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INTRODUCTION

 To improve the tools and methodologies of distinguishing meteoric and hydrothermal 

effects on carbonate reservoirs, a collaboration was initiated by ENI S.p.A. and Eötvös Loránd 

University. The ‘Buda Thermal Karst’ area was selected for an outcrop-based case study focussing 

on the effects of burial diagenesis, tectonics, fracturing, subaerial exposure, hydrothermal events 

and recent groundwater flow on the porosity of karstified carbonates. The general aim was to 

provide an analogue for carbonate reservoir systems that underwent multiphase diagenetic evolution 

including multiple phases of karstification and also hydrothermal events. 

 The Buda Hills, hosting the famous Pleistocene-Recent thermal karst with actual hot springs 

and caves, are built up by Mesozoic-Tertiary carbonates and to a lesser extent also by siliciclastic 

rocks. This rock suite was affected by several events of meteoric karstification related to repeated, 

tectonically controlled uplift and erosion throughout late Mesozoic to Tertiary times. Previous 

studies showed that in addition to obviously meteoric karstification, the Buda Hills have been 

affected by multiple hydrothermal events and the interaction of hydrothermal and meteoric 

solutions was also possible. Therefore the project aimed to see the impact of these superimposed 

meteoric- and hydrothermal processes on the porosity evolution of the affected marine carbonates.  

 As a result of the preliminary field work two major, still open, secondary porosity types 

could be recognized in the exposed carbonate rock suite:  

 1) Cavernous and fracture porosity represented by hypogenic cave-system often formed 

along former calcite-barite-sulphide veins 

 2) Extensive diffuse micro-porosity of powdered Triassic dolomites. 

 Both porosity types are known as hosts of hydrocarbons, not in the Buda Hills but elsewhere 

in the world. Therefore special attention was focussed to those processes which could be 

responsible for the formation of these two porosity types. 

 As it was mentioned above, the Buda Hills is famous for its extensive hypogenic cave 

system (sensu Klimchouk 2007; Goldscheider et al. 2010) and abundant actual thermal springs. 

There are also abundant calcite-barite-dominated veins recognized in this area. Caves often occur 

along these mineralized fractures. These phenomena suggest that the contribution of thermal water 

must have been significant both to the paleo- and the recent fluid systems and also invoke close 

spatial relationship between the recent- and paleofluid migration events. The first aim was to decide 

whether the studied veins from different localities are related to the same regional fluid flow event 

or not. It was also aimed to decide whether the mineralizing fluids had direct volcanic connections 

or were sourced from the nearby basin. Also I wanted to prove or disprove the above statements by 

quantitative analytical data. In addition, the goal was to establish the possible relationship between 
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the paleo- and recent hydrogeology and thus between the veins and the younger cave systems of the 

Buda Karst on the basis of the reconstruction of the paleofluid migration pathways. I wanted to see 

also whether this hydrothermal event had any detectable influence on the porosity evolution of the 

Buda Karst. 

 Powderization of the Triassic dolomites is a general phenomenon in the Transdanubian 

Range (TR), especially in the Buda Hills, where its areal extent is exceptionally large compared to 

similar occurrences elsewhere in the world. Several studies have tried to reveal the causes of the 

peculiar powderization of dolomite in the Buda Hills and its surroundings, although, this topic is not 

frequently discussed in the international literature. Previous researchers proposed the following 

three possible mechanisms, as responsible for the peculiar disintegration of dolomite in the TR: a) 

Recent weathering induced powderization (e.g. Szabó 1858); b) hydrothermal powderization (e.g. 

Jakucs 1950, Nagy 1979, Esteban et al. 2009); and c) pre-Mid-Eocene unconformity related 

powderization (e.g. Földvári 1933). Because the exact process of powderization is still open to 

debate, I started out with the aim to reconstruct the triggering mechanism of powderization by 

comparing textures, mineralogy and geochemistry of intact and disintegrated dolomite samples. 

  

APPLIED METHODS 

 Representative rock samples were collected during detailed field work at 26 localities within 

the Buda Hills. Field work was followed by investigation of the selected rock samples by the 

following methods.  

 Micropetrography, supplemented with cathodoluminescent petrography (MAAS – Nuclide 

ELM-3 type cold cathode luminoscope) was done on stained thin sections, impregnated by blue-

dyed epoxy, at the Department of Physical and Applied Geology, Eötvös L. University. For 

Scanning Electron Microscopic investigations an Amray 1830i SEM equipped with INCA EDS was 

used at the Department of Petrology and Geochemistry, Eötvös L. University. 

80–100 m thick, doubly polished thin sections were prepared for fluid inclusion studies. 

Fluid inclusion microthermometry was performed on a Linkam FTIR 600 heating–freezing stage at 

the Department of Mineralogy, Eötvös L. University.  

Raman analysis was done on doubly polished mineral chips at the Budapest University of 

Technology and Economics, Hungary using a Jobin Yvon confocal Labram Raman instrument with 

532 nm Nd-YAG laser excitation beam. 

X-ray powder diffraction was completed on a Siemens D 5000 type diffractometer at the 

Department of Mineralogy, Eötvös L. University. 
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Stable carbon and oxygen isotope analyses were done in the Institute for Geochemical 

Research, Hungarian Academy of Sciences. Samples were measured by either a Finnigan MAT 

delta S type or by a Finnigan delta+XP equipment.  

Major, trace and rare earth elements of bulk rock samples were measured by ICP-AES and 

ICP-MS (FIMS was used for Hg) by a commercial analytical laboratory. 

Bulk composition of petroleum-bearing inclusions was determined by gas chromatography 

(GC) at the Department of Analytical Chemistry, Eötvös L. University. GC was done by the Agilent 

6890N GC 5973 MS using the HP5-MS column.  

Investigation of individual hydrocarbon-bearing fluid inclusions was carried out at the 

Université de Lorraine, Nancy, France, by the following methods: 

1) UV epifluorescence was acquired on a Nikon Eclipse microscope equipped with 40X and 

60X oil immersion objectives and using Hg light illuminator. The block filter (UV-1A) allowed 

selection of incident radiation at 365 ± 10 nm, and fluorescence was collected above 400 nm. 

Photomicrographs were recorded using a numerical camera at G2R laboratory. 

2) Fourier transform-infrared (FT-IR) analysis of petroleum inclusions was done at LEM 

laboratory. A Bruker IFS 55 Fourier transform spectrometer, coupled with a Bruker microscope, 

collects the infrared beam with cassegrain objectives (15X).  

3) Confocal Scanning Laser Microscopy (CSLM) has been applied to petroleum inclusions to 

record fluorescence images. CSLM images acquisition has been made on a Biorad Rainbow system 

adapted to a Nikon inverted microscope at G2R laboratory. The Igor software (©Wavemetrics) and 

the ImageJ software were used to calculate the volume of the fluorescent liquid oil inside the 

inclusion. PIT (Petroleum Inclusion Thermodynamics) software was used for calculation of 

entrapment pressure and temperature conditions (e.g. Thiéry et al. 2002).  

CT measurements of four core samples were carried out in the laboratory of the ENI-E&P 

Division, Milan, Italy. For the acquisition of X-Ray tomographic images a fourth-generation 

medical scanner PICKER PQS with a voxel resolution of about 0.5 x 0.5 x 1 mm was used. 
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SUMMARY AND THESES  

1) Based on detailed mineralogical and fluid inclusion studies of the fracture-filling calcite-

barite-fluorite-sulphide paragenesis, the contribution of hydrocarbon-bearing basinal fluids was 

proved in the Buda Karst. Presence of hydrocarbons in the paleo-fluid flow system was confirmed 

by the recognition of primary petroleum inclusions in vein-calcite. Hydrocarbon-bearing fluid 

inclusions were described for the first time in the Buda Hills. It is suggested that from the Miocene 

on the mineralizing fluids have been sourced in the siliciclastic sediment fill of the nearby basin, as 

it was already suggested in the case of the recent thermal waters by Alföldi (1979). Direct volcanic 

contribution to the mineralizing fluids could not be confirmed. Instead, it is suggested that the 

elevated heat flux related to the attenuated lithosphere of the Pannonian Basin should be considered 

as the heat source of these fluids. Thus, this fluid flow can be interpreted as a Mississippi Valley-

type (MVT) fluid migration, since the most evident MVT attributes (e.g. Anderson and Macqueen, 

1982; Leach and Sangster, 1993) could be recognized.  

2) Coexistence of primary aqueous and petroleum inclusions in vein-calcite allowed to 

calculate the entrapment pressure value (85 bar) and thus the thickness of sediments (~800 m) 

having been eroded at certain parts of the Buda Hills since the latest Early Miocene. These data 

confirm that basinal fluid circulation started under confined conditions as it was suggested by 

Kovács and Müller (1980).  

3) Detailed fluid inclusion studies showed that associated with the black oil-type 

hydrocarbons significant amounts of CO2 and minor CH4 were migrating upwards from the basin 

dispersed in an aqueous medium. Presence of sulphides beside the sulphate phases within one and 

the same fracture-filling paragenesis suggests that also H2S was migrating upward from the basin 

already in Miocene times. Therefore, carbonate dissolution may be explained by not only the 

mixing of different fluids but in this incipient phase, it may be the result of the interaction of 

carbonates with aggressive gases (e.g. CO2 and H2S). This is in agreement with the observations on 

the recent karst regarding the role of H2S in the sub-recent dissolution processes in the Gellért Hill 

area (Er ss 2010). In addition, the detected methane may also contribute to carbonate dissolution 

when it is oxidized to CO2 and H2O by reaching shallower depths of the aquifer (Forti et al. 2002).  

4) Entrapment temperature (80°C) of primary inclusions of vein-calcite was also determined. 

This value falls within the lower interval of those homogenization temperature ranges reported in 

several previous studies from the same paragenesis of the Buda Hills. It shows that fluid inclusions 

characterized by extremely high homogenization temperature values (up to 250°C) should be 

reconsidered and treated as stretched inclusions. Even though Miocene mineralizing fluids were not 

warmer than ca. 80°C, these fluids can be still considered as hydrothermal in origin  in the sense 
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that the fluid was considerably warmer than the surrounding host rocks at the time of precipitation 

of the fracture-filling minerals – based on the fluid inclusion data confirmed by the stable carbon 

and oxygen isotope values of the vein-calcite. 

5) Identical migration pathways were reconstructed for basinal fluids in the Miocene and the 

recent groundwater flow system based on the location of the Miocene (i.e. petroleum inclusions in 

vein-calcite and bitumen along stylolites), and recent hydrocarbon indications (location of thermal 

water wells with traces of hydrocarbons, according to Alföldi (1979)). Hydrocarbon indications are 

all related to the major Miocene–Pliocene faults, indicating that hydrocarbon-bearing basinal fluids 

must have migrated mainly along these faults. 

6) It is also suggested that basinal contribution has been continuous from the Miocene on. 

Evidence for the basinal contribution to the karst system having been active also in post-Miocene 

times is for example the presence of barite and fluorite in the Pleistocene travertines (Kovács-Pálffy 

and Földvári 2004) located along the same Miocene–Pliocene faults. Therefore, Neogene 

hydrothermal events having resulted in the formation of calcite-barite-dominated veins, travertines 

and hypogenic caves should be treated as a continuum, i.e. as different stages of one and the same 

hydrothermal system. However, it has to be noted that initially, in the Miocene, due to extension 

and general subsidence of the Pannonian Basin, a predominantly compaction-driven upward flow 

can be hypothesised, whereas from the Pliocene on, due to the inversion of the Pannonian Basin 

(Bada et al. 2007), compaction-driven flow must have been converted into a compressional flow 

(Tóth and Almási 2001).  

7) Extreme low salinity of the fluid inclusions (<1.7 NaCl eq. wt%) in vein-calcite implies 

that basinal fluids were diluted by large amounts of regional karst water. Recalling the previous 

results of Alföldi (1979), in accordance with the results of Er ss (2010) it is suggested that the 

thermal component is a mixture of regional karst water and hydrocarbon-bearing basinal fluids, 

both in the case of the recent karst and in the case of the Miocene system.  

8) The source rock of the hydrocarbons, detected as petroleum inclusions, is probably the 

Oligocene Tard Clay. Based on the established age of the petroleum inclusion bearing calcite veins, 

it is assumed that this source rock begun to generate hydrocarbons in latest Early–Middle Miocene 

times (~17–11 M years ago). Elevated advective heat flow, along the margins of the basin possibly 

resulted in early, forced maturation of organic-rich sediments. Undoubtedly, this forced maturation 

must have been followed by burial maturation in the subsiding basin, so recent hydrocarbon 

indications known from the wells represent hydrocarbons generated during burial maturation. 

Accordingly, the elevated methane content of recent hydrocarbon indications points to the more 

advanced state of the maturity as compared to Miocene hydrocarbons. 
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9) Based on detailed study of the detected hydrocarbon indications, despite the lack of 

commercial-grade hydrocarbon accumulations in the Buda Hills, it is possible to delineate a 

hypothetical ‘petroleum system’. Components of the petroleum system are as follows: source rock 

is probably the Oligocene Tard Clay; migration pathways are predominantly the Miocene–Pliocene 

extensional faults and the regional pre-Mid-Eocene unconformity; potential reservoir are the 

Triassic and the Paleogene carbonates characterized by cavernous and fracture porosity; potential 

seals are the Oligocene clays; and the critical moment is the Pliocene to recent uplift and erosion. 

Since the same process, namely the uplift, was responsible for porosity increase and simultaneously 

the removal of the seal formations, conditions were appropriate for hydrocarbon accumulation in 

the Buda Hills only for a very short period, sometimes in Pliocene to Pleistocene times, when the 

seal was still present and the porosity and permeability of the carbonates were already sufficient.  

10) As opposed to previous studies, the present invetigations revealed, that powderization of 

Triassic dolomite is very likely a process independent from the Neogene hydrothermal system. It is 

rather the result of sub-recent physical weathering, as powderization was controlled by surface 

related processes and it was not accompanied by either chemical or mineralogical changes. 

Considering that the Buda Hills were close to the boundary of continuous permafrost during the 

maximum cooling of the last glaciation (Frenzel et al. 1992), one plausible explanation may be that 

dolomite disintegration was caused by the wedging effect of ice aided by the combination of 

thermal expansion and contraction during repeated freeze and thaw. Thus, this interpretation is a 

variant of the oldest model, namely of the recent weathering induced powderization. 

11) It can be stated that the establishment of the actual porosity of the Buda Karst initiated in 

Miocene times. Detailed diagenetic studies revealed that the earlier history of the carbonates did not 

substantially affect the formation of the hypogenic cave system. In the case of powderization of 

dolomite, however, the diagenetic history of the rock influenced the degree and extent of 

disintegration. Intercrystalline porosity of the last dolomite phase, namely the planar euhedral 

dolomite population, may have played some role in enhancing the wedging effect of ice, while 

karst-related dedolomitization/calcitization events made the rock more resistant against later 

disintegration, probably during both the first and the second subaerial exposure periods. 
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