salt reservoirs.  

8.2 Implications of the results 

8.2.1 Depositional settings 

The Süttő travertine complex, as the largest travertine quarry system of Hungary, provides an 

exceptional opportunity for direct observation of the geobody architecture. As shown by the geometry 

of the travertine beds, the antecedent land-surface was quite changing consisting of extensive sub-

horizontal plains with gentle slopes in 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 travertine deposits of the sub-horizontal plains are characterized by lacustrine–palustrine 

depositional environments represented by formation of the massive and flat laminated facies. The reason 

for the changing depositional settings was the fluctuating water level which can be explained in several 

ways. The continuous uplift of the area since the Early Miocene forced the fluid pathways of the 

groundwater circulation to reorganize. The new fluid pathways adapting to the changing topography 

resulted in changing discharge of the springs (e.g. Tóth, 2009). In addition, climatic conditions have had 

a significant impact on the discharge (e.g. Scheuer, 1994; Kele et al. 2008, 2011, 2015). Kele (2008) 

reported three well-defined phases in the intensity of the travertine formation in the Gerecse Hills during 

the Pleistocene being in line with the European interglacial periods. The interplay of all these factors 

also affected the water level in the ancient lakes of the Süttő travertine complex. 

The steeply sloping valley provided the appropriate depositional environment for the travertine slope 

facies, such as the wavy laminated and the phytohermal mound facies. The latter could have formed in 

the proximity of a subaerial spring. The most clear surface manifestation of spring activity, however, is 

represented by the Cukor fissure ridge, formed along a NW-SE oriented normal fault. 
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The significantly different appearance of these two subaerial springs (i.e. phytohermal mound and 

fissure ridge) suggests distinct precipitation conditions and fluid characteristics. The crystalline features 

of the Cukor fissure ridge suggest rapid carbonate precipitation implying fast CO2 degassing. In case of 

the phytomound exposed in the Gazda quarry, the dominance of micrite can be observed on the micro-

scale suggesting slower precipitation induced by photosynthesis of plants/microbes. This significant 

textural difference can be explained by the following scenario.  

Structural geological observations reveal that (1) the Cukor fissure ridge formed along a NW-SE 

oriented normal fault that was activated due to the uplift of the Gerecse Hills. Based on U-Th age data 

and paleontological studies, this fissure ridge might be the oldest member of the Süttő travertine 

complex. This normal fault – associated with one of the first discharges from the reservoir – could have 

provided the first major channel way for the travertine precipitating fluids. This fluid likely was rich in 

dissolved CO2 which quickly degassed under surface conditions resulting in crystalline precipitation. 

(2) By reactivation of additional faults – of NE-SW orientation as shown by field observations – the 

fluid from the already partially CO2-depleted reservoir could circulate along several pathways to the 

surface. Due to this, at the spring orifices the fluid was less rich in dissolved CO2 therefore the 

precipitation was less intense. In order to have carbonate precipitation under these conditions, 

contribution of plants is necessary via photosynthesis (e.g. Kuhl et al., 1995). In the course of 

photosynthesis, plants take up the dissolved CO2 content of the fluid as a result of which H2CO3
- 

dissociates into HCO3
2- and H+ encouraging carbonate precipitation. Moderate precipitation as well as 

the contribution of the plants to carbonate formation provided favourable circumstances for the growth 

of vegetation to keep up with the gradually developing mound. 

The above outlined scenario is based only on structural geological and micropetrographic observations. 

In order to validate this theory, future studies are suggested such as geochemical modelling. 

8.2.2 Diagenetic processes and their impact on reservoir properties 

Microscopic observations revealed that the travertine complex was subject to extensive diagenetic 

overprint during and after travertine formation. Six distinct diagenetic fabric types can be distinguished 

resulting from organomineralisation, micritisation, sparitisation and recrystallisation. These complex 

syn- and post-diagenetic processes determine eight diagenetic stages spread unevenly over the Süttő 

travertine area. According to the observed diagenetic stages, the travertine body can be regarded as a 

deposit, “affected by severe diagenetic alterations”. It is very likely that also the humid climate of the 

area has accelerated some of the diagenetic processes. 

Diagenetic processes have an important impact on the reservoir properties. By comparing the porosity 

and permeability data sets of the travertine body with the location of the samples, a trend can be 
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recognized in function of the distance from the spring. The proximity of a spring reduces the significance 

of the well-known enhanced pore network of the travertine (including primary and secondary pores) and 

thus its importance on the final reservoir properties. As secondary carbonate formation – i.e. cementation 

– is more common closer to the spring preservation of porosity is obviously less likely there. With 

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

post-depositional processes are less pronounced, giving rise to more complex pore systems with high 

variation in reservoir properties. Regarding the location dependency of the hydraulic characteristics of 

the pore network, a strong relationship was identified displaying positive correlation between better 

reservoir qualities and increasing distance from springs. This is in-line with the petrographic 

observations too.  

In order to describe the pore geometry of the travertine body and its variation in function of spring 

proximity, the application of micro Computed Tomography (μCT) is suggested as a further research 

step. This method provides opportunity for description of pore shape parameters in 3D. Several studies 

reported that the pore network of continental carbonates can efficiently be characterized by a 

combination of artificial three-dimensional shapes (e.g. Claes et al., 2015; Soete et al., 2015). 

Application of μCT may provide the possibility to describe the impact of diagenetic processes on the 

pore shape evolution. 

8.2.3 Application of near-surface geophysical methods in continental carbonate studies 

Geophysical measurements are often used for imaging geological structures in the shallow subsurface. 

The outcrops of the Süttő travertine complex are situated relatively far from each other, with no outcrops 

in-between, therefore correlation of the lithofacies as well as evaluation of the ancient topography was 

challenging. Radiomagnetotellurics (RMT) and geoelectric profiling (ERT) were carried out in order to 

collect information about the non-exposed part of the study area.  

Complex geophysical surveys and borehole information proved that with the exception of the Cukor 

quarry, the individual travertine outcrops are all connected. The Cukor travertine forms an isolated body 

on the south-eastern slope of the Haraszt Hill. Geoelectric profiling indicates a sharp boundary between 

the Cukor travertine body and the covering sediments. This sharp boundary might have a tectonic origin. 

A fault could have channelled the travertine precipitating fluid here, forming a fissure ridge along the 

fault. Due to the reactivation of the fault after the travertine formation, the Cukor fissure ridge became 

dissected and highly eroded. 

Geophysical measurements also revealed that the Haraszt Hill was already a topographic high at the 

time of travertine formation, displaying a dissected nature. Regarding the antecedent topography, it was 

proved that the Süttő travertine complex formed on a wide gently sloping plain gradually evolving into 

a steeply dipping valley. 
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Combination of stratigraphic-sedimentological analyses with the mapping of the travertine deposit by 

geophysical surveys proved that the antecedent topography and the related buried tectonic structures 

have had a primary impact on the geometry of the travertine body. Therefore, application of this kind of 

multi–methodological approach in continental carbonate studies is strongly recommended.  

In case of the Süttő travertine complex, additional mapping is suggested outside the quarry system by 

application of radio magnetotellurics (RMT). This geophysical method provides information about the 

underlying lithologies near the surface (down to ca. 40-50 m) allowing fast mapping of the travertine 

body and its geometry as well as its spatial extent.  

8.2.4 The Süttő travertine complex as an indicator of neotectonic movements 

In the last 700 ky, deformation (the stress field) in the Pannonian Basin did not change significantly. 

Therefore, stress-field-based separation of the different fracture populations in case of only slight (or 

no) stress field changes is difficult due to the fact that, deformations are often manifested rather by 

reactivation of older fractures (Bada et al., 1996; Fodor and Lantos, 1998; Fodor et al., 2018).  

It is well-known that faults and related damage zones provide the most efficient pathways for fluid 

migration within the crust. This is often coupled with travertine formation where the faults intersect the 

surface. It implies that analysis of spring related travertine bodies provides information on tectonic 

activity at the time of travertine formation (Minissale, 2004; Uysal et al., 2009; Van Noten et al., 2013 

and 2018; Brogi and Capezzuoli, 2014; Brogi et al., 2017).  

Age dating of fracture-fills suggests that the formation of the Süttő travertine complex has taken place 

sometime during the Pleistocene. Consequently, the investigation of the Süttő travertine complex in the 

light of the local and regional tectonic framework provides information about the neotectonic 

movements in the Gerecse Hills.  

Based on structural geological observations, two fracture populations – a NW–SE trending normal fault 

related population and another, NE–SW trending fracture population – can be observed in the Süttő 

travertine complex. The fault populations reported from the wider area of the Gerecse Hills are in line 

with the set of faults recognized in the study area, however, they seem to have different ages. In fact, as 

documented by age datings deposition of the Süttő travertine complex has started with the formation of 

the Cukor fissure ridge. It implies that the NW–SE trending fault system must have been active, at least 

in the study area, already during the Middle Pleistocene i.e. already before providing pathways for the 

travertine precipitating fluids. Field observations revealed that the NE–SW trending fractures post-dated 

the formation of the Cukor fissure ridge suggesting reactivation of this late fault population and post-

dating the one of NW–SE orientation. Travertine precipitation cannot be ascribed to the NE–SW 

trending fractures in case of the Cukor fissure ridge. Török et al. (2017), however, described a  
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NNE–SSW trending fault system from the neighbouring Gazda quarry strictly controlling the travertine 

deposition. It suggests that the regionally observed NE–SW trending fault system was reactivated after 

the NW–SE trending normal faults, and these fractures also acted as pathways for travertine precipitating 

fluid(s) outside the Cukor fissure ridge.  

The Gerecse Hills, however, having been subject to continuous uplift, induced (and apparently still 

induces) 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 supports a very high rate of 

displacement. Since sudden events such as major earthquakes – which can create such high rate of 

displacement – are very unlikely in the Pannonian Basin consequently, partially atectonic component 

should also be taken into consideration.  

8.2.5 Geochemical characteristics of the parent fluid(s) and the effect of spring proximity  

Geochemical analysis of the Süttő travertines revealed that the travertine precipitating fluid(s) likely 

interacted with Triassic and Eocene carbonates as well as with Oligocene siliciclastic sequences. This 

interaction resulted in significantly higher Sr isotopic signals than that of Late Triassic marine 

carbonates building up the dominant part of the Transdanubian Range. Stable and clumped isotope 

measurements suggest that precipitation temperatures varied around 25°C at the orifice of the springs, 

whereas the most distal parts of the lake system were characterized by much lower temperatures (ca. 

12°C). 

Geochemical analysis showed that the elemental composition of the precipitated carbonate depends 

rather on the location of the precipitation 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). However, the depositional environment still has a 

significant influence on the spatial distribution of the elements and their concentrations (i.e. subaerial 

depositional environments favour the accumulation of detrital non-carbonate grains, whereas 

subaqueous environments homogenize the spatial distribution of the elements via local water 

circulation). 

Sampling for geochemical analysis was carried out along a grid with an average distance of 3 m between 

the samples. The nearly equal distribution of the data points, therefore, provides further possibilities for 

modelling of the geochemical variation in three dimensions hereby verifying the supposed location of 

the spring(s) and the changes in the geochemical characteristics in function of the distance from 

spring(s).  
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8.2.6 Süttő in the light of terrace stratigraphy 

The travertine bodies occurring along the fluvial terraces and tributaries of the Danube possess a key 

role in the correlation of the terrace levels and in estimating the incision of the river as well as the uplift 

rate of the Transdanubian Range (e.g. Ruszkiczay-Rüdiger et al., 2005). The Süttő travertine complex 

has been formed on the tVII terrace level of the Danube (Pécsi, 1959). Due to this, accurate dating of 

this formation would provide crucial information about the timing of terrace formation along the river. 

The age of the Süttő travertine complex has been estimated by several dating methods resulting in 

several independent age ranges. New age data provided by U-Th dating have been compared with 

previous dating results in order to understand the temporal depositional evolution of the travertine 

system. Due to the contradictory age results, the relevance of age dating of travertine deposits in the 

context of terrace stratigraphy is questionable.  

New age data from the Süttő travertine area are in line with published data (Kele, 2009; Sierralta et al., 

2010), however, they give inconsistent age relationships when compared with the stratigraphic position 

of the samples. It is suggested 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. Based on 

the presented data of this study, together with data from the literature, the formation of the Süttő 

travertine must have taken place from 2.5 Ma BP. until max 120 ka BP ago. 

Comparing U/Th age data of travertines with other independent age dating methods, a serious 

contradiction can be observed: several orders of magnitude differences show up between the ages 

calculated on the basis of the different data sets. . However, the decreasing discrepancy between the age 

data towards younger terrace horizons (e.g. Kele et al., 2008; Ruszkiczay-Rüdiger et al., 2018) indicates 

that younger travertine bodies were apparently less affected by U-Th resetting by post-depositional 

processes, i.e. dissolution and recrystallization. 

In conclusion, it is best to evaluate the dating results in as many independent ways as possible. 

Combination of datings based on other methods such as age data of the enclosing lithologies and 

biostratigraphy can provide a reliable data set for an age estimation of the travertine body.  

8.2.7 Stratigraphic forward modelling of continental carbonate systems 

In case of continental carbonates, formation of travertine bodies takes place at surface conditions, 

therefore the antecedent topography has a crucial impact on the primary depositional environments and 

thus on the evolution of lithofacies. Although, on the basis of the spatial distribution of each lithofacies 

within the travertine body, morphology of the ancient topography and the location of the spring(s) can 

be roughly evaluated (e.g. Török et al., 2017), due to the self-building nature of the travertine system, it 

can be erroneous.  
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The Süttő travertine body is exposed in several outcrops providing the opportunity for direct 3D 

observation of the geobody architecture. The acquired geophysical data, however, pointed out the 

necessity of adding sub-surface information in order to better understand the primary conditions of 

travertine formation. 

Stratigraphic forward modelling is a commonly used method to test different geological scenarios 

throughout simulations. However, application of commercial software packages for the modelling of 

continental carbonates is limited and not appropriate. As one of the first attempts on a real continental 

carbonate system, three-dimensional stratigraphic forward modelling was carried out by using Sedlake 

software developed by TOTAL. Three topographic scenarios were tested in order to verify the primary 

conditions of the travertine formation.  

The stratigraphic forward modelling suggests that travertine formation began along an abandoned 

tributary of the Danube. The simulations pointed out the necessity of the formation of a barrage between 

the northern sub-horizontal plains and the southern steeply sloping valley in order to keep the shallow 

lacustrine conditions for sufficiently long time both on the northern and southern regions. Moreover, an 

additional spring can be supposed in the area of the Bego quarry on the basis of the modelling, however, 

presence of this source could not be proved by field observations. 

The presented forward modelling is rather focusing on the effect of the initial topography on travertine 

formation, however, several other sedimentological hypotheses can be tested by using this software. 

Considering the initial surface conditions as a constant parameter, additional simulations can be carried 

out in order to test other influencing factors on travertine formation such as production rate as a function 

of the water depth and distance from springs.  

Although, there are some software limitations prohibiting simulation of certain phenomena which are 

commonly observed in continental carbonate systems, thanks to the continuous development by 

TOTAL, new solutions and possibilities are available in the software day by day. The pilot study on the 

Süttő travertine complex proves that there is a significant potential in the newly developed Sedlake 

software for stratigraphic forward modelling of real travertine systems. 

8.3 Süttő as a potential analogue for the Pre-Salt reservoirs 

The enigmatic pre-salt carbonate reservoirs offshore Brazil have been discovered at the beginning of the 

2000’s (Thompson et al., 2011). These reservoirs are situated at a depth of about 7 km, below a 2 km of 

thick salt succession and they host probably the most important recent oil discovery (Beltrao et al., 

2009). Pre-salt reservoirs possess a multitude of facies including alluvial fan deltas, lacustrine 

carbonates and microbial build-ups mixed with variable amount of volcanoclastic sediments, resulting 

in a high heterogeneity both in vertical and horizontal sense (Beltrao et al., 2009; Thompson et al., 
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2015). Reservoir properties of certain formations – such as lacustrine and microbial carbonates – in pre-

salt are poorly known requiring additional studies in order to fill the knowledge gap. However, direct 

investigation of the pre-salt reservoirs is difficult due to confidentiality reasons and their ultra-deep 

position making direct operations expensive. Consequently, reservoir analogue studies are suggested.  

Wright (2012) proposed a lacustrine carbonate facies model in rift settings suited for the pre-salt 

carbonate reservoirs. He reported that “lacustrine microbialites can develop in shallow lakes as 

concentrations of microbialite mounds covering many hundreds of square kilometres… in many rift 

settings vent-related thermal and non-thermal carbonates (travertines and tufas) are a major 

component.” Based on the observations of Dias (2005) and Terra et al. (2010) in the pre-salt sequences 

of the Santos and Campos Basins (offshore Brazil), Wright (2012) proposes that “the issue of travertine, 

tufa and lacustrine microbialite is one worth considering, because if the textural analogy with travertine 

is appropriate there are serious implications for understanding reservoir size in such basins as most 

travertines are relatively small in extent, and facies continuity will be impaired if carbonate units relate 

to local vent sources, whether isolated or linear”.  

A joined industry project (JIP) was funded by PETROBRAS, TOTAL and SHELL (previously BG 

Group) in order to investigate continental carbonates and their reservoir properties. The main goals of 

the project were to gather quantitative information about these formations regarding their geodynamic 

context, geobody architecture and the controlling factors on sub-seismic scale. Smaller scale structural 

and reservoir characterization was also an aim of the project, since several studies (e.g. Thompson et al., 

2011) reported that pre-salt reservoirs have significant amount of reserves trapped in the heterogeneous 

carbonate layers.  

Three potential reservoir analogues were selected in the frame of this JIP reflecting subaqueous 

lacustrine depositional settings in order to cover a variety of lacustrine carbonate settings that potentially 

occur in the pre-salt reservoirs (Fig. 8-1). The Ballik travertine area (Denizli Basin, Turkey) represents 

kilometre size domal build-ups in relation to extensional basin and related fractures (e.g. Van Noten et 

al., 2014; Claes et al., 2015; Soete, 2016). The Tivoli area (Italy) displays travertine bodies deposited in 

a waterlogged wetland providing conditions for formation of different kinds of shrubs (e.g. Erthal et al., 

2017; Claes et al., 2017b). The Süttő travertine complex represents an extensive lacustrine carbonate 

body with high degree of diagenetic overprint (Török et al., 2017; this study). 

8.3.1 Depositional system of the Pre-Salt reservoirs 

In order to evaluate the Süttő travertine complex as a potential analogue for the pre-salt reservoirs, a 

brief overview is provided below about the pre-salt reservoirs regarding their depositional system. 
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Figure 8-1. (A) Schematic cross-section of a generalized imaginary travertine depositional system showing the 

location of the three occurrences selected in the JIP as key reservoir analogues for the lacustrine carbonate 

sequences of pre-salt reservoirs. (B) Schematic 3D reconstruction of the palaeoenvironment of the Kwanza Basin 

during the Aptian lift (Virgone et al., 2014 in Teboul et al., 2017) with indication of the cross-section in figure 8-

1A. 

Continuous rifting promoted the establishment of an extensive half graben system with active 

volcanism, where a series of periodically isolated lakes formed. In proximity to the continental margin, 

accumulation of siliciclastic deposits – eroded from the rift shoulders – took place representing the syn-

rift strata, while ‘clastic-starved environments’ established in the distal lakes resulting in the 

development of microbial carbonate platforms in the Lower Aptian (Gomes et al., 2009). During the 

post-rift phase, due to tectono-eustatic fluctuations as a result of the large-scale rifting, the platforms 

occasionally were affected by karstifaction as a result of uplift and subaerial exposure enhancing the 

reservoir quality (Gomes et al., 2009; Thompson et al., 2015). Saller et al. (2016) reported similar origin 

of the porosity in the pre-salt section in the Kwanza Basin (Angola). The upper part of the sedimentary 

fill of the post-rift phase is characterized by a thick (~2 km) succession of evaporites formed as a result 

of repeated cycles of marine submergence and subsequent desiccation (Mohriak et al., 2008). This thick 

salt succession acts as a boundary and seal between the lacustrine reservoirs and the marine, drift phase 

sediments (Mohriak et al., 2008; Thompson et al., 2015). 
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Due to the high complexity of the pre-salt formations, reservoir presence and deliverability still 

remained as a poorly quantified risk element (Gomes et al., 2009). Geological history of the graben 

system along the Brazilian and African margins are significantly similar, however, the asymmetry of 

the rifting resulted in different subsidence histories and therefore sedimentation, maturation and 

compaction histories, as well (Thompson and Oftebro, 2011).  

8.3.2 Comparison of the Süttő travertine area with the Pre-Salt reservoirs 

Based on the available information about the pre-salt reservoirs, it is obvious that only one reservoir 

analogue cannot describe entirely the complexity of the pre-salt formations. However, well-defined 

research questions can be answered by investigating reservoir analogues. Although the JIP could not 

provide opportunity for investigation of the pre-salt carbonates (due to confidential reasons), the yearly 

meetings with the representatives of the oil companies created an exceptional possibility for discussion 

about the current problematics of the exploration and exploitation of these reservoirs.  

The geodynamic setting of the South Atlantic in Cretaceous times and the Pannonian Basin by the time 

of travertine formation near Süttő are significantly different, however, remarkable similarities can be 

observed on the smaller scale. The Süttő travertine complex was formed on the northern slope of the 

Gerecse Hills as a consequence of the structural inversion of the Pannonian Basin resulting in the uplift 

of the Transdanubian Range. In general, the stress field in the area and at the time of travertine formation 

was compressional, however, locally extension was also possible providing channelways for the 

travertine precipitating fluid(s) to rise. The studied travertine body formed in an extensive lacustrine 

depositional environment fed by subaqueous and subaerial springs. In the proximity of the latter – 

similarly to the pre-salt reservoirs – aggrading mound structures developed by biologically mediated 

carbonate formation. This lacustrine environment was also characterized by fluctuating water level 

resulting in karstification and subaerial exposure surfaces, just like in case of the pre-salt reservoirs (Fig. 

8-2). Additionally, high intensity of diagenetic overprint was observed in case of the Süttő travertines, 

which was also reported from the pre-salt sequences (e.g. Saller et al., 2016). However, in case of the 

latter, determination of the paragenetic order is challenging due to the highly complex diagenetic history. 

Microscopic investigation of the Süttő travertine area provides a detailed database about syn- and early 

diagenetic features of lacustrine carbonates hereby helping to deduce the early diagenetic processes in 

pre-salt reservoirs. 

As a future step, direct comparison of travertine systems with pre-salt reservoirs is suggested. In case of 

further investigation of reservoir analogues, study of mixed sedimentation of lacustrine carbonate 

deposits and volcanogenic sediments (both mechanical and chemical) in proximity of volcanoes is 

recommended in order to better understand chemistry of the carbonate formation and silicification in 

alkaline lakes which is supposed in case of the pre-salt reservoirs.  
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Figure 8-2. Textural similarities between the Süttő travertine body and pre-salt carbonates. Subaerial exposure 

surface in Süttő (A) and in pre-salt (B). Karstic pores and subsequent cementation in Süttő (C) and in pre-salt (D). 
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APPENDICES 

 

ANNEX 1: SEDIMENTOLOGY AND EARLY DIAGENETIC PROCESSES IN 

THE SÜTTŐ TRAVERTINE COMPLEX 

Annex 1-1. Description of the quarries in the Süttő travertine area 

Along the Danube valley there are several ancient and recent travertine outcrops such as the Süttő 

travertine complex in the Gerecse Hills (Hungary). They formed at the level of the Danube and its 

tributaries, i.e. the local base level of erosion (Scheuer and Schweitzer, 1988; Ruszkiczay-Rüdiger et 

al., 2005), but now occur well above the actual valley bottom. The Süttő travertine complex is presently 

situated at an elevation of 100-120 m above the level of the river Danube, on top of the Haraszt Hill 

where carbonate deposited on top of Late Miocene (Pannonian) to Pliocene gravel, sand and clay 

deposits. The travertine body is exposed by three active (Újharaszt -, Gazda and Bego quarries) and 

several inactive quarries (Diósvölgy -, Hegyhát -, Cukor and Óharaszt quarries) (Fig. A1-1). Active 

excavation of the travertine body provides opportunity for observation of the geobody architecture in 

three dimensions. The following chapter is dedicated to the description of the individual quarries helping 

navigation within the Süttő travertine complex. 

 

Figure A1-1. Satellite image of the Süttő travertine complex in the Gerecse Hills (Hungary) (modified after Google 

Earth). 
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With exception of the Bego quarry, the quarries are owned by the Reneszánsz Ltd. actively excavating 

the area since 1948. Recently active quarries are the Újharaszt and the Gazda quarries. Most of the other 

abandoned quarries are used as waste pits resulting in entire upfilling of them. Due to this the lower 

levels of the Hegyhát and the Diósvölgy quarries is not accessible any more.  

The Újharaszt quarry is the most northern quarry of the Süttő travertine complex situated on the northern 

slope of the Haraszt Hill at an altitude of 240-248 m (a.s.l.). It occupies an area of about 85.850 m2 (Fig. 

A1-1, 2). Due to active excavation four levels have been developed. Each of the levels is 4-7 m high. 

The south-eastern side of the quarry is highly fractured and the blocks are tilted. The fractures are often 

filled with loess, in some cases late calcite infilling can also be observed before the loess filling.  

 

Figure A1-2. Overview photo of the Újharaszt quarry. 

The Gazda quarry forms the southernmost outcrop of the Süttő travertine deposit situated on the south-

western slope of the Haraszt Hill at an altitude of 230-250 m (a.s.l.) (Fig. A1-1, 3). The quarry is 

approximately 300 m long, and it occupies an area of about 58000 m2. Up to now, active quarrying 

resulted in five excavation levels, each ca. 5-7 m high. The travertine body in the quarry is fractured, 

the orientation of the fractures is NE-SW approximately, often filled by calcite and loess.  

 

Figure A1-3. Overview photo of the Gazda quarry. 

The Bego quarry represents the most eastern outcrop of the Süttő travertine complex owned by Süttői 

Travertin Ltd. The excavation has been started in 2000. In the course of this, two smaller (each of the 
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walls is ca. 2.5 m high) and one higher (ca. 7 m high) excavation level was established. The upper part 

of the outcrop is composed of highly fractured and weakly cemented travertine in 6-8 m in thickness. 

The quarry is ca. 230 m wide and 190 m long and occupies an area of about 49.198 m2 (Fig. A1-1, 4). 

 

Figure A1-4. Overview photo of the Bego quarry. 

The Cukor quarry is the smallest and the most unique abandoned quarry situated on the southern slope 

of the Haraszt Hill, to the south of the Gazda quarry ca. 300 m in distance (Fig. A1-1). The quarry is 

130 m long and ca. 100 m wide occupying 8400 m2. Due to the former excavation three quarry levels 

have been developed, however, the lowest level has been entirely upfilled with travertine blocks (Fig. 

A1-5). Height of each level ranges between 2 and 4 m.  

 

Figure A1-5. Topographic map of the Cukor quarry. Black line indicates the excavation levels. Coordinates are 

given in EOV (m).  
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Annex 1-2. Description of Borehole A and B  

Two shallow boreholes (borehole A and B) were drilled between the outcrops of the Süttő travertine 

complex (1) to prove the travertine connection between the individual outcrops, (2) to gain more 

information about the non-exposed travertine body and (3) to evaluate the lithofacies distribution along 

a lithological log and to correlate borehole information with the observations in the surrounding outcrops 

as well as (4) to correlate the geophysical data set (predominantly the geoelectric profiles) with borehole 

information. The location of the boreholes is shown in Figure A1-6. Lithologs, prepared based on 

macroscopic observations of the cores, are presented below (Fig. A1-9). Detailed investigation of the 

cores was subject of Master Thesis of Mónika Tóth (Tóth, 2018).  

 

Figure A1-6. Map of the Süttő travertine complex with indication of the old boreholes from 1971 and the new 

boreholes in the frame of TraRAS project (modified after Google Earth). 
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Field-log of Borehole A (Fig. A1-7;9) 

Depth (m) Lithology 

Core 

recovery 

(%) 

Remarks 

0.0 – 10.5 
loess (with recent soil on top 

(Pleistocene) 
- No coring 

10.5 – 11.0 travertine 100 50 cm piece of core 

11.0 – 14.0 travertine 26 

70 cm intact core, the rest is 

5-10 cm ø fragments 

(probably fractured), loessy 

matrix flushed away 

14.0 – 14.8 

clayey sand and silt, yellowish-

brown, mixed with fine (≤ 1 mm) 

travertine fragments 14,6-14,8 

contact with travertine along sub-

vertical plane 

85 fracture-fill! 

14.8 – 15.4 

travertine fragments (10-30 cm ø) 

some of them with subvertical (~75o) 

fracture-planes, with brown stain 

and uneven surface (no slip-

scratches!) 

60 
probably related to tension-

cracks 

15.4 – 16.9 

travertine fragments (5 to 15 cm ø), 

parting along ~35o bedding planes 

obvious 

40 fractured rock 

16.9 – 17.9 

travertine fragments, 10 to 40 cm 

long, phytoclastic, with remarkable 

macro-porosity (open vugs of ≤ 8 

mm) crossed by a set of near-vertical 

(85o) symmetric fracture-planes 

(plane surfaces stained brownish)  

90 fractured rock 

17.9 – 18.6 

travertine, fragments 1 to 10 cm ø, 

with brownish sandy clay matrix in-

between the clasts  

85 fracture-fill (unconsolidated) 

18.6 – 19.9 

travertine (10-40 cm long pieces) 

smaller fragments heavily worn by 

the abrasive effect of the diamond bit 

at 18,6 and 19,40 steep fracture 

planes cut across the 10 to 15 cm 

long core-pieces 

85 

fracture and fracture fill, 

fragments stuck in the bit, 

matrix flushed away  

20.0 – 21.0 

travertine, with bed-parallel joint 

(one of them is near-horizontal, 

marked by black Mn-oxide and 

whitish calcite precipitate, the other 

two are inclined at about 35o). 

Antithetic to the steep fracture plane 

described from between 19,9-20,0 

m. The fracture-surface is covered 

by 1 to 2 mm of a dark red-russet 

limonitic and a white calcitic crust  

90 

travertine with inclined 

bedding, cross-cut by steep 

fractures 

21.0 – 21.6 

travertine and unconsolidated 1 to 10 

cm ø angular fragments of travertine. 

The contact between travertine and 

the fracture filling sand is a ≥70o 

fracture-plane. 

85 
fractured travertine, mixed 

with sandy  
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21.6 – 22.7 

travertine (fragmented, 2-10 cm ø) 

and yellow sandy clay mixed with 

small (mm-size travertine clasts). At 

the bottom, the contact between 

travertine and sandy clay along a 

steep fracture-plane is clearly 

visible. 

70 

fracture & fracture-fill, the 

fracture-filling sand partly 

flushed away 

22.7 – 24.2 

travertine (fractured, 10 to 50 cm 

long pieces of core) 22,7-23,3 m: 

steep (~75o ) joint-plane, joint is 

wider than the core, sand-filled, at 

23,5 m: steep fracture, partly filled 

by 1 to 2 mm thick, black Mn-oxide 

and crystalline calcite at 23,7 and at 

23,9: near-horizontal bed-parallel, 

open joints. The rock is fractured. 

90 fractured travertine 

24.2 – 25.7 

travertine (fragments, 8 to 40 cm 

long pieces of broken core, with sub-

horizontal, bed-parallel partings 

cross-cut by several steep ~(80o and 

70 to 75o) fractures 

95 fractured travertine 

25.7 – 26.4 

cavity, formed along a steep fracture 

(larger than the core), filled by 

yellowish-brown clay mixed with 

sand and small travertine fragments 

100 Cavity fill 

26.4 – 28.5 

travertine, with few slightly 

inclinedsteep (~60o) open fractures. 

Fracture surfaces stained brownish-

yellow, with remnants of clayey-

sandy fracture fill at 27,6 m with 

Gastropod-mould (pulmonate) 

95 fractured travertine 

28.5- 32.2 

travertine, fragmented (5 to 40 cm 

long pieces of core), fragmentation 

partly along joints/fractures, partly 

due to drilling technology 

75 fragmented travertine 

32.2 – 32.5 

travertine, phytohermal (with 

remnants/moulds of higher plants in 

„life position”) 

90 travertine (phytohermal) 

32.5 – 33.0 

clayey-sandy fracture-fill with small 

travertine fragments, along a steep 

sub-vertical fracture 

85 fracture-fill (clayey-sandy) 

33.0 – 33.5 
travertine, fragmented (broken 

pieces of 2 to 8 cm ø) 
85 fragmented travertine 

33.5 – 35.0 

travertine (10 to 50 cm long 

complete pieces of core, inclined 

bedding, high porosity (cm-size 

phyto-moulds, small cavities) 

95 travertine (inclined!) 

35.0 – 38.1 

fragmented travertine (3 to 10 cm-

size pieces, heavily worn by the 

drill-bit), mixed with remnants of 

yellow clay  

25 

transition between the 

underlying clay (the latter 

mainly flushed away) 
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38.1 – 41.1 

few 6 to 10 cm travertine fragments 

stuck in the drill-bit, after two times 

1,5 m of drilling the core barrel was 

withdrawn empty. The second time, 

from the bottom, 20 cm of high-

plasticity, yellow clay was recovered 

<10 

bedrock: high-plasticity 

yellow clay (probably 

Pleistocene) 

 

Figure A1-7. Macrophotograph of the core material Borehole A with indications of depth (depth is indicated on 

the left lower corner of each boxes).  
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Technical difficulties during the execution of drilling in case of Borehole A 

The heavily fractured nature of the rock and the near-vertical orientation of the many open fractures did 

not permit to retrieve long pieces of full cores. Drilling was undertaken with the wireline technology 

using a 150 cm long triple core-barrel. Flushing was difficult and required large amounts of extra water 

(and drilling mud) input right from the beginning on. (The flushing medium could not be recirculated 

because of the high primary and secondary porosity of the rocks.) Casing right to the bottom of the hole 

would not have been a solution, because fluid loss at the contact of the individual casing sections (of 

different diameter) could not be avoided without cementation (and cementation was impossible because 

of the continuous fluid loss). 

The loss of core material at the interface between travertine and the underlying clay was the result of 

some travertine fragments getting stuck into the diamond-bit thus making impossible the penetration of 

clay into the interior of the barrel while it was forced downward. Intense flushing washed away most of 

the clay so between 38.1 and 41.1 m, twice the barrel was withdrawn empty with only the travertine 

fragments blocking the entrance from the bit towards the barrel. Finally, as the last trial, 20 cm of the 

clay could all the same be recovered, proving that we have reached the bedrock. 

 

Field-log of Borehole B (Fig. A1-8;9) 

Depth (m) Lithology 

Core 

recovery 

(%) 

Remarks 

0.0 – 10.6 loess (with recent soil on top (Pleistocene) - no coring 

11.1-13.1 

travertine with gastropod shells. At 11.4 m: black, 

0.5cm sized, rounded pebbles. At 11.8 m: brown 

“brake-up” pieces. At 12 m: vertical, higher 

porosity patches, narrowing downward (perhaps 

rhizoliths). At 12.8 m: reworked, rounded black 

pebbles 

91 intact core 

13.1-13.3 travertine: flat laminated facies 100 
layer parallel pore-

network 

13.3-13.9 

travertine with “u” shaped pores indicating 

previous degassing. At the bottom of the section 

there is a high porosity layer under a phytoclastic 

horizon  

100 intact core 

13.9-16.4 
travertine fragments with white patches, and black 

mottling  
28 

2 types of fracture 

surface: (1) vertical 

fractures and (2) 

horizontal fractures 

with some 

dissolution 

18-19 travertine fragments in dm size  80 fractured rock 
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19-19.4 

massive lithofacies with high porosity, gastropod 

shells and rhizoliths. The pores are mm sized and 

round shaped.  

100  

19.4-19.7 travertine with low porosity  100 
Porosity of the rock 

increases downward 

19.7-20.4 

travertine: the top of the section is a transition 

zone, where the massive lithofacies passes 

continuously into the fragile, highly porous “sandy 

travertine”.  

100 
Porosity of the rock 

decreases downward 

20.4-21.2 massive facies 90 intact core 

20.4-21.2 travertine with low porosity 100   

21.2-21.6 fragile “sandy” travertine 100 intact travertine 

21.6-22.1 
transition zone between “sandy travertine” and 

massive lithofacies. 
90 fractured travertine 

22.1-23.5 

travertine: top of the section is transition zone 

followed downward by the “sandy” travertine: the 

porosity is very high.  

40 

sometime the half 

part of the core pieces 

missed because of the 

highly fragile nature 

of the formation 

23.5-25.1 “sandy travertine” 85  

25.1-27.4 

travertine: transition zone between “sandy” 

travertine and the massive lithofacies. At the top of 

the section the porosity is very high: this is rather 

the “sandy” travertine. From 27 m to 27,4 m: 

transition into massive facies. 

100 highly porous zone 

27.4-29.2 

massive lithofacies with gastropod shells. At 28,5 

m there is a horizontal fracture filled with clayey 

material. There are also fractured massive 

lithofacies clasts. At 29 m there are vertical, 2-5cm 

long pores which may indicate degassing. 

100 fragmented travertine 

29.2-29.9 travertine 100 travertine (massive) 

29.9-30.1 
fractured massive lithofacies pieces floating in 

clayey - siliciclastic material 
100 Fractured travertine 

30.1-31.0 massive lithofacies 100  

31-31.6 fractured massive lithofacies with gastropods  95 
fractures are filled 

with loess 

31.6-32.1 massive lithofacies 100  

32.1-33.1 

massive lithofacies with gastropod shells. Porosity 

increasing downward. At the bottom there is a 

sharp line under which porosity becomes really 

low 

100  

33.1-34.1 

massive lithofacies: porosity is increasing 

downward. At the bottom there is a sharp line 

under which porosity significantly decreased. 

100 
intact massive 

lithofacies 

34.1-35.6 massive lithofacies 100 intact travertine  

35.6-36.8 

massive lithofacies fragments floating in 

siliciclastic material. We can also see manganese 

dendrite. 

65 

Some manganese 

dendrites were 

observed 

36.8-37.7 
massive lithofacies with porosity decrease 

downward 
100  
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37.7-38.7 fractured travertine  60 
fractures are filled 

with loess 

38.7-41.0 
gradual transition between low porous massive 

lithofacies and the underlying clay 
100 

bedrock: highly-

plasticity yellow clay 

(probably 

Pleistocene) 

 

Figure 1-2.3. Macrophotograph of the core material Borehole B with indications of depth (depth is indicated on 

the left lower corner of each boxes).  
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Summary  

Borehole A and B confirmed the prediction based on the geophysical profiling, namely, that the 

seemingly isolated patches of travertine outcrops are interconnected (see Chapter 2). The geometry of 

the interconnecting travertine body apparently fits with the geometry shown by the geoelectric profiles. 

The underlying formation proved to be a high-plasticity clay.  

The travertine in case of Borehole A is heavily fractured/faulted. Apart from a few thin calcite-filled 

fissures, the fractures are open and filled with unconsolidated argillaceous sandy sediments, perhaps 

including also some loess-derived material. They may belong to the latest (Pleistocene to Holocene) set 

of post-sedimentary, tensional fractures known also from the quarries being related to the syn-

sedimentary SW-NE trending fault system supposed to cut across the area from the SW boundary of 

Gazda-quarry towards the southern tip of Újharaszt quarry (see Chapter 3). The recovered core material 

- though by far not continuous – seemed to be sufficient for the planned porosity measurements and also 

for a detailed lithofacies-log, based on thin section 

micropetrography.  

Borehole-B penetrated two main lithofacies and an 

alteration of them: the flat laminated and the massive 

lithofacies (Fig. A1-9). Non-cohesive facies was 

also drilled representing alteration of the massive 

facies by dissolution. The location of this borehole 

falls out of the area of the SW-NE trending fault 

system therefore significant water and drilling mud 

loss was not reported (see Chapter 3). The core 

recovery of Borehole B reached an average of 80%. 

Fractured core sections were subordinated. 
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Figure A1-9. Litholog of Borehole A and B, prepared 

based on macroscopic observations. Location of the 

boreholes are indicated on Figure 1-2.1. 
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ANNEX 2: GEOCHEMICAL CHARACTERIZATION OF THE SÜTTŐ TRAVERTINE AREA AND ITS DEPOSITIONAL 

ENVIRONMENTS  

Annex 4-2. Stable isotope data set of the Süttő travertine complex (Hungary) 

Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

BE15AT006m Bego flat lam. -3,28 -10,04 17,4 31,3 25,6 -14,43 

BE15AT015 Bego flat lam. -1,69 -10,13 17,8 31,7 26,0 -12,52 

BE15AT031 Bego flat lam. -1,74 -9,61 15,3 29,3 23,4 -12,59 

BE15AT034 Bego flat lam. -3,42 -9,62 15,4 29,3 23,4 -14,61 

BE15AT001 Bego massive -0,95 -9,47 14,7 28,7 22,7 -11,64 

BE15AT002 Bego massive -0,25 -10,11 17,7 31,6 26,0 -10,80 

BE15AT003c Bego massive 0,20 -10,24 18,3 32,2 26,6 -10,26 

BE15AT003m Bego massive -0,69 -10,01 17,2 31,1 25,4 -11,33 

BE15AT007c Bego massive -1,36 -10,51 19,6 33,5 28,0 -12,14 

BE15AT008 Bego massive -3,27 -10,00 17,2 31,1 25,4 -14,43 

BE15AT022 Bego massive -2,72 -10,03 17,3 31,2 25,5 -13,76 

BE15AT026 Bego massive -2,28 -10,32 18,7 32,6 27,0 -13,23 

BE15AT027 Bego massive -3,66 -10,68 20,4 34,3 29,0 -14,90 

BE15AT028 Bego massive -4,56 -10,51 19,6 33,5 28,0 -15,98 

BE15AT029 Bego massive -2,23 -9,99 17,1 31,1 25,3 -13,17 

BE15AT030 Bego massive -1,95 -10,50 19,5 33,5 28,0 -12,84 

BE15AT032 Bego massive -0,49 -10,20 18,1 32,0 26,4 -11,08 

BE15AT035 Bego massive -2,62 -10,90 21,5 35,3 30,1 -13,64 

BE15AT017 Bego waterfall -5,89 -10,50 19,6 33,5 28,0 -17,57 

BE15AT018 Bego waterfall -5,62 -10,51 19,6 33,5 28,0 -17,24 

BE15AT019 Bego waterfall -3,00 -9,89 16,7 30,6 24,8 -14,10 

BE15AT006 Bego waterfall -3,28 -10,04 17,4 31,3 25,6 -14,43 

BE15AT006 Bego waterfall -3,28 -10,04 17,4 31,3 25,6 -14,43 

BE15AT007 Bego waterfall -1,36 -10,51 19,6 33,5 28,0 -12,14 

BE15AT008 Bego waterfall -3,27 -10,00 17,2 31,1 25,4 -14,43 

BE15AT015 Bego waterfall -1,69 -10,13 17,8 31,7 26,0 -12,52 
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Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

BE15AT017 Bego waterfall -5,89 -10,50 19,6 33,5 28,0 -17,57 

BE15AT018 Bego waterfall -5,62 -10,51 19,6 33,5 28,0 -17,24 

BA16MT140 Borehole A flat lam. -0,18 -10,49 19,5 33,4 27,9 -10,71 

BA16MT112 Borehole A massive -0,70 -10,62 20,1 34,0 28,6 -11,34 

BA16MT113 Borehole A massive -0,47 -10,47 19,4 33,3 27,8 -11,06 

BA16MT114 Borehole A massive -1,26 -10,25 18,4 32,3 26,7 -12,02 

BA16MT115 Borehole A massive -0,77 -10,58 19,9 33,8 28,4 -11,42 

BA16MT116 Borehole A massive -3,79 -10,47 19,4 33,3 27,8 -15,05 

BA16MT117 Borehole A massive -0,55 -11,90 26,4 40,2 35,5 -11,16 

BA16MT119 Borehole A massive -0,25 -11,68 25,3 39,2 34,3 -10,80 

BA16MT120 Borehole A massive -1,66 -11,83 26,1 39,9 35,2 -12,49 

BA16MT121 Borehole A massive 0,09 -10,89 21,4 35,3 30,1 -10,39 

BA16MT122A Borehole A massive 0,02 -10,83 21,1 35,0 29,7 -10,48 

BA16MT122B Borehole A massive 0,08 -10,60 20,0 33,9 28,5 -10,41 

BA16MT123 Borehole A massive 0,02 -10,60 20,0 33,9 28,5 -10,48 

BA16MT124 Borehole A massive 0,14 -10,28 18,5 32,4 26,8 -10,34 

BA16MT125 Borehole A massive -0,23 -10,65 20,3 34,2 28,8 -10,78 

BA16MT126 Borehole A massive -0,43 -9,90 16,7 30,7 24,9 -11,02 

BA16MT127 Borehole A massive -0,80 -9,99 17,1 31,1 25,3 -11,46 

BA16MT128 Borehole A massive -0,23 -10,66 20,3 34,2 28,8 -10,78 

BA16MT129 Borehole A massive -0,41 -10,57 19,9 33,8 28,4 -11,00 

BA16MT130 Borehole A massive -0,10 -10,91 21,5 35,4 30,1 -10,61 

BA16MT131 Borehole A massive 0,23 -11,07 22,3 36,2 31,0 -10,23 

BA16MT137 Borehole A massive -0,03 -10,56 19,8 33,7 28,3 -10,53 

BA16MT132 Borehole A massive 0,07 -10,52 19,6 33,6 28,1 -10,41 

BA16MT133 Borehole A massive -0,88 -11,29 23,4 37,3 32,2 -11,56 

BA16MT134 Borehole A massive -0,31 -11,06 22,2 36,1 30,9 -10,87 

BA16MT135 Borehole A massive -0,99 -11,37 23,8 37,6 32,7 -11,69 

BA16MT136 Borehole A massive -0,41 -11,16 22,8 36,6 31,5 -10,99 

BA16MT138 Borehole A phytohermal -2,17 -9,78 16,1 30,1 24,2 -13,11 

BA16MT139 Borehole A phytohermal -0,30 -10,68 20,4 34,3 28,9 -10,86 
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Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

BA16MT118 Borehole A phytohermal -1,20 -12,17 27,8 41,6 37,1 -11,94 

BB16MT203 Borehole B clay -2,00 -11,28 23,3 37,2 32,1 -12,90 

BB16MT204 Borehole B flat lam. -1,18 -11,17 22,8 36,6 31,5 -11,92 

BB16MT165 Borehole B massive -3,07 -10,65 20,2 34,1 28,8 -14,18 

BB16MT166 Borehole B massive -3,11 -10,36 18,9 32,8 27,3 -14,23 

BB16MT167 Borehole B massive -1,76 -10,68 20,4 34,3 28,9 -12,62 

BB16MT168 Borehole B massive -2,00 -10,57 19,9 33,8 28,4 -12,90 

BB16MT169 Borehole B massive -1,36 -10,90 21,5 35,3 30,1 -12,13 

BB16MT170 Borehole B massive -4,45 -10,89 21,4 35,3 30,1 -15,85 

BB16MT171 Borehole B massive -0,82 -11,24 23,1 37,0 31,9 -11,49 

BB16MT172 Borehole B massive -2,62 -11,31 23,5 37,3 32,3 -13,65 

BB16MT173 Borehole B massive -2,88 -11,44 24,1 38,0 33,0 -13,96 

BB16MT174 Borehole B massive -1,01 -10,99 21,9 35,8 30,6 -11,72 

BB16MT175 Borehole B massive -2,20 -11,17 22,8 36,7 31,6 -13,15 

BB16MT176 Borehole B massive -0,49 -11,19 22,9 36,8 31,7 -11,09 

BB16MT177 Borehole B massive -1,20 -11,39 23,9 37,7 32,7 -11,95 

BB16MT178 Borehole B massive -1,76 -11,41 24,0 37,8 32,9 -12,62 

BB16MT179 Borehole B massive -0,99 -11,37 23,8 37,6 32,6 -11,69 

BB16MT180 Borehole B massive -0,47 -11,30 23,4 37,3 32,3 -11,07 

BB16MT181 Borehole B massive -0,04 -11,36 23,7 37,6 32,6 -10,55 

BB16MT182 Borehole B massive -0,24 -11,23 23,1 36,9 31,9 -10,79 

BB16MT183 Borehole B massive 0,03 -10,75 20,7 34,6 29,3 -10,46 

BB16MT184 Borehole B massive -0,22 -11,23 23,1 36,9 31,9 -10,76 

BB16MT185 Borehole B massive 0,37 -11,18 22,8 36,7 31,6 -10,06 

BB16MT186 Borehole B massive 0,68 -11,07 22,3 36,2 31,0 -9,68 

BB16MT187 Borehole B massive 0,54 -11,48 24,3 38,2 33,2 -9,85 

BB16MT188 Borehole B massive -0,29 -11,55 24,6 38,5 33,6 -10,84 

BB16MT189 Borehole B massive -0,09 -11,37 23,8 37,6 32,7 -10,61 

BB16MT190 Borehole B massive -0,12 -11,68 25,3 39,2 34,4 -10,64 

BB16MT191 Borehole B massive 0,25 -11,45 24,2 38,0 33,1 -10,20 

BB16MT192A Borehole B massive 0,02 -11,39 23,9 37,7 32,8 -10,48 
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Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

BB16MT192B Borehole B massive -0,32 -11,66 25,2 39,0 34,2 -10,88 

BB16MT193 Borehole B massive 0,03 -11,25 23,2 37,0 32,0 -10,47 

BB16MT194 Borehole B massive -0,57 -11,37 23,8 37,6 32,6 -11,18 

BB16MT195 Borehole B massive 0,14 -11,53 24,6 38,4 33,5 -10,33 

BB16MT196 Borehole B massive -0,46 -11,37 23,8 37,6 32,6 -11,05 

BB16MT197 Borehole B massive 0,13 -11,24 23,1 37,0 31,9 -10,35 

BB16MT198 Borehole B massive -0,16 -11,60 24,9 38,8 33,9 -10,69 

BB16MT199 Borehole B massive -0,47 -11,48 24,3 38,2 33,3 -11,07 

BB16MT200 Borehole B massive -0,33 -11,68 25,3 39,1 34,3 -10,89 

BB16MT201 Borehole B massive 0,43 -10,81 21,0 34,9 29,6 -9,99 

BB16MT202 Borehole B massive -1,03 -12,27 28,3 42,1 37,6 -11,74 

CU15AT004 Cukor breccia -6,92 -9,93 16,8 30,8 25,0 -18,80 

CU15AT005 Cukor breccia -7,18 -10,19 18,1 32,0 26,4 -19,12 

CU15ATO18m Cukor crystalline -0,35 -13,47 34,6 48,2 44,5 -10,92 

CU15ATO18c Cukor crystalline -0,87 -13,23 33,3 47,0 43,1 -11,54 

CU15ATO19m Cukor crystalline -1,14 -13,25 33,4 47,1 43,2 -11,87 

CU15ATO19c Cukor crystalline -2,02 -13,09 32,5 46,2 42,3 -12,93 

CU15ATO20m Cukor crystalline -0,34 -13,54 34,9 48,6 44,9 -10,91 

CU15ATO20c Cukor crystalline -1,92 -12,96 31,9 45,6 41,5 -12,80 

CU15ATO21m Cukor crystalline 0,14 -13,70 35,8 49,4 45,9 -10,33 

CU15ATO21c Cukor crystalline -2,01 -12,77 30,9 44,6 40,5 -12,92 

CU15ATO22m Cukor crystalline -0,34 -13,53 34,9 48,5 44,9 -10,90 

CU15ATO22c Cukor crystalline -2,11 -12,43 29,1 42,9 38,5 -13,03 

CU15ATO23m Cukor crystalline -0,04 -13,50 34,7 48,4 44,7 -10,54 

CU15ATO24m Cukor crystalline -0,15 -13,62 35,3 49,0 45,4 -10,68 

CU15ATO25 Cukor crystalline -0,55 -13,44 34,4 48,0 44,3 -11,16 

CU15ATO26 Cukor crystalline -0,73 -13,28 33,5 47,2 43,4 -11,37 

CU15ATO27m Cukor crystalline -0,49 -13,38 34,1 47,7 44,0 -11,09 

CU15ATO27c Cukor crystalline -0,65 -13,49 34,7 48,3 44,7 -11,27 

CU15ATO28 Cukor crystalline -0,89 -13,24 33,4 47,0 43,2 -11,57 

CU15AT001 Cukor crystalline -1,13 -11,97 26,8 40,6 36,0 -11,86 
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Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

CU15AT002 Cukor crystalline -0,95 -11,44 24,1 38,0 33,0 -11,64 

CU15AT003 Cukor crystalline -0,74 -11,48 24,3 38,2 33,2 -11,39 

CU15AT006c Cukor crystalline -0,93 -12,33 28,6 42,4 38,0 -11,62 

CU15AT006m Cukor crystalline 0,26 -13,95 37,1 50,7 47,4 -10,19 

CU15AT007 Cukor crystalline -2,61 -11,97 26,8 40,6 36,0 -13,63 

CU15AT008c Cukor crystalline -1,07 -13,33 33,8 47,5 43,7 -11,78 

CU15AT008m Cukor crystalline -0,72 -13,92 37,0 50,6 47,2 -11,37 

CU15AT009c Cukor crystalline -1,67 -12,21 28,0 41,8 37,3 -12,50 

CU15AT009m Cukor crystalline -0,71 -13,31 33,7 47,4 43,6 -11,35 

CU15AT010c Cukor crystalline -1,10 -13,30 33,7 47,3 43,5 -11,81 

CU15AT010m Cukor crystalline -0,36 -13,62 35,4 49,0 45,4 -10,94 

CU15AT011c Cukor crystalline -0,43 -13,51 34,8 48,4 44,7 -11,02 

CU15AT011m Cukor crystalline 0,08 -13,64 35,4 49,1 45,5 -10,40 

DV16AT001 Diósvölgy flat lam. 0,67 -10,58 19,9 33,8 28,4 -9,70 

DV16AT003 Diósvölgy flat lam. 0,89 -10,48 19,4 33,3 27,9 -9,43 

DV16AT006 Diósvölgy flat lam. 0,87 -10,54 19,7 33,6 28,2 -9,45 

DV16AT008 Diósvölgy flat lam. 0,37 -10,66 20,3 34,2 28,8 -10,06 

DV16AT008 Diósvölgy flat lam. 0,37 -10,66 20,3 34,2 28,8 -10,06 

DV16AT009 Diósvölgy flat lam. 0,83 -10,56 19,9 33,8 28,3 -9,50 

DV16AT010 Diósvölgy flat lam. 0,92 -10,24 18,3 32,2 26,6 -9,40 

DV16AT011 Diósvölgy flat lam. 0,05 -10,91 21,5 35,4 30,2 -10,44 

DV16AT020 Diósvölgy flat lam. -0,25 -10,20 18,1 32,0 26,4 -10,80 

DV16AT024 Diósvölgy flat lam. -0,04 -10,65 20,2 34,1 28,8 -10,55 

DV16AT031 Diósvölgy flat lam. -0,33 -11,07 22,3 36,2 31,0 -10,90 

DV16AT034 Diósvölgy flat lam. -0,47 -10,87 21,3 35,2 29,9 -11,06 

DV16AT016 Diósvölgy massive 0,47 -10,76 20,8 34,7 29,4 -9,94 

DV16AT019 Diósvölgy massive -0,16 -10,63 20,2 34,1 28,7 -10,69 

DV16AT022 Diósvölgy massive 0,50 -10,77 20,8 34,7 29,4 -9,90 

DV16AT023 Diósvölgy massive 0,58 -10,67 20,3 34,2 28,9 -9,81 

DV16AT033 Diósvölgy massive 0,23 -10,55 19,8 33,7 28,2 -10,22 

SU13AT003-m Gazda flat lam. 0,29 -10,86 21,3 35,2 29,9 -10,15 
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Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

GA15AT006 Gazda flat lam. 0,13 -10,51 19,6 33,5 28,1 -10,34 

GA15AT061 Gazda flat lam. -2,09 -11,37 23,8 37,6 32,7 -13,00 

GA15AT063 Gazda flat lam. -0,32 -10,21 18,2 32,1 26,5 -10,88 

GA15AT067 Gazda flat lam. -1,25 -11,03 22,1 36,0 30,8 -12,00 

GA15AT071 Gazda flat lam. -0,50 -11,57 24,8 38,6 33,8 -11,11 

GA15AT086 Gazda flat lam. -0,28 -10,54 19,7 33,6 28,2 -10,84 

GA15AT087 Gazda flat lam. -0,22 -10,95 21,7 35,6 30,4 -10,76 

GA15AT091 Gazda flat lam. 0,20 -11,57 24,8 38,6 33,7 -10,25 

GA15AT093 Gazda flat lam. -0,57 -10,48 19,4 33,3 27,9 -11,18 

GA15AT097 Gazda flat lam. 0,06 -10,94 21,7 35,6 30,3 -10,43 

GA15AT119 Gazda flat lam. -0,43 -11,54 24,6 38,5 33,6 -11,01 

SU13AT002-m Gazda massive 0,70 -11,96 26,7 40,5 35,9 -9,67 

SU13AT002-c Gazda massive -0,50 -11,47 24,3 38,1 33,2 -11,10 

SU13AT010-m.I Gazda massive 0,02 -12,03 27,1 40,9 36,3 -10,48 

SU13AT010-m.II Gazda massive -1,54 -10,97 21,8 35,7 30,5 -12,35 

SU13AT012-m Gazda massive -0,20 -11,75 25,7 39,5 34,7 -10,74 

SU13AT014-m Gazda massive -0,12 -10,71 20,5 34,4 29,1 -10,65 

SU13AT014-c Gazda massive -0,03 -10,41 19,1 33,0 27,5 -10,54 

SU13AT019-m Gazda massive 0,18 -12,41 29,0 42,8 38,4 -10,29 

SU13AT021-m Gazda massive -0,13 -11,05 22,2 36,1 30,9 -10,65 

SU13AT021-c Gazda massive 0,13 -11,37 23,8 37,6 32,6 -10,34 

SU13AT023-m.I Gazda massive -1,38 -11,16 22,7 36,6 31,5 -12,16 

SU13AT023-m.II Gazda massive 0,07 -12,08 27,4 41,1 36,6 -10,41 

GA15AT004 Gazda massive 0,49 -11,21 23,0 36,8 31,8 -9,91 

GA15AT007 Gazda massive 0,58 -9,93 16,8 30,8 25,0 -9,81 

GA15AT009 Gazda massive 0,31 -11,50 24,4 38,2 33,3 -10,13 

GA15AT016 Gazda massive 0,71 -10,09 17,6 31,5 25,8 -9,65 

GA15AT017 Gazda massive 0,89 -10,28 18,5 32,4 26,8 -9,43 

GA15AT018 Gazda massive -0,39 -9,06 12,8 26,8 20,6 -10,97 

GA15AT021 Gazda massive -0,19 -10,45 19,3 33,2 27,7 -10,73 

GA15AT024 Gazda massive -0,03 -10,37 18,9 32,8 27,3 -10,53 
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Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

GA15AT024 Gazda massive -0,03 -10,37 18,9 32,8 27,3 -10,53 

GA15AT027 Gazda massive -0,04 -11,38 23,8 37,7 32,7 -10,54 

GA15AT031 Gazda massive -0,43 -9,98 17,1 31,0 25,3 -11,02 

GA15AT033 Gazda massive 0,15 -10,35 18,8 32,7 27,2 -10,32 

GA15AT034 Gazda massive 0,06 -10,93 21,6 35,5 30,3 -10,42 

GA15AT039 Gazda massive -0,03 -12,23 28,1 41,9 37,4 -10,53 

GA15AT041 Gazda massive 0,35 -12,62 30,1 43,8 39,6 -10,08 

GA15AT043 Gazda massive -0,50 -11,07 22,3 36,2 31,0 -11,10 

GA15AT043 Gazda massive -0,50 -11,07 22,3 36,2 31,0 -11,10 

GA15AT046 Gazda massive -0,97 -10,99 21,9 35,8 30,6 -11,66 

GA15AT048 Gazda massive -0,01 -11,04 22,2 36,1 30,9 -10,52 

GA15AT054 Gazda massive 0,21 -11,42 24,0 37,9 32,9 -10,24 

GA15AT058 Gazda massive -0,83 -11,17 22,8 36,6 31,6 -11,49 

GA15AT059 Gazda massive -0,26 -11,39 23,9 37,7 32,8 -10,81 

GA15AT069 Gazda massive -0,14 -10,49 19,5 33,4 28,0 -10,66 

GA15AT070 Gazda massive -0,19 -10,88 21,4 35,3 30,0 -10,73 

GA15AT070 Gazda massive -0,19 -10,88 21,4 35,3 30,0 -10,73 

GA15AT073 Gazda massive -0,10 -11,32 23,6 37,4 32,4 -10,63 

GA15AT075 Gazda massive 0,25 -11,44 24,1 38,0 33,0 -10,20 

GA15AT084 Gazda massive -0,19 -10,66 20,3 34,2 28,8 -10,73 

GA15AT088 Gazda massive -0,16 -11,91 26,5 40,3 35,6 -10,69 

GA15AT100 Gazda massive 0,26 -10,98 21,9 35,7 30,5 -10,18 

GA15AT103 Gazda massive 0,08 -10,95 21,7 35,6 30,4 -10,40 

GA15AT103 Gazda massive 0,08 -10,95 21,7 35,6 30,4 -10,40 

GA15AT110 Gazda massive -0,27 -11,09 22,4 36,3 31,2 -10,83 

GA15AT111 Gazda massive -0,67 -11,22 23,1 36,9 31,8 -11,31 

GA15AT111 Gazda massive -0,67 -11,22 23,1 36,9 31,8 -11,31 

GA15AT115 Gazda massive -0,58 -10,55 19,8 33,7 28,2 -11,19 

GA15AT117 Gazda massive 0,37 -10,41 19,1 33,0 27,5 -10,05 

GA15AT011 Gazda phytohermal 0,11 -12,00 26,9 40,7 36,1 -10,37 

GA15AT013 Gazda phytohermal 0,49 -10,99 21,9 35,8 30,6 -9,92 



 

lxxi 

Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

GA15AT014 Gazda phytohermal 0,12 -10,53 19,7 33,6 28,1 -10,35 

GA15AT036 Gazda phytohermal 0,21 -10,20 18,1 32,0 26,4 -10,25 

GA15AT047 Gazda phytohermal 0,31 -10,78 20,9 34,8 29,5 -10,13 

GA15AT050 Gazda phytohermal -0,56 -10,62 20,1 34,0 28,6 -11,18 

GA15AT053 Gazda phytohermal 0,51 -9,93 16,8 30,8 25,0 -9,89 

GA15AT056 Gazda phytohermal -0,10 -10,55 19,8 33,7 28,3 -10,61 

GA15AT077 Gazda phytohermal -0,79 -11,33 23,6 37,4 32,4 -11,44 

GA15AT077 Gazda phytohermal -0,79 -11,33 23,6 37,4 32,4 -11,44 

GA15AT079 Gazda phytohermal -0,66 -10,97 21,8 35,7 30,5 -11,29 

GA15AT081 Gazda phytohermal -0,48 -10,47 19,4 33,3 27,8 -11,07 

GA15AT082 Gazda phytohermal -0,06 -10,50 19,5 33,4 28,0 -10,57 

GA15AT106 Gazda phytohermal -1,87 -11,47 24,3 38,1 33,2 -12,74 

GA15AT107 Gazda phytohermal -2,57 -10,72 20,6 34,5 29,2 -13,58 

GA15AT108 Gazda phytohermal -0,86 -11,55 24,7 38,5 33,6 -11,53 

SU13AT015-m Gazda phytohermal 0,06 -11,97 26,8 40,6 35,9 -10,42 

SU13AT016-m Gazda phytohermal -0,03 -11,63 25,1 38,9 34,1 -10,54 

SU13AT017-m Gazda phytohermal -1,66 -12,10 27,4 41,2 36,7 -12,50 

SU13AT017-c.I Gazda phytohermal -3,38 -10,98 21,8 35,7 30,5 -14,55 

SU13AT017-c.II Gazda phytohermal 0,44 -10,81 21,0 34,9 29,6 -9,97 

SU13AT018-m.I Gazda phytohermal 0,25 -12,30 28,5 42,2 37,8 -10,20 

SU13AT018-m.II Gazda phytohermal 0,11 -11,90 26,4 40,2 35,6 -10,37 

SU13AT018-c Gazda phytohermal 0,26 -11,43 24,1 37,9 33,0 -10,19 

SU13AT020-m Gazda phytohermal -1,18 -13,14 32,8 46,5 42,6 -11,92 

SU13AT020-c Gazda phytohermal -0,27 -11,20 23,0 36,8 31,7 -10,82 

SU13AT024-m Gazda phytohermal -2,21 -12,44 29,2 42,9 38,6 -13,15 

SU 1 Gazda VEIN -1,97 -10,51 19,6 33,5 28,0 -12,87 

SU 2 Gazda VEIN -2,19 -10,99 21,9 35,8 30,6 -13,12 

SU 3 Gazda VEIN -0,89 -10,86 21,3 35,2 29,9 -11,56 

SU 4 Gazda VEIN -2,42 -12,22 28,0 41,8 37,3 -13,40 

SU 5 Gazda VEIN -1,32 -12,98 32,0 45,7 41,6 -12,09 

GA15AT008 Gazda VEIN -1,56 -14,00 37,4 51,0 47,7 -12,37 



 

lxxii 

Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

GA15AT008 Gazda VEIN -1,80 -13,82 36,5 50,1 46,6 -12,66 

HE15AT013 Hegyhát flat lam. 0,26 -10,89 21,4 35,3 30,0 -10,19 

HE15AT017 Hegyhát flat lam. 0,29 -10,75 20,7 34,6 29,3 -10,16 

HE15AT030 Hegyhát flat lam. -0,47 -10,58 19,9 33,8 28,4 -11,07 

HE15AT033 Hegyhát flat lam. -0,01 -10,98 21,9 35,8 30,6 -10,52 

HE15AT037 Hegyhát flat lam. 0,03 -9,79 16,2 30,1 24,3 -10,46 

HE15AT051 Hegyhát flat lam. -0,64 -10,86 21,3 35,1 29,9 -11,27 

HE15AT053 Hegyhát flat lam. -0,02 -11,05 22,2 36,1 30,9 -10,52 

HE15AT055 Hegyhát flat lam. 0,08 -10,53 19,7 33,6 28,2 -10,41 

HE15AT070 Hegyhát flat lam. -0,03 -10,39 19,0 32,9 27,4 -10,54 

HE15AT070 Hegyhát flat lam. -0,03 -10,39 19,0 32,9 27,4 -10,54 

HE15AT071 Hegyhát flat lam. 1,08 -10,11 17,7 31,6 26,0 -9,21 

HE15AT082 Hegyhát flat lam. 0,25 -9,86 16,5 30,4 24,6 -10,20 

HE15AT003 Hegyhát massive 0,48 -10,65 20,2 34,1 28,8 -9,92 

HE15AT011 Hegyhát massive 0,88 -9,77 16,1 30,0 24,2 -9,44 

HE15AT012 Hegyhát massive 0,60 -10,93 21,6 35,5 30,3 -9,78 

HE15AT015 Hegyhát massive 0,39 -11,05 22,2 36,1 30,9 -10,04 

HE15AT019 Hegyhát massive -0,86 -10,60 20,0 33,9 28,5 -11,53 

HE15AT019 Hegyhát massive -0,86 -10,60 20,0 33,9 28,5 -11,53 

HE15AT025 Hegyhát massive -0,19 -10,25 18,3 32,3 26,7 -10,73 

HE15AT026 Hegyhát massive 0,05 -11,02 22,1 35,9 30,7 -10,44 

HE15AT027 Hegyhát massive -2,64 -11,53 24,6 38,4 33,5 -13,66 

HE15AT027 Hegyhát massive -5,98 -12,01 27,0 40,8 36,2 -17,67 

HE15AT034 Hegyhát massive 0,16 -10,68 20,4 34,3 28,9 -10,30 

HE15AT038 Hegyhát massive -0,29 -10,51 19,6 33,5 28,1 -10,84 

HE15AT040 Hegyhát massive -0,15 -10,30 18,6 32,5 26,9 -10,68 

HE15AT043 Hegyhát massive -0,37 -10,35 18,8 32,7 27,2 -10,94 

HE15AT045 Hegyhát massive -0,09 -11,00 22,0 35,8 30,6 -10,61 

HE15AT048 Hegyhát massive -0,27 -10,98 21,9 35,8 30,5 -10,83 

HE15AT056 Hegyhát massive -0,42 -9,94 16,9 30,8 25,0 -11,01 

HE15AT058 Hegyhát massive -0,40 -9,93 16,8 30,8 25,0 -10,99 



 

lxxiii 

Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

HE15AT059 Hegyhát massive 0,38 -11,13 22,6 36,4 31,3 -10,04 

HE15AT061 Hegyhát massive 0,76 -9,88 16,6 30,6 24,8 -9,59 

HE15AT061 Hegyhát massive 0,76 -9,88 16,6 30,6 24,8 -9,59 

HE15AT063 Hegyhát massive -0,34 -10,86 21,3 35,2 29,9 -10,91 

HE15AT072 Hegyhát massive 1,03 -9,73 15,9 29,8 24,0 -9,27 

HE15AT075 Hegyhát massive 0,14 -10,53 19,7 33,6 28,1 -10,33 

HE15AT077 Hegyhát massive 0,70 -9,82 16,3 30,3 24,4 -9,66 

HE15AT078 Hegyhát massive -0,29 -9,68 15,7 29,6 23,7 -10,84 

HE15AT079 Hegyhát massive -0,21 -9,36 14,1 28,1 22,1 -10,75 

HE15AT079 Hegyhát massive -0,21 -9,36 14,1 28,1 22,1 -10,75 

HE15AT080 Hegyhát massive 0,86 -9,73 15,9 29,8 24,0 -9,47 

HE15AT005 Hegyhát phytohermal -1,33 -11,31 23,5 37,3 32,3 -12,10 

HE15AT007 Hegyhát phytohermal -1,03 -10,70 20,5 34,4 29,1 -11,73 

HE15AT009 Hegyhát phytohermal 0,03 -10,65 20,2 34,1 28,8 -10,46 

UH16AT023 Újharaszt flat lam. 0,25 -10,35 18,8 32,8 27,2 -10,20 

UH16AT030 Újharaszt flat lam. -0,78 -10,62 20,1 34,0 28,6 -11,44 

UH16AT036 Újharaszt flat lam. -0,10 -10,68 20,4 34,3 28,9 -10,62 

UH16AT089 Újharaszt flat lam. 0,53 -10,60 20,0 33,9 28,5 -9,87 

UH16AT094 Újharaszt flat lam. -0,54 -10,81 21,0 34,9 29,6 -11,15 

UH16AT101 Újharaszt flat lam. 0,54 -11,09 22,4 36,3 31,1 -9,85 

UH16AT106 Újharaszt flat lam. 0,28 -11,40 23,9 37,8 32,8 -10,16 

UH16AT119 Újharaszt flat lam. -1,95 -10,42 19,1 33,1 27,5 -12,84 

UH16AT120 Újharaszt flat lam. 0,29 -10,19 18,1 32,0 26,4 -10,15 

UH16AT120 Újharaszt flat lam. 0,29 -10,19 18,1 32,0 26,4 -10,15 

UH16AT126 Újharaszt flat lam. -1,40 -10,31 18,6 32,6 27,0 -12,18 

UH16AT134 Újharaszt flat lam. -3,13 -10,04 17,3 31,3 25,6 -14,25 

UH16AT142 Újharaszt flat lam. 0,21 -10,87 21,3 35,2 30,0 -10,25 

UH16AT147 Újharaszt flat lam. 0,34 -10,47 19,4 33,3 27,9 -10,10 

UH16AT155 Újharaszt flat lam. 0,45 -10,31 18,6 32,6 27,0 -9,96 

UH16AT003 Újharaszt massive 0,08 -11,27 23,3 37,1 32,1 -10,41 

UH16AT004 Újharaszt massive -0,62 -10,91 21,5 35,4 30,2 -11,24 



 

lxxiv 

Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

UH16AT006 Újharaszt massive -0,82 -10,44 19,3 33,2 27,7 -11,49 

UH16AT007 Újharaszt massive -0,11 -10,57 19,9 33,8 28,4 -10,63 

UH16AT007 Újharaszt massive -0,18 -10,62 20,1 34,0 28,6 -10,72 

UH16AT010 Újharaszt massive -0,55 -10,76 20,8 34,7 29,4 -11,15 

UH16AT011 Újharaszt massive -0,13 -10,30 18,6 32,5 27,0 -10,65 

UH16AT016 Újharaszt massive -0,32 -10,64 20,2 34,1 28,7 -10,88 

UH16AT019 Újharaszt massive 0,58 -10,50 19,6 33,5 28,0 -9,81 

UH16AT025 Újharaszt massive 0,40 -10,88 21,4 35,3 30,0 -10,02 

UH16AT038 Újharaszt massive -0,09 -10,15 17,8 31,8 26,1 -10,61 

UH16AT040 Újharaszt massive -0,79 -10,37 18,9 32,8 27,3 -11,45 

UH16AT041 Újharaszt massive -0,39 -10,70 20,5 34,4 29,0 -10,96 

UH16AT042 Újharaszt massive -0,34 -11,20 22,9 36,8 31,7 -10,90 

UH16AT044 Újharaszt massive -0,37 -10,80 21,0 34,9 29,6 -10,95 

UH16AT047 Újharaszt massive -0,59 -11,26 23,3 37,1 32,1 -11,21 

UH16AT049 Újharaszt massive 0,02 -10,75 20,7 34,6 29,3 -10,47 

UH16AT054 Újharaszt massive -0,45 -10,43 19,2 33,1 27,6 -11,04 

UH16AT056 Újharaszt massive 0,19 -11,27 23,3 37,1 32,1 -10,27 

UH16AT060 Újharaszt massive -0,10 -11,06 22,3 36,1 31,0 -10,62 

UH16AT062 Újharaszt massive -0,61 -10,34 18,8 32,7 27,1 -11,23 

UH16AT063 Újharaszt massive -0,10 -10,43 19,2 33,1 27,6 -10,63 

UH16AT065 Újharaszt massive -0,14 -10,67 20,4 34,3 28,9 -10,67 

UH16AT067 Újharaszt massive 0,11 -10,43 19,2 33,1 27,6 -10,37 

UH16AT068 Újharaszt massive -1,75 -10,97 21,8 35,7 30,5 -12,61 

UH16AT070 Újharaszt massive -0,45 -10,75 20,7 34,6 29,3 -11,04 

UH16AT072 Újharaszt massive -0,23 -11,02 22,0 35,9 30,7 -10,78 

UH16AT072 Újharaszt massive -0,23 -11,02 22,0 35,9 30,7 -10,78 

UH16AT073 Újharaszt massive 0,46 -11,17 22,8 36,6 31,5 -9,95 

UH16AT075 Újharaszt massive 0,33 -10,41 19,1 33,0 27,5 -10,10 

UH16AT076 Újharaszt massive 0,15 -10,93 21,6 35,5 30,3 -10,32 

UH16AT080 Újharaszt massive 0,41 -11,04 22,2 36,0 30,9 -10,01 

UH16AT083 Újharaszt massive 0,27 -10,86 21,3 35,2 29,9 -10,18 



 

lxxv 

Sample Nr. Outcrop Lithofacies 
δ13C δ13O T°C T°C T°C δ13CCO2 

(Panachi&Tongiorgi, 

1975) (V-PDB, ‰) (V-PDB, ‰) (Kim & O'Neil, 1997) (Kele et al., 2015) (Coplen, 2007) 

UH16AT091 Újharaszt massive 0,80 -10,94 21,7 35,6 30,3 -9,54 

UH16AT095 Újharaszt massive 0,99 -10,25 18,4 32,3 26,7 -9,31 

UH16AT099 Újharaszt massive 0,63 -11,18 22,9 36,7 31,6 -9,74 

UH16AT099 Újharaszt massive 0,63 -11,18 22,9 36,7 31,6 -9,74 

UH16AT103 Újharaszt massive 0,59 -10,90 21,5 35,4 30,1 -9,79 

UH16AT105 Újharaszt massive 1,10 -10,61 20,1 34,0 28,6 -9,18 

UH16AT109 Újharaszt massive 0,86 -10,95 21,7 35,6 30,4 -9,47 

UH16AT110 Újharaszt massive 0,01 -10,65 20,3 34,2 28,8 -10,49 

UH16AT110 Újharaszt massive 0,01 -10,65 20,3 34,2 28,8 -10,49 

UH16AT112 Újharaszt massive -2,39 -11,93 26,6 40,4 35,7 -13,37 

UH16AT114 Újharaszt massive -2,00 -10,66 20,3 34,2 28,8 -12,91 

UH16AT117 Újharaszt massive -2,44 -10,45 19,3 33,2 27,7 -13,43 

UH16AT121 Újharaszt massive -2,91 -10,50 19,6 33,5 28,0 -13,99 

UH16AT125 Újharaszt massive -0,16 -10,59 20,0 33,9 28,5 -10,69 

UH16AT128 Újharaszt massive -0,69 -10,24 18,3 32,3 26,7 -11,33 

UH16AT136 Újharaszt massive 0,12 -10,97 21,8 35,7 30,5 -10,36 

UH16AT139 Újharaszt massive -0,27 -11,11 22,5 36,4 31,2 -10,82 

UH16AT139 Újharaszt massive -0,27 -11,11 22,5 36,4 31,2 -10,82 

UH16AT140 Újharaszt massive 0,62 -10,96 21,8 35,7 30,4 -9,76 

UH16AT145 Újharaszt massive -0,27 -11,13 22,6 36,5 31,3 -10,82 

UH16AT146 Újharaszt massive 0,08 -11,36 23,7 37,6 32,6 -10,41 

UH16AT013 Újharaszt VEIN 0,52 -11,83 26,1 39,9 35,2 -9,87 

Mean values   -0,63 -11,04 22,3 36,2 30,9 -11,25 

Standard deviation  1,28 0,92 4,6 4,5 5,1 1,54 
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Annex 2-2. Elemental composition of the travertine body in Süttő (Hungary) 

Sample Quarry Facies 

δ13C 

(VPD

B) 

δ16O 

(VPD

B) 

Al 

(ppm) 

Ba 

(ppm) 

Fe 

(ppm) 

K 

(ppm) 

Mg 

(ppm) 

Mn 

(ppm) 

Na 

(ppm) 

P 

(ppm) 

S 

(ppm) 

Sr 

(ppm) 
Ca (%) 

BE15AT001 Bego massive -0.95 -9.47 399 45.3 307 84 3617 32 106 101 785 788 38.7 

BE15AT003 Bego massive 0.20 -10.24 344 44.7 181 82 5040 26 153 98 1070 938 39.0 

BE15AT006 Bego waterfall -3.28 -10.04 367 41.2 193 71 3980 14 133 94 965 875 39.1 

BE15AT006 Bego waterfall -3.28 -10.04 360 41.1 190 70 3915 15 130 89 955 874 37.4 

BE15AT007 Bego waterfall -1.36 -10.51 193 45.4 116 62 3913 31 157 69 1255 953 38.9 

BE15AT008 Bego waterfall -3.27 -10.00 164 44.9 84 39 4557 12 142 85 1070 1000 39.3 

BE15AT012 Bego waterfall NA NA 511 71.9 246 123 3894 23 248 58 1940 1410 39.0 

BE15AT015 Bego waterfall -1.69 -10.13 153 43.0 59 44 4439 15 157 80 1140 956 39.8 

BE15AT017 Bego waterfall -5.89 -10.50 171 18.2 80 47 3407 26 80 97 560 440 39.9 

BE15AT018 Bego waterfall -5.62 -10.51 123 12.0 46 31 2503 34 NA 76 290 309 39.2 

BE15AT019 Bego massive -3.00 -9.89 128 18.7 75 48 3647 38 NA 119 540 431 37.1 

BE15AT022 Bego flat -2.72 -10.03 48 34.5 17 28 4182 5 119 72 920 780 38.6 

BE15AT027 Bego massive -3.66 -10.68 176 22.3 109 44 3744 51 78 101 675 533 39.1 

BE15AT028 Bego massive -4.56 -10.51 134 24.3 69 39 3890 27 91 107 620 563 38.7 

BE15AT029 Bego massive -2.23 -9.99 308 38.9 164 83 2914 29 135 88 890 748 38.7 

BE15AT030 Bego massive -1.95 -10.50 315 52.4 261 72 4688 36 153 118 1125 963 39.3 

BE15AT031 Bego flat -1.74 -9.61 92 33.2 56 36 3753 12 113 87 825 712 39.7 

BE15AT032 Bego massive -0.49 -10.20 108 24.0 53 28 4502 33 90 86 800 629 38.6 

BE15AT033 Bego massive NA NA 716 35.3 313 165 2940 37 137 123 800 678 39.7 

BE15AT034 Bego massive -3.42 -9.62 73 21.1 38 23 2814 29 NA 94 505 458 39.1 

BE15AT035 Bego massive -2.62 -10.90 77 32.4 60 26 4055 76 104 78 975 725 38.4 

BA16MT013 BoreholeA phytohermal -1.20 -12.17 330 17.8 696 92 3140 86 92 98 510 528 38.1 

BA16MT023 BoreholeA massive 0.09 -10.89 434 34.6 269 118 4072 42 133 111 925 804 38.4 

BA16MT033 BoreholeA massive 0.02 -10.60 885 46.6 328 242 4464 44 177 97 1140 915 40.4 
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Sample Quarry Facies 

δ13C 

(VPD

B) 

δ16O 

(VPD

B) 

Al 

(ppm) 

Ba 

(ppm) 

Fe 

(ppm) 

K 

(ppm) 

Mg 

(ppm) 

Mn 

(ppm) 

Na 

(ppm) 

P 

(ppm) 

S 

(ppm) 

Sr 

(ppm) 
Ca (%) 

BA16MT043 BoreholeA massive 0.14 -10.28 866 53.0 565 237 4474 63 174 132 1205 972 39.4 

BA16MT053 BoreholeA massive NA NA 192 33.1 243 57 4094 53 156 92 1005 873 38.9 

BA16MT063 BoreholeA massive -0.23 -10.66 1210 51.1 612 328 4313 50 163 129 1000 862 38.3 

BA16MT073 BoreholeA massive -0.10 -10.91 526 30.1 259 133 3758 18 120 73 745 640 39.8 

BA16MT078 BoreholeA massive NA NA 516 27.2 455 127 4959 34 111 120 740 610 39.3 

BA16MT083 BoreholeA massive -0.88 -11.29 554 32.4 319 138 4868 38 120 90 870 674 39.4 

BA16MT093 BoreholeA massive -0.99 -11.37 210 23.5 110 58 3681 23 98 75 595 567 37.7 

BA16MT099 BoreholeA phytohermal NA NA 92 37.7 40 37 5065 6 251 45 1565 1318 39.8 

BA16MT100 BoreholeA flat NA NA 128 24.6 66 42 4665 10 165 61 990 953 38.5 

BA16MT107 BoreholeA massive -0.77 -10.58 573 42.5 290 140 4581 44 169 139 1200 1028 40.1 

BB16MT020 BoreholeB flat -1.18 -11.17 239 40.7 127 70 5287 45 184 92 1260 958 40.1 

BB16MT026 BoreholeB massive -1.76 -10.68 330 45.5 160 96 4720 39 165 107 1170 956 39.5 

BB16MT036 BoreholeB massive NA NA 381 16.2 248 118 2227 51 76 63 260 349 39.9 

BB16MT046 BoreholeB massive NA NA 521 48.2 398 150 3983 23 199 68 1350 1037 38.7 

BB16MT051 BoreholeB sandy -2.88 -11.44 504 35.7 318 130 4195 44 127 93 820 745 39.2 

BB16MT057 BoreholeB massive NA NA 246 30.6 173 66 4812 34 131 60 915 759 38.8 

BB16MT060 BoreholeB sandy -2.20 -11.17 299 13.6 306 89 2017 36 104 50 295 353 39.6 

BB16MT067 BoreholeB sandy NA NA 149 11.0 214 38 2223 30 NA 62 255 313 40.4 

BB16MT070 BoreholeB sandy NA NA 651 16.6 630 168 2062 46 81 63 275 362 39.2 

BB16MT073 BoreholeB sandy -1.76 -11.41 756 14.4 612 198 1547 51 75 57 165 250 40.3 

BB16MT076 BoreholeB sandy NA NA 360 13.6 294 100 2259 40 79 53 280 331 39.6 

BB16MT079 BoreholeB sandy -0.99 -11.37 271 14.7 253 71 2543 36 NA 50 355 377 38.8 

BB16MT099 BoreholeB massive NA NA 226 10.0 145 61 1697 26 NA 48 175 258 38.0 

BB16MT100 BoreholeB massive NA NA 2078 53.3 735 529 2653 30 169 165 690 931 39.7 

BB16MT110 BoreholeB massive -0.22 -11.23 408 17.2 251 108 1906 30 NA 133 225 323 39.1 
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Sample Quarry Facies 

δ13C 

(VPD

B) 

δ16O 

(VPD

B) 

Al 

(ppm) 

Ba 

(ppm) 

Fe 

(ppm) 

K 

(ppm) 

Mg 

(ppm) 

Mn 

(ppm) 

Na 

(ppm) 

P 

(ppm) 

S 

(ppm) 

Sr 

(ppm) 
Ca (%) 

BB16MT120 BoreholeB massive 0.37 -11.18 2106 34.6 702 542 1492 100 107 84 225 302 38.8 

BB16MT130 BoreholeB massive -0.12 -11.68 589 14.6 317 232 1744 42 116 60 205 247 38.8 

BB16MT140 BoreholeB massive -0.57 -11.37 425 90.5 215 134 3234 36 120 65 615 585 39.4 

BB16MT150 BoreholeB massive -0.16 -11.60 812 8.5 377 232 1492 38 NA 57 120 168 40.3 

BB16MT160 BoreholeB massive NA NA 1000 11.9 428 263 1253 60 95 54 130 164 37.6 

BB16MT162 BoreholeB massive NA NA 1043 14.5 404 283 1499 78 93 72 140 170 39.4 

CU15AT002 Cukor crystalline -0.95 -11.44 58 11.8 NA 19 1166 13 NA 45 90 469 39.4 

CU15AT003 Cukor crystalline -0.74 -11.48 41 8.2 NA 16 955 13 NA 38 75 364 40.8 

CU15AT006 Cukor crystalline -0.93 -12.33 293 3.4 109 70 1472 15 NA 44 65 242 39.0 

CU15AT007 Cukor breccia -2.61 -11.97 589 6.2 270 139 1880 28 NA 49 100 302 40.9 

CU15AT008 Cukor crystalline -1.07 -13.33 112 5.4 45 30 1339 18 NA 43 95 179 41.1 

CU15AT010 Cukor crystalline -1.10 -13.30 154 3.2 57 37 881 16 NA 35 50 145 40.6 

CU15AT018 Cukor crystalline -0.35 -13.47 602 6.2 319 146 1750 37 NA 64 105 244 39.8 

CU15AT019 Cukor crystalline -1.14 -13.25 517 6.1 224 119 1742 67 NA 54 80 210 39.5 

CU15AT020 Cukor crystalline -0.34 -13.54 236 5.1 88 58 1814 16 NA 39 105 342 40.7 

CU15AT021 Cukor crystalline 0.14 -13.70 110 4.6 32 26 1856 15 NA 46 105 315 38.5 

CU15AT022 Cukor crystalline -0.34 -13.53 1462 21.5 535 259 1995 26 NA 258 145 361 39.7 

CU15AT023 Cukor crystalline -0.04 -13.50 399 8.5 162 98 1345 25 NA 89 90 188 39.5 

CU15AT025 Cukor crystalline -0.55 -13.44 53 5.2 23 19 1608 18 NA 39 110 264 39.6 

CU15AT026 Cukor crystalline -0.73 -13.28 57 3.4 23 16 1155 13 NA 31 70 180 38.7 

CU15AT027 Cukor crystalline -0.49 -13.38 57 3.5 35 19 1099 19 NA 60 75 152 38.2 

CU15AT028 Cukor crystalline -0.89 -13.24 119 4.9 58 34 1290 14 NA 43 70 204 39.2 

DV16AT001 Diosvolgy flat 0.67 -10.58 159 41.4 37 42 6427 28 184 60 1435 979 39.3 

DV16AT003 Diosvolgy flat 0.89 -10.48 221 47.6 123 53 6125 30 192 86 1525 1044 38.8 

DV16AT006 Diosvolgy flat 0.87 -10.54 117 39.6 40 35 6367 33 176 57 1495 976 38.5 
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DV16AT008 Diosvolgy flat 0.37 -10.66 76 46.2 34 31 5538 35 200 63 1595 1040 38.9 

DV16AT009 Diosvolgy flat 0.83 -10.56 65 38.9 17 23 6396 11 176 62 1435 982 38.9 

DV16AT010 Diosvolgy flat 0.92 -10.24 90 40.5 27 29 6065 18 177 77 1325 991 38.8 

DV16AT011 Diosvolgy flat 0.05 -10.91 121 38.5 73 41 6205 37 153 70 1455 928 39.5 

DV16AT016 Diosvolgy massive 0.47 -10.76 51 32.1 22 20 5407 21 144 61 1255 837 38.8 

DV16AT019 Diosvolgy massive -0.16 -10.63 55 26.8 20 22 5212 20 120 74 1055 738 39.2 

DV16AT020 Diosvolgy flat -0.25 -10.20 155 35.5 44 42 4192 18 150 54 1025 842 39.2 

DV16AT022 Diosvolgy massive 0.50 -10.77 74 40.1 22 26 5773 26 188 67 1440 978 38.6 

DV16AT023 Diosvolgy massive 0.58 -10.67 70 30.6 22 22 5494 29 144 51 1135 828 39.0 

DV16AT024 Diosvolgy flat -0.04 -10.65 53 31.8 14 18 4933 18 140 50 1125 805 39.7 

DV16AT031 Diosvolgy flat -0.33 -11.07 64 33.9 27 23 5010 26 161 37 1230 906 39.1 

DV16AT033 Diosvolgy massive 0.23 -10.55 108 38.0 40 33 6374 18 201 60 1365 989 38.7 

DV16AT034 Diosvolgy flat -0.47 -10.87 82 40.8 27 29 5527 15 191 67 1280 993 39.1 

GA15AT006 Gazda flat 0.13 -10.51 103 7.1 63 25 1670 8 24 53 85 297 39.6 

GA15AT007 Gazda massive 0.58 -9.93 1122 19.1 816 288 2638 26 52 105 205 357 38.9 

GA15AT009 Gazda massive 0.31 -11.50 109 6.4 200 26 2683 55 23 66 140 262 39.2 

GA15AT011 Gazda phytohermal 0.11 -12.00 408 7.7 223 130 1442 19 36 46 90 247 39.3 

GA15AT013 Gazda phytohermal 0.49 -10.99 58 8.0 32 14 1736 9 29 39 140 311 39.4 

GA15AT014 Gazda phytohermal 0.12 -10.53 190 8.0 77 49 1714 9 26 38 115 288 39.4 

GA15AT016 Gazda massive 0.71 -10.09 343 46.9 166 85 4573 12 116 102 850 904 38.3 

GA15AT017 Gazda massive 0.89 -10.28 77 40.5 57 22 4673 8 107 81 765 854 38.6 

GA15AT021 Gazda massive -0.19 -10.45 259 22.3 122 66 3169 20 59 87 475 492 39.2 

GA15AT024 Gazda massive -0.03 -10.37 1352 105.7 639 357 4015 26 161 97 930 1221 38.0 

GA15AT027 Gazda massive -0.04 -11.38 784 38.1 260 204 3569 28 144 93 720 719 38.7 

GA15AT033 Gazda massive 0.15 -10.35 357 46.0 197 91 3638 30 114 83 940 832 38.7 
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GA15AT034 Gazda massive 0.06 -10.93 352 20.0 202 96 2676 33 78 82 545 492 39.0 

GA15AT036 Gazda phytohermal 0.21 -10.20 866 16.7 382 243 2471 24 62 64 285 353 38.5 

GA15AT039 Gazda massive -0.03 -12.23 397 10.8 180 105 1905 24 41 77 215 370 39.4 

GA15AT041 Gazda massive 0.35 -12.62 119 5.0 234 29 1435 45 18 62 75 269 39.2 

GA15AT043 Gazda massive -0.50 -11.07 384 24.9 409 87 3605 35 75 87 675 587 39.1 

GA15AT046 Gazda massive -0.97 -10.99 541 39.9 290 142 3867 29 128 90 985 739 38.9 

GA15AT047 Gazda phytohermal 0.31 -10.78 458 7.8 184 117 1408 17 35 38 70 232 39.4 

GA15AT048 Gazda massive -0.01 -11.04 483 25.2 246 133 3193 39 66 87 545 499 38.7 

GA15AT050 Gazda phytohermal -0.56 -10.62 358 14.2 170 93 2282 41 40 73 210 324 39.4 

GA15AT053 Gazda phytohermal 0.51 -9.93 436 9.0 228 119 2796 43 37 54 180 303 38.8 

GA15AT054 Gazda massive 0.21 -11.42 964 14.3 531 243 2095 15 47 66 155 297 38.7 

GA15AT056 Gazda phytohermal -0.10 -10.55 151 8.6 69 36 2013 9 28 54 165 297 38.9 

GA15AT058 Gazda massive -0.83 -11.17 251 44.0 96 69 5785 4 146 303 945 842 38.4 

GA15AT059 Gazda massive -0.26 -11.39 545 21.1 227 172 2746 12 80 84 395 449 39.6 

GA15AT061 Gazda flat -2.09 -11.37 301 25.5 165 91 3220 39 82 70 640 598 38.5 

GA15AT063 Gazda flat -0.32 -10.21 55 5.9 30 22 1446 14 24 38 105 258 38.8 

GA15AT067 Gazda flat -1.25 -11.03 99 12.8 67 35 2552 16 50 63 335 441 39.2 

GA15AT069 Gazda massive -0.14 -10.49 486 33.7 284 128 3721 37 148 98 980 803 38.4 

GA15AT070 Gazda massive -0.19 -10.88 832 36.4 502 228 3858 38 127 112 910 779 38.5 

GA15AT071 Gazda flat -0.50 -11.57 140 6.6 108 35 1462 22 36 63 80 266 39.2 

GA15AT073 Gazda massive -0.10 -11.32 214 25.0 88 63 3577 35 90 59 800 651 39.0 

GA15AT075 Gazda massive 0.25 -11.44 1742 33.2 1035 485 3050 98 130 107 595 549 38.4 

GA15AT077 Gazda phytohermal -0.79 -11.33 887 28.2 462 290 3086 37 92 69 495 510 39.1 

GA15AT079 Gazda phytohermal -0.66 -10.97 170 22.3 81 68 2320 98 45 63 195 308 39.4 

GA15AT082 Gazda phytohermal -0.06 -10.50 428 42.6 132 123 3852 4 123 96 880 918 38.2 
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GA15AT084 Gazda massive -0.19 -10.66 600 49.9 273 169 5549 38 194 122 1540 1167 38.4 

GA15AT086 Gazda flat -0.28 -10.54 144 47.6 95 48 5451 15 171 88 1700 1161 38.7 

GA15AT087 Gazda flat -0.22 -10.95 72 31.5 29 31 4934 10 136 59 1195 960 38.5 

GA15AT088 Gazda massive -0.16 -11.91 60 26.1 72 37 4662 16 144 48 1225 939 39.1 

GA15AT091 Gazda flat 0.20 -11.57 36 8.7 82 13 2005 14 32 45 265 370 39.6 

GA15AT093 Gazda flat -0.57 -10.48 229 16.1 190 69 2210 20 61 59 305 492 40.1 

GA15AT097 Gazda flat 0.06 -10.94 108 6.8 173 25 1994 36 23 70 105 316 39.8 

GA15AT100 Gazda massive 0.26 -10.98 172 23.0 197 56 3543 30 78 92 695 584 39.2 

GA15AT103 Gazda massive 0.08 -10.95 1024 51.7 428 306 5350 27 205 127 1365 1000 37.6 

GA15AT106 Gazda phytohermal -1.87 -11.47 881 20.1 450 276 3171 34 74 83 365 423 39.1 

GA15AT107 Gazda phytohermal -2.57 -10.72 538 33.2 289 144 3652 35 109 91 755 635 38.8 

GA15AT108 Gazda phytohermal -0.86 -11.55 273 12.4 486 66 2788 63 38 62 210 317 38.8 

GA15AT110 Gazda massive -0.27 -11.09 256 32.2 148 70 3950 18 130 68 1125 881 39.0 

GA15AT111 Gazda massive -0.67 -11.22 709 34.6 327 181 4050 28 180 109 1080 857 38.6 

GA15AT115 Gazda massive -0.58 -10.55 496 41.9 309 149 4458 50 151 128 1165 959 38.8 

GA15AT117 Gazda massive 0.37 -10.41 516 50.6 288 144 5715 23 201 122 1515 1124 38.8 

GA15AT119 Gazda flat -0.43 -11.54 95 37.8 105 37 5680 15 186 70 1470 944 38.7 

HE15AT003 Hegyhat massive 0.48 -10.65 232 36.9 87 64 4905 6 143 69 1065 839 38.8 

HE15AT005 Hegyhat phytohermal -1.33 -11.31 163 26.9 58 43 3463 12 94 48 685 663 38.9 

HE15AT007 Hegyhat phytohermal -1.03 -10.70 79 19.0 28 20 2929 8 66 47 390 477 39.4 

HE15AT009 Hegyhat phytohermal 0.03 -10.65 1945 26.1 826 406 4720 68 98 58 405 556 38.7 

HE15AT011 Hegyhat massive 0.88 -9.77 621 47.3 246 154 5396 47 187 106 1335 988 38.7 

HE15AT012 Hegyhat massive 0.60 -10.93 158 43.1 127 45 5704 21 175 73 1505 1058 38.3 

HE15AT013 Hegyhat flat 0.26 -10.89 337 48.4 208 90 5547 33 184 83 1640 1074 39.2 

HE15AT015 Hegyhat massive 0.39 -11.05 381 42.1 181 128 5413 36 177 101 1280 954 38.6 
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HE15AT017 Hegyhat flat 0.29 -10.75 729 44.6 359 190 5220 36 170 108 1180 927 38.6 

HE15AT019 Hegyhat massive -0.86 -10.60 1026 56.7 401 251 4538 33 171 115 1265 1010 38.5 

HE15AT025 Hegyhat massive -0.19 -10.25 716 42.0 286 280 4249 50 148 102 910 790 38.7 

HE15AT026 Hegyhat massive 0.05 -11.02 793 52.4 311 181 5506 48 184 145 1465 1081 39.2 

HE15AT027 Hegyhat massive -2.64 -11.53 1746 56.4 754 550 5579 36 218 102 1320 983 37.2 

HE15AT030 Hegyhat flat -0.47 -10.58 68 34.0 21 20 4711 19 162 43 1190 861 38.1 

HE15AT033 Hegyhat flat -0.01 -10.98 405 49.4 230 106 5608 24 197 136 1615 1094 38.1 

HE15AT034 Hegyhat massive 0.16 -10.68 277 43.2 164 84 5447 13 176 72 1580 1000 38.2 

HE15AT037 Hegyhat flat 0.03 -9.79 61 24.4 121 22 3904 23 106 89 725 644 38.5 

HE15AT038 Hegyhat massive -0.29 -10.51 565 48.4 411 159 4517 33 171 97 1260 986 38.5 

HE15AT040 Hegyhat massive -0.15 -10.30 407 47.1 112 74 5233 20 178 68 1385 1077 38.5 

HE15AT043 Hegyhat massive -0.37 -10.35 2646 62.7 916 650 5277 63 283 142 1305 1043 37.1 

HE15AT045 Hegyhat massive -0.09 -11.00 85 35.0 37 29 4870 20 186 45 1230 929 39.0 

HE15AT048 Hegyhat massive -0.27 -10.98 447 41.5 297 113 5579 25 162 103 1280 943 38.5 

HE15AT051 Hegyhat flat -0.64 -10.86 46 36.9 61 22 5503 17 173 39 1465 983 38.4 

HE15AT053 Hegyhat flat -0.02 -11.05 184 43.5 118 52 5230 34 162 109 1405 972 39.2 

HE15AT055 Hegyhat flat 0.08 -10.53 70 37.0 93 29 5811 20 183 71 1330 957 38.6 

HE15AT056 Hegyhat massive -0.42 -9.94 53 35.5 121 22 5154 21 171 82 1355 901 38.8 

HE15AT058 Hegyhat massive -0.40 -9.93 304 47.9 145 83 4860 25 192 78 1435 1087 38.7 

HE15AT059 Hegyhat massive 0.38 -11.13 455 50.6 225 121 6020 31 244 130 1795 1214 38.2 

HE15AT061 Hegyhat massive 0.76 -9.88 384 46.2 213 118 4995 29 181 108 1565 1118 38.2 

HE15AT063 Hegyhat massive -0.34 -10.86 347 47.4 259 106 5957 50 207 116 1775 1161 38.0 

HE15AT070 Hegyhat flat -0.03 -10.39 185 41.0 202 58 5559 23 210 90 1775 1229 38.4 

HE15AT071 Hegyhat flat 1.08 -10.11 307 38.5 181 84 5784 21 225 112 1790 1221 38.0 

HE15AT072 Hegyhat massive 1.03 -9.73 518 43.7 316 162 5076 36 198 102 1290 1065 38.7 
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HE15AT075 Hegyhat massive 0.14 -10.53 73 37.1 49 31 5197 7 180 51 1465 1066 38.9 

HE15AT077 Hegyhat massive 0.70 -9.82 275 37.3 246 76 4590 25 155 135 1255 1038 39.1 

HE15AT078 Hegyhat massive -0.29 -9.68 409 34.3 235 97 4444 24 158 91 1200 990 38.9 

HE15AT079 Hegyhat massive -0.21 -9.36 903 44.1 750 202 4755 36 218 125 1295 1101 37.6 

HE15AT080 Hegyhat massive 0.86 -9.73 909 44.5 602 217 4952 39 209 129 1375 1181 37.6 

HE15AT082 Hegyhat flat 0.25 -9.86 167 46.8 182 55 4546 27 165 105 1475 1111 38.6 

HE15AT070 Hegyhat massive -0.03 -10.39 195 42.0 226 59 5808 24 212 103 1735 1298 39.3 

UH16AT003 Ujharaszt massive 0.08 -11.27 180 28.8 168 47 2791 52 94 80 425 447 39.0 

UH16AT004 Ujharaszt massive -0.62 -10.91 170 31.1 292 45 2430 73 113 96 555 510 39.0 

UH16AT006 Ujharaszt massive -0.82 -10.44 560 36.4 269 146 3865 41 99 85 760 622 38.9 

UH16AT007 Ujharaszt massive -0.11 -10.57 102 39.4 88 29 3713 29 99 80 810 702 39.2 

UH16AT010 Ujharaszt massive -0.55 -10.76 176 47.9 89 50 3616 25 100 89 910 808 38.8 

UH16AT011 Ujharaszt massive -0.13 -10.30 70 38.3 85 24 3232 25 88 71 765 717 39.0 

UH16AT016 Ujharaszt massive -0.32 -10.64 135 34.5 71 36 3227 34 87 72 850 650 38.7 

UH16AT019 Ujharaszt massive 0.58 -10.50 1005 42.4 312 225 4513 37 137 80 1070 823 38.4 

UH16AT023 Ujharaszt flat 0.25 -10.35 81 38.3 41 27 5185 18 137 50 1105 899 37.9 

UH16AT025 Ujharaszt massive 0.40 -10.88 715 45.6 299 175 4352 48 136 116 1135 820 38.1 

UH16AT030 Ujharaszt flat -0.78 -10.62 109 31.0 45 35 4029 13 116 45 785 802 39.0 

UH16AT036 Ujharaszt flat -0.10 -10.68 117 40.6 92 33 4960 21 134 63 1190 854 38.6 

UH16AT038 Ujharaszt massive -0.09 -10.15 186 42.6 69 46 4463 22 117 66 990 835 38.6 

UH16AT040 Ujharaszt massive -0.79 -10.37 155 24.3 33 40 3048 12 84 56 585 556 39.3 

UH16AT041 Ujharaszt massive -0.39 -10.70 503 47.8 212 113 4871 36 147 102 1195 919 39.1 

UH16AT042 Ujharaszt massive -0.34 -11.20 330 24.7 204 69 2954 113 71 95 475 421 39.4 

UH16AT044 Ujharaszt massive -0.37 -10.80 192 34.9 95 48 4618 24 126 66 945 736 39.1 

UH16AT049 Ujharaszt massive 0.02 -10.75 1632 53.5 447 301 4513 40 163 105 1230 964 38.3 
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UH16AT054 Ujharaszt massive -0.45 -10.43 186 43.3 100 51 3193 31 113 75 875 767 38.8 

UH16AT060 Ujharaszt massive -0.10 -11.06 257 16.0 134 59 2067 39 61 47 255 325 38.2 

UH16AT062 Ujharaszt massive -0.61 -10.34 283 51.9 118 75 3772 27 137 85 1060 908 38.9 

UH16AT063 Ujharaszt massive -0.10 -10.43 366 38.8 203 84 3553 36 127 86 895 790 38.8 

UH16AT065 Ujharaszt massive -0.14 -10.67 250 22.7 107 66 3499 30 90 81 575 538 39.3 

UH16AT067 Ujharaszt massive 0.11 -10.43 133 19.2 42 28 3169 26 65 57 435 478 39.3 

UH16AT068 Ujharaszt massive -1.75 -10.97 99 15.0 55 26 2870 37 73 55 355 372 39.4 

UH16AT070 Ujharaszt massive -0.45 -10.75 124 42.8 67 38 4968 39 147 84 1315 941 38.4 

UH16AT072 Ujharaszt massive -0.23 -11.02 71 36.2 22 24 5450 37 148 45 1350 933 38.5 

UH16AT073 Ujharaszt massive 0.46 -11.17 115 36.5 42 34 5754 29 143 51 1355 950 38.6 

UH16AT075 Ujharaszt massive 0.33 -10.41 213 43.7 96 52 4927 38 159 73 1275 965 38.5 

UH16AT076 Ujharaszt massive 0.15 -10.93 76 40.0 22 23 5440 33 178 78 1210 975 38.7 

UH16AT080 Ujharaszt massive 0.41 -11.04 118 42.1 46 33 5784 34 191 59 1495 1035 38.7 

UH16AT083 Ujharaszt massive 0.27 -10.86 76 33.4 47 22 5854 50 147 76 1195 869 38.8 

UH16AT089 Ujharaszt flat 0.53 -10.60 206 34.9 119 68 5616 24 148 65 1045 822 38.3 

UH16AT091 Ujharaszt massive 0.80 -10.94 173 37.3 81 43 5619 46 140 69 1235 920 39.0 

UH16AT094 Ujharaszt flat -0.54 -10.81 97 35.7 52 38 5832 27 151 67 1395 897 38.3 

UH16AT095 Ujharaszt massive 0.99 -10.25 155 32.1 80 43 4505 28 107 78 1020 766 38.4 

UH16AT099 Ujharaszt massive 0.63 -11.18 92 35.5 24 27 5775 28 162 53 1385 952 37.8 

UH16AT101 Ujharaszt flat 0.54 -11.09 117 30.3 54 34 4973 34 129 61 1115 819 38.9 

UH16AT103 Ujharaszt massive 0.59 -10.90 189 36.5 108 63 5619 34 134 73 1250 898 38.4 

UH16AT105 Ujharaszt massive 1.10 -10.61 99 38.5 55 40 5059 25 156 50 1330 977 38.8 

UH16AT106 Ujharaszt flat 0.28 -11.40 60 25.7 30 23 5811 24 132 49 1085 770 38.9 

UH16AT109 Ujharaszt massive 0.86 -10.95 62 25.4 24 24 5764 20 110 42 1055 755 38.5 

UH16AT110 Ujharaszt massive 0.01 -10.65 155 46.7 69 50 5009 28 143 92 1460 1013 38.3 
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UH16AT112 Ujharaszt massive -2.39 -11.93 104 15.4 65 32 2928 46 51 73 380 385 39.2 

UH16AT114 Ujharaszt massive -2.00 -10.66 337 24.9 188 92 4880 19 91 71 650 651 38.6 

UH16AT117 Ujharaszt massive -2.44 -10.45 101 25.1 48 35 4369 22 90 43 700 645 38.7 

UH16AT119 Ujharaszt flat -1.95 -10.42 133 45.8 60 53 5720 21 172 59 1365 1000 38.4 

UH16AT120 Ujharaszt flat 0.29 -10.19 414 48.0 194 124 5184 33 174 72 1360 989 38.6 

UH16AT121 Ujharaszt massive -2.91 -10.50 413 24.5 188 136 3691 34 81 120 570 507 39.3 

UH16AT125 Ujharaszt massive -0.16 -10.59 130 41.2 33 40 5380 19 173 54 1355 956 38.6 

UH16AT126 Ujharaszt flat -1.40 -10.31 59 26.8 31 32 4648 21 107 61 845 672 38.4 

UH16AT128 Ujharaszt massive -0.69 -10.24 938 46.7 386 290 3769 38 164 81 870 918 38.5 

UH16AT134 Ujharaszt flat -3.13 -10.04 77 18.6 38 23 3989 24 73 58 585 566 38.7 

UH16AT136 Ujharaszt massive 0.12 -10.97 146 34.7 110 46 5666 26 131 42 1330 907 38.1 

UH16AT139 Ujharaszt massive -0.27 -11.11 300 29.3 190 95 5078 50 132 52 940 725 38.2 

UH16AT140 Ujharaszt massive 0.62 -10.96 80 33.0 56 27 6314 30 144 55 1360 917 39.1 

UH16AT142 Ujharaszt flat 0.21 -10.87 121 36.8 61 41 5447 36 141 71 1275 910 38.8 

UH16AT145 Ujharaszt massive -0.27 -11.13 133 33.5 73 44 5604 26 129 44 1360 885 38.8 

UH16AT146 Ujharaszt massive 0.08 -11.36 176 35.6 92 49 6218 32 159 63 1580 961 38.4 

UH16AT147 Ujharaszt flat 0.34 -10.47 78 37.4 44 36 5580 27 149 87 1320 932 38.5 

UH16AT155 Ujharaszt flat 0.45 -10.31 260 45.2 115 67 4148 28 130 79 1120 898 38.5 

UH16AT110 Ujharaszt flat 0.01 -10.65 144 48.6 82 55 5124 28 149 93 1410 1059 39.3 
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ANNEX 3: RESERVOIR CHARACTERIZATION ON THE BASIS OF SEDIMENTOLOGICAL FEATURES 

AND HYDRAULIC UNITS 

 

Figure A3-1. Results of the Anova analysis carried out on the units of Borehole B. (A) Anova analysis on the 

permeability values. (B) Anova analysis on the porosity values. 

 

Figure A3-2. Porosity and permeability cross plot of the Süttő travertine complex with indication of seven 

statistically significant groups. The groups were indentified based on cluster analysis (Ward method) and validated 

by Sillhoutte plot.  

Independency from Degree of freedom X-square value Critical value at significance level of 0.95 

Lithofacies 7 groups 36 44.102 47.212 

Location 7groups 36 60.997 47.212 

Table A3-1. Summary table of the results of the Pearson’s Chi-squared test. Grey colour indicates significance 

level where the null hypothesis is not valid whereby the independency of the hydraulic units from a certain factor 

is not true. 

0.0

0.1

1.0

10.0

100.0

1000.0

10000.0

100000.0

0 5 10 15 20 25 30 35 40 45

K
lin

ke
n

b
er

g 
Lo

g
-P

er
m

ea
b

il
it

y 
(m

D
)

Porosity (%)

7 groups based on Φ-K values

Cl1
Cl2
Cl3
Cl4
Cl5
Cl6



 

lxxxvi 

Name Location 
Direc-

tion 
Lithofacies 

Porosity 

(%) 

Permea-

bility (mD) 

Thin 

Sections 
RTI NPI 

BA16MT001H BoreholeA H flat 10.1 0.0 x 0.02 0.11 

BA16MT001V BoreholeA V flat 15.4 9665.7 x 7.87 0.18 

BA16MT002H BoreholeA H massive 16.0 1183.7 x 2.70 0.19 

BA16MT002V BoreholeA V massive 15.1 24.2 x 0.40 0.18 

BA16MT003H BoreholeA H massive 6.1 0.0 x 0.02 0.06 

BA16MT004H BoreholeA H massive 3.2 0.0 x 0.02 0.03 

BA16MT005H BoreholeA H massive 4.8 0.0 x 0.02 0.05 

BA16MT005V BoreholeA V massive 2.3 0.0 x 0.03 0.02 

BA16MT006H BoreholeA H massive 4.5 0.0 x 0.00 0.05 

BA16MT007H BoreholeA H massive 9.2 0.0 x 0.02 0.10 

BA16MT007V BoreholeA V flat 7.9 0.0 x 0.01 0.09 

BB16MT001H BoreholeB H flat 13.7 408.9 x 1.71 0.16 

BB16MT001V BoreholeB V flat 13.4 0.1 x 0.03 0.15 

BB16MT002H BoreholeB H massive 42.3 176.5 x 0.64 0.73 

BB16MT002V BoreholeB V massive 26.4 2852.6 x 3.26 0.36 

BB16MT003H BoreholeB H massive 19.6 572.3 x 1.69 0.24 

BB16MT003V BoreholeB V massive 22.0 897.0 x 2.01 0.28 

BB16MT004H BoreholeB H massive 8.7 1.4 x 0.12 0.10 

BB16MT006H BoreholeB H sandy 26.7 2348.3 x 2.95 0.36 

BB16MT007H BoreholeB H sandy 41.7 10000.0 x 4.87 0.71 

BB16MT008H BoreholeB H sandy 34.2 289.6 x 0.91 0.52 

BB16MT008V BoreholeB V sandy 39.3 10000.0 x 5.01 0.65 

BB16MT009H BoreholeB H sandy 19.1 2035.3 x 3.24 0.24 

BB16MT010H BoreholeB H massive 4.9 0.0 x 0.02 0.05 

BB16MT010V BoreholeB V massive 9.7 0.1 x 0.03 0.11 

BB16MT011H BoreholeB H massive 8.6 0.5 x 0.07 0.09 

BB16MT011V BoreholeB V massive 7.5 0.0 x 0.02 0.08 

BB16MT012H BoreholeB H massive 10.3 0.1 x 0.04 0.11 

BB16MT012V BoreholeB V massive 8.6 0.0 x 0.02 0.09 

BB16MT013H BoreholeB H massive 7.4 0.3 x 0.06 0.08 

BB16MT013V BoreholeB V massive 10.7 0.2 x 0.05 0.12 

BB16MT014H BoreholeB H massive 7.9 0.1 x 0.04 0.09 

BB16MT014V BoreholeB V massive 7.1 0.0 x 0.02 0.08 

BB16MT015V BoreholeB V massive 3.8 0.1 x 0.05 0.04 

BE15AT003H Bego H massive 7.1 0.0 x 0.01 0.08 

BE15AT003V Bego V massive 12.2 1408.4 x 3.38 0.14 

BE15AT011 H Bego H waterfall 34.5 2.7  0.09 0.53 

BE15AT011 V Bego V waterfall 21.7 1299.5  2.43 0.28 

BE15AT015H Bego H flat 13.2 1569.8 x 3.42 0.15 

BE15AT015V Bego V flat 14.4 3.0 x 0.14 0.17 

BE15AT017 H Bego H waterfall 16.1 30.3 x 0.43 0.19 

BE15AT018 H Bego H waterfall 11.7 15.0 x 0.36 0.13 

BE15AT018 V Bego V waterfall 15.0 501.0 x 1.82 0.18 



 

lxxxvii 

Name Location 
Direc-

tion 
Lithofacies 

Porosity 

(%) 

Permea-

bility (mD) 

Thin 

Sections 
RTI NPI 

BE15AT019H Bego H massive 19.8 553.6 x 1.66 0.25 

BE15AT019V Bego V massive 19.4 9.4 x 0.22 0.24 

BE15AT022H Bego H flat 11.8 74.8 x 0.79 0.13 

BE15AT022V Bego V flat 12.1 0.2 x 0.04 0.14 

BE15AT023H Bego H massive 9.9 21.2  0.46 0.11 

BE15AT023V Bego V massive 10.3 0.0  0.02 0.11 

BE15AT025H Bego H massive 31.6 6623.8  4.54 0.46 

BE15AT025V Bego V massive 17.7 233.1  1.14 0.21 

CU15AT010H Cukor H crystalline 10.4 0.0 x 0.01 0.12 

CU15AT010V Cukor V crystalline 11.3 0.0 x 0.01 0.13 

CU15AT012H Cukor H crystalline 5.5 0.0  0.03 0.06 

CU15AT012V Cukor V crystalline 10.2 1.8  0.13 0.11 

CU15AT014H Cukor H crystalline 10.4 0.0  0.02 0.12 

CU15AT014V Cukor V crystalline 15.3 2.9  0.14 0.18 

OH15AT003H Oharaszt H massive 16.9 10.5  0.25 0.20 

OH15AT003V Oharaszt V massive 11.8 2.0  0.13 0.13 

OH15AT006H Oharaszt H massive 13.0 0.1  0.03 0.15 

OH15AT006V Oharaszt V massive 11.9 0.1  0.03 0.14 

SU12TS001H Ujharaszt H massive 12.3 373.8 x 1.73 0.14 

SU12TS002H Ujharaszt H massive 5.9 0.0 x 0.02 0.06 

SU12TS002V Ujharaszt V massive 4.9 0.0 x 0.02 0.05 

SU12TS003H Ujharaszt H massive 8.6 2312.4 x 5.16 0.09 

SU12TS003V Ujharaszt V massive 9.4 0.0 x 0.02 0.10 

SU12TS004H Ujharaszt H flat 7.2 17.2 x 0.48 0.08 

SU12TS004V Ujharaszt V flat 5.9 0.2 x 0.06 0.06 

SU12TS005H Ujharaszt H massive 6.4 1.3 x 0.14 0.07 

SU12TS005V Ujharaszt V massive 5.2 1.0 x 0.14 0.05 

SU12TS006H Ujharaszt H massive 8.0 35.7 x 0.66 0.09 

SU12TS006V Ujharaszt V massive 11.3 28.1 x 0.49 0.13 

SU12TS007H Ujharaszt H massive 15.9 575.9  1.89 0.19 

SU12TS007V Ujharaszt V massive 13.7 15.8 x 0.34 0.16 

SU12TS008H Ujharaszt H massive 5.9 31.0 x 0.72 0.06 

SU12TS008V Ujharaszt V massive 4.2 2.4  0.24 0.04 

SU12TS009H Ujharaszt H massive 11.2 335.9 x 1.72 0.13 

SU12TS009V Ujharaszt V massive 21.3 6254.8  5.38 0.27 

SU12TS010H Ujharaszt H massive 12.8 51.2  0.63 0.15 

SU12TS010V Ujharaszt V massive 13.4 22.2  0.40 0.15 

SU12TS011H Ujharaszt H massive 8.8 14.0 x 0.40 0.10 

SU12TS011V Ujharaszt V massive 8.5 73.1 x 0.92 0.09 

SU12TS012H Ujharaszt H massive 29.8 3603.5 x 3.45 0.42 

SU12TS012V Ujharaszt V massive 26.5 925.6 x 1.86 0.36 

SU12TS014H Ujharaszt H massive 7.6 4.5 x 0.24 0.08 

SU12TS014V Ujharaszt V massive 6.7 0.0 x 0.02 0.07 



 

lxxxviii 

Name Location 
Direc-

tion 
Lithofacies 

Porosity 

(%) 

Permea-

bility (mD) 

Thin 

Sections 
RTI NPI 

SU12TS015H Ujharaszt H massive 5.2 0.0 x 0.02 0.05 

SU12TS015V Ujharaszt V massive 4.8 0.0 x 0.02 0.05 

SU12TS016H Ujharaszt H massive 10.2 5.4  0.23 0.11 

SU12TS016V Ujharaszt V massive 14.2 455.3  1.78 0.17 

SU12TS017H Ujharaszt H flat 8.1 0.1 x 0.04 0.09 

SU12TS017V Ujharaszt V flat 7.7 1.9 x 0.15 0.08 

SU12TS018H Ujharaszt H massive 11.4 2.5 x 0.15 0.13 

SU12TS018V Ujharaszt V massive 8.8 0.7 x 0.09 0.10 

SU12TS019H Ujharaszt H massive 10.1 13.0  0.36 0.11 

SU12TS019V Ujharaszt V massive 10.6 3.5  0.18 0.12 

SU12TS020H Ujharaszt H massive 13.4 0.9  0.08 0.16 

SU12TS020V Ujharaszt V massive 7.6 47.2  0.78 0.08 

SU12TS021H Ujharaszt H flat 14.7 1.9  0.11 0.17 

SU12TS021V Ujharaszt V flat 12.4 0.9  0.09 0.14 

SU12TS022H Ujharaszt H flat 9.3 8.0 x 0.29 0.10 

SU12TS022V Ujharaszt V flat 11.5 0.1 x 0.03 0.13 

SU12TS023H Ujharaszt H flat 20.1 589.3 x 1.70 0.25 

SU12TS023V Ujharaszt V flat 9.9 6.2 x 0.25 0.11 

SU12TS024H Ujharaszt H flat 38.0 34300.0 22.6 9.44 0.61 

SU12TS024V Ujharaszt V flat 16.8 228.2  1.16 0.20 

SU12TS025H Ujharaszt H flat 27.8 2120.1 x 2.74 0.38 

SU12TS025V Ujharaszt V flat 20.1 5.5 x 0.16 0.25 

SU12TS055H Ujharaszt H flat 10.6 320.3  1.73 0.12 

SU12TS059H Ujharaszt V flat 20.2 7004.5  5.85 0.25 

SU12TS068H Ujharaszt H flat 20.6 3518.6  4.11 0.26 

SU13AT001 Gazda H massive 0.7 0.0 x 0.07 0.01 

SU13AT001 Gazda V massive 2.2 0.0 x 0.04 0.02 

SU13AT002 Gazda H massive 4.8 0.2 x 0.07 0.05 

SU13AT004 Gazda V massive 7.5 0.1 x 0.03 0.08 

SU13AT004 Gazda H massive 3.7 0.0 x 0.03 0.04 

SU13AT010 Gazda H massive 10.4 0.2 x 0.04 0.12 

SU13AT010 Gazda V massive 7.9 0.1 x 0.03 0.09 

SU13AT014 Gazda V massive 6.4 1.3 x 0.14 0.07 

SU13AT014 Gazda H massive 4.9 0.1 x 0.04 0.05 

SU13AT015H Gazda H wavy 6.4 0.0 x 0.03 0.07 

SU13AT015V Gazda V wavy 4.5 0.0 x 0.03 0.05 

SU13AT016 Gazda H phyto 6.3 0.1 x 0.03 0.07 

SU13AT017 Gazda V phyto 8.1 0.1 x 0.04 0.09 

SU13AT017 Gazda H phyto 13.0 1.6 x 0.11 0.15 

SU13AT018 Gazda H phyto 6.8 0.0  0.03 0.07 

SU13AT018 Gazda H phyto 8.2 0.1  0.03 0.09 

SU13AT018 Gazda V phyto 11.9 0.3  0.05 0.13 

SU13AT020 Gazda V phyto 10.5 1.1 x 0.10 0.12 



 

lxxxix 

Name Location 
Direc-

tion 
Lithofacies 

Porosity 

(%) 

Permea-

bility (mD) 

Thin 

Sections 
RTI NPI 

SU13AT020 Gazda H phyto 11.2 6.6 x 0.24 0.13 

SU13AT021 Gazda H massive 6.6 0.2 x 0.06 0.07 

SU13AT023 Gazda V flat 9.7 0.1 x 0.03 0.11 

SU13AT023 Gazda H flat 10.3 1.3 x 0.11 0.11 

SU13AT024 Gazda V phyto 20.4 519.0 x 1.58 0.26 

SU13AT024 Gazda H phyto 20.4 914.0 x 2.10 0.26 

Table A6-2. Helium porosity and nitrogen permeability values of the Süttő travertine complex carried out by Lab 

Panterra (the Netherlands).  

Name Location Lithofacies Depth (m) 
Air-permeability  

(mD) 

Water saturation  

porosity (%) 

BA16MT099 Borehole A phytohermal 10.7 16.00 8.85 

BA16MT100 Borehole A flat laminated 10.9 4.54 12.79 

BA16MT101 Borehole A flat laminated 11 2.93 10.23 

BA16MT102 Borehole A massive 11.5 13.71 9.71 

BA16MT103 Borehole A massive 11.9 124.17 9.24 

BA16MT104 Borehole A massive 12.2 1.18 7.77 

BA16MT105 Borehole A massive 13 1.20 9.12 

BA16MT106 Borehole A massive 14 1.07 2.44 

BA16MT107 Borehole A massive 14.6 12.67 4.12 

BA16MT108 Borehole A massive 14.8 11.64 7.35 

BA16MT109 Borehole A massive 15.2 2.80 12.48 

BA16MT110 Borehole A massive 15.4 0.41 4.49 

BA16MT010 Borehole A massive 15.4 9.36 10.07 

BA16MT011 Borehole A massive 16.9 27.34 4.38 

BA16MT012 Borehole A massive 17.3 11.84 3.79 

BA16MT013 Borehole A phytohermal 17.4 12.12 4.71 

BA16MT014 Borehole A massive 17.7 20.52 6.84 

BA16MT015 Borehole A massive 17.8 1.05 5.25 

BA16MT016 Borehole A massive 17.9 4.56 5.05 

BA16MT017 Borehole A massive 18.1 14.41 3.88 

BA16MT018 Borehole A massive 19.5 13.05 6.70 

BA16MT019 Borehole A massive 19.7 1.43 3.36 

BA16MT020 Borehole A massive 19.8 1.33 2.28 

BA16MT021 Borehole A massive 19.9 13.16 2.54 

BA16MT022 Borehole A massive 20 12.75 3.18 

BA16MT023 Borehole A massive 20.4 12.30 2.46 

BA16MT024 Borehole A massive 20.5 0.20 2.49 

BA16MT025 Borehole A massive 20.7 1.36 3.88 

BA16MT026 Borehole A massive 20.8 0.34 3.23 

BA16MT027 Borehole A massive 20.9 12.49 4.15 

BA16MT028 Borehole A massive 21 0.94 3.61 

BA16MT029 Borehole A massive 21.2 12.78 2.99 

BA16MT030 Borehole A massive 21.4 0.49 3.32 



 

xc 

Name Location Lithofacies Depth (m) 
Air-permeability  

(mD) 

Water saturation  

porosity (%) 

BA16MT031 Borehole A massive 22.3 3.80 3.78 

BA16MT032 Borehole A massive 22.4 40.08 2.00 

BA16MT033 Borehole A massive 22.5 1.39 4.25 

BA16MT034 Borehole A massive 22.6 1.60 3.06 

BA16MT035 Borehole A massive 22.7 13.28 4.07 

BA16MT036 Borehole A massive 22.8 3.67 4.03 

BA16MT037 Borehole A massive 22.9 0.05 3.58 

BA16MT038 Borehole A massive 23 1.45 3.39 

BA16MT039 Borehole A massive 23.1 3.31 6.01 

BA16MT040 Borehole A massive 23.3 13.68 5.12 

BA16MT041 Borehole A massive 23.4 2.96 2.81 

BA16MT042 Borehole A massive 23.5 12.95 3.65 

BA16MT043 Borehole A massive 23.6 103.70 3.39 

BA16MT044 Borehole A massive 23.7 12.52 2.43 

BA16MT045 Borehole A massive 23.8 12.91 1.55 

BA16MT046 Borehole A massive 23.9 13.60 1.48 

BA16MT047 Borehole A massive 24 12.25 2.66 

BA16MT048 Borehole A massive 24.1 2.76 1.98 

BA16MT049 Borehole A massive 24.2 12.57 2.05 

BA16MT050 Borehole A massive 24.3 4.77 2.12 

BA16MT051 Borehole A massive 24.4 13.12 5.44 

BA16MT052 Borehole A massive 24.7 12.93 3.00 

BA16MT053 Borehole A massive 24.9 0.53 4.75 

BA16MT054 Borehole A massive 25.2 12.12 3.14 

BA16MT055 Borehole A massive 25.6 1.03 7.80 

BA16MT056 Borehole A massive 25.8 2.28 3.16 

BA16MT057 Borehole A massive 26 11.81 4.42 

BA16MT058 Borehole A massive 26.2 12.60 4.92 

BA16MT059 Borehole A massive 26.4 2.00 4.41 

BA16MT060 Borehole A massive 26.5 12.11 2.35 

BA16MT061 Borehole A massive 26.7 1.50 1.94 

BA16MT062 Borehole A massive 26.9 0.33 3.07 

BA16MT063 Borehole A massive 27.1 12.10 3.46 

BA16MT064 Borehole A massive 27.4 12.44 3.85 

BA16MT065 Borehole A massive 27.6 11.53 1.67 

BA16MT066 Borehole A massive 27.8 0.24 0.86 

BA16MT067 Borehole A massive 28 0.67 1.59 

BA16MT068 Borehole A massive 28.2 1.21 3.05 

BA16MT069 Borehole A massive 28.4 14.24 2.53 

BA16MT070 Borehole A massive 28.5 12.56 13.65 

BA16MT071 Borehole A massive 28.7 0.07 2.42 

BA16MT072 Borehole A massive 28.9 12.04 3.75 

BA16MT073 Borehole A massive 29.1 0.39 3.17 



 

xci 

Name Location Lithofacies Depth (m) 
Air-permeability  

(mD) 

Water saturation  

porosity (%) 

BA16MT074 Borehole A massive 29.3 1.63 3.90 

BA16MT075 Borehole A massive 29.4 12.25 29.10 

BA16MT076 Borehole A massive 29.6 12.17 30.06 

BA16MT077 Borehole A massive 30.6 12.87 1.88 

BA16MT078 Borehole A massive 31 0.93 2.70 

BA16MT079 Borehole A massive 31.2 0.18 6.08 

BA16MT080 Borehole A massive 31.7 14.47 4.61 

BA16MT081 Borehole A massive 31.9 1.76 4.06 

BA16MT082 Borehole A massive 32 0.92 3.25 

BA16MT083 Borehole A massive 32.2 87.16 2.86 

BA16MT084 Borehole A massive 32.5 0.03 3.62 

BA16MT085 Borehole A massive 32.7 3.08 2.59 

BA16MT086 Borehole A massive 32.8 0.83 2.54 

BA16MT087 Borehole A massive 33.1 0.03 2.78 

BA16MT088 Borehole A massive 33.2 3.35 3.32 

BA16MT089 Borehole A massive 33.5 13.51 2.42 

BA16MT090 Borehole A massive 33.8 12.48 2.63 

BA16MT091 Borehole A massive 33.9 0.66 2.17 

BA16MT092 Borehole A massive 34.1 1.32 2.33 

BA16MT093 Borehole A massive 34.3 16.80 3.94 

BA16MT094 Borehole A massive 34.5 0.74 2.47 

BA16MT095 Borehole A massive 34.7 0.25 2.14 

BA16MT096 Borehole A massive 34.9 13.49 2.46 

BA16MT097 Borehole A massive 35 0.96 3.20 

BB16MT016 Borehole B massive 11.7 77.01 8.24 

BB16MT017 Borehole B massive 12.3 1.24 5.36 

BB16MT018 Borehole B massive 12.7 16.25 5.97 

BB16MT019 Borehole B massive 12.9 176.79 14.56 

BB16MT020 Borehole B flat 13.2 31311.75 7.22 

BB16MT021 Borehole B massive 13.3 0.48 9.52 

BB16MT022 Borehole B massive 13.4 0.63 11.16 

BB16MT023 Borehole B massive 13.5 10.56 7.94 

BB16MT024 Borehole B massive 13.6 25.62 15.15 

BB16MT025 Borehole B massive 13.7 38.93 6.95 

BB16MT026 Borehole B massive 13.8 15.55 24.32 

BB16MT027 Borehole B massive 13.9 75.90 12.44 

BB16MT028 Borehole B massive 14 227.43 14.58 

BB16MT029 Borehole B massive 14.1 16976.30 11.81 

BB16MT030 Borehole B massive 16.2 224.10 9.60 

BB16MT031 Borehole B massive 16.4 11882.80 17.41 

BB16MT032 Borehole B massive 16.7 8026.82 16.38 

BB16MT033 Borehole B massive 16.8 152.78 9.17 

BB16MT034 Borehole B massive 16.9 141.48 20.32 



 

xcii 

Name Location Lithofacies Depth (m) 
Air-permeability  

(mD) 

Water saturation  

porosity (%) 

BB16MT035 Borehole B massive 17 5083.33 27.25 

BB16MT036 Borehole B massive 17.1 106277.12 29.55 

BB16MT037 Borehole B massive 17.3 4.00 8.10 

BB16MT038 Borehole B massive 17.4 106.20 13.24 

BB16MT039 Borehole B massive 17.5 263.06 18.95 

BB16MT040 Borehole B massive 17.8 43913.69 27.00 

BB16MT041 Borehole B massive 17.9 2.85 7.73 

BB16MT042 Borehole B massive 18.1 50.37 19.17 

BB16MT043 Borehole B massive 19 37.73 12.69 

BB16MT047 Borehole B massive 19.1 4638.92 18.89 

BB16MT045 Borehole B massive 19.2 37826.61 20.79 

BB16MT044 Borehole B massive 19.3 539.59 28.63 

BB16MT048 Borehole B massive 19.5 11.14 13.39 

BB16MT049 Borehole B massive 19.6 973.27 24.02 

BB16MT050 Borehole B non-cohesive 19.7 1852.21 32.86 

BB16MT051 Borehole B non-cohesive 19.9 472.87 17.70 

BB16MT052 Borehole B non-cohesive 20.1 14089.24 23.39 

BB16MT053 Borehole B non-cohesive 20.3 267.50 19.50 

BB16MT054 Borehole B massive 20.5 5425.74 16.02 

BB16MT055 Borehole B massive 20.6 29.16 4.25 

BB16MT056 Borehole B massive 20.9 12.96 5.50 

BB16MT057 Borehole B massive 21.1 163.69 17.50 

BB16MT058 Borehole B massive 21.2 33.09 22.54 

BB16MT059 Borehole B non-cohesive 21.3 278.44 18.73 

BB16MT060 Borehole B non-cohesive 21.4 38177.73 22.28 

BB16MT061 Borehole B non-cohesive 21.6 18591.55 33.77 

BB16MT062 Borehole B non-cohesive 21.7 7229.25 35.80 

BB16MT063 Borehole B non-cohesive 21.8 1738.40 21.46 

BB16MT064 Borehole B non-cohesive 21.9 144.95 24.86 

BB16MT065 Borehole B non-cohesive 22 80.99 32.02 

BB16MT066 Borehole B non-cohesive 22.3 5830.23 20.75 

BB16MT067 Borehole B non-cohesive 23 48.20 26.69 

BB16MT068 Borehole B non-cohesive 23.6 102959.72 42.88 

BB16MT069 Borehole B non-cohesive 23.8 19804.75 39.20 

BB16MT070 Borehole B non-cohesive 24.1 41589.01 38.64 

BB16MT071 Borehole B non-cohesive 24.2 22066.06 32.57 

BB16MT072 Borehole B non-cohesive 24.4 35491.23 34.25 

BB16MT073 Borehole B non-cohesive 24.6 26961.08 38.30 

BB16MT074 Borehole B non-cohesive 25.1 3878.25 39.50 

BB16MT075 Borehole B non-cohesive 25.2 71757.52 1.26 

BB16MT076 Borehole B non-cohesive 25.4 5606.14 2.80 

BB16MT077 Borehole B non-cohesive 25.6 8368.35 28.73 

BB16MT078 Borehole B non-cohesive 25.8 450.06 22.70 



 

xciii 

Name Location Lithofacies Depth (m) 
Air-permeability  

(mD) 

Water saturation  

porosity (%) 

BB16MT079 Borehole B non-cohesive 25.9 786.76 23.40 

BB16MT080 Borehole B non-cohesive 26 11340.39 24.42 

BB16MT081 Borehole B non-cohesive 26.1 4271.38 24.79 

BB16MT082 Borehole B non-cohesive 26.3 31753.15 27.47 

BB16MT083 Borehole B non-cohesive 26.5 6951.73 22.66 

BB16MT084 Borehole B non-cohesive 26.7 30003.03 23.86 

BB16MT085 Borehole B non-cohesive 26.8 5045.15 15.40 

BB16MT086 Borehole B non-cohesive 26.9 511.59 19.51 

BB16MT087 Borehole B non-cohesive 27.1 1346.55 15.19 

BB16MT088 Borehole B non-cohesive 27.3 45.54 17.74 

BB16MT089 Borehole B massive 27.5 2601.71 20.52 

BB16MT090 Borehole B massive 27.6 164.35 14.55 

BB16MT091 Borehole B massive 27.7 1289.62 15.75 

BB16MT092 Borehole B massive 27.9 0.40 10.99 

BB16MT093 Borehole B massive 28.1 56.44 10.67 

BB16MT095 Borehole B massive 28.3 163.25 7.11 

BB16MT096 Borehole B massive 28.4 14.51 16.21 

BB16MT097 Borehole B massive 28.7 6.15 8.37 

BB16MT098 Borehole B massive 28.8 0.56 8.84 

BB16MT099 Borehole B massive 29 0.40 9.23 

BB16MT100 Borehole B massive 29.1 54.60 5.23 

BB16MT101 Borehole B massive 29.2 0.54 4.04 

BB16MT102 Borehole B massive 29.3 12.47 4.25 

BB16MT103 Borehole B massive 29.5 12.88 3.87 

BB16MT104 Borehole B massive 29.6 0.16 5.14 

BB16MT105 Borehole B massive 29.7 0.44 3.20 

BB16MT106 Borehole B massive 29.9 12.54 4.18 

BB16MT107 Borehole B massive 30 12.19 11.10 

BB16MT108 Borehole B massive 30.2 0.42 5.23 

BB16MT109 Borehole B massive 30.4 15.34 5.10 

BB16MT111 Borehole B massive 30.7 8.95 7.89 

BB16MT112 Borehole B massive 30.9 4.65 6.14 

BB16MT113 Borehole B massive 31 3.89 6.61 

BB16MT114 Borehole B massive 31.1 17.31 7.17 

BB16MT115 Borehole B massive 31.2 10.83 6.44 

BB16MT116 Borehole B massive 31.25 3.22 7.17 

BB16MT117 Borehole B massive 31.5 14.28 5.14 

BB16MT118 Borehole B massive 31.6 2.05 7.59 

BB16MT119 Borehole B massive 31.8 2.90 13.33 

BB16MT120 Borehole B massive 31.9 1.53 3.22 

BB16MT121 Borehole B massive 32 1.70 10.50 

BB16MT122 Borehole B massive 32.1 0.38 6.44 

BB16MT123 Borehole B massive 32.2 13.49 4.14 



 

xciv 

Name Location Lithofacies Depth (m) 
Air-permeability  

(mD) 

Water saturation  

porosity (%) 

BB16MT124 Borehole B massive 32.4 0.26 5.58 

BB16MT125 Borehole B massive 32.7 51.27 5.43 

BB16MT126 Borehole B massive 33 2.20 6.98 

BB16MT127 Borehole B massive 33.2 13.54 11.02 

BB16MT128 Borehole B massive 33.4 62.72 10.81 

BB16MT129 Borehole B massive 33.6 1.47 7.89 

BB16MT130 Borehole B massive 33.8 13.65 6.53 

BB16MT131 Borehole B massive 33.9 0.72 7.70 

BB16MT132 Borehole B massive 34 8.06 11.27 

BB16MT133 Borehole B massive 34.2 0.30 11.38 

BB16MT134 Borehole B massive 34.3 11.66 7.19 

BB16MT135 Borehole B massive 34.5 13.35 11.22 

BB16MT136 Borehole B massive 34.6 6.77 5.80 

BB16MT137 Borehole B massive 34.7 0.29 3.89 

BB16MT138 Borehole B massive 34.9 4.60 6.53 

BB16MT139 Borehole B massive 35 12.19 4.31 

BB16MT140 Borehole B massive 35.1 13.40 2.29 

BB16MT141 Borehole B massive 35.2 12.90 3.40 

BB16MT142 Borehole B massive 35.5 1.74 3.65 

BB16MT143 Borehole B massive 35.6 0.65 2.48 

BB16MT144 Borehole B massive 35.8 12.97 5.23 

BB16MT145 Borehole B massive 35.9 0.08 10.85 

BB16MT146 Borehole B massive 36 31.52 7.89 

BB16MT147 Borehole B massive 36.4 1.37 6.76 

BB16MT150 Borehole B massive 37 53.36 0.44 

BB16MT151 Borehole B massive 37.1 4.23 8.98 

BB16MT152 Borehole B massive 37.3 776.80 9.60 

BB16MT153 Borehole B massive 37.5 2.63 4.90 

BB16MT154 Borehole B massive 38 25.86 7.40 

BB16MT155 Borehole B massive 38.3 13.04 4.23 

BB16MT156 Borehole B massive 38.7 5.02 2.91 

BB16MT157 Borehole B massive 38.9 0.97 4.30 

BB16MT158 Borehole B massive 39 11.41 10.73 

BB16MT159 Borehole B massive 39.1 0.29 5.38 

BB16MT160 Borehole B massive 39.3 13.03 13.55 

BB16MT161 Borehole B massive 39.4 0.24 10.62 

BB16MT162 Borehole B massive 39.6 6.20 11.17 

BB16MT163 Borehole B massive 39.7 54.22 15.72 

BB16MT164 Borehole B clay 40.2 98.83 19.40 

Table A6-3. Handheld air-permeability and water saturation permeability values of Borehole A and B carried out 

in-house at KU Leuven.
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