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Abstract Calcite veins and related sulphate–sulphide

mineralisation are common in the Buda Hills. Also,

abundant hypogenic caves are found along fractures filled

with these minerals pointing to the fact that young cave-

forming fluids migrated along the same fractures as the

older mineralising fluids did. The studied vein-filling

paragenesis consists of calcite, barite, fluorite and sulp-

hides. The strike of fractures is consistent—NNW–SSE—

concluding a latest Early Miocene maximum age for the

formation of fracture-filling minerals. Calcite crystals

contain coeval primary, hydrocarbon-bearing- and aqueous

inclusions indicating that also hydrocarbons have migrated

together with the mineralising fluids. Hydrocarbon inclu-

sions are described here for the first time from the Buda

Hills. Mixed inclusions, i.e., petroleum with ‘water-tail’,

were also detected, indicating that transcrystalline water

migration took place. The coexistence of aqueous and

petroleum inclusions permitted to establish the entrapment

temperature (80�C) and pressure (85 bar) of the fluid and

thus also the thickness of sediments, having been eroded

since latest Early Miocene times, was calculated (800 m).

Low salinity of the fluids (\1.7 NaCl eq. wt%) implies that

hydrocarbon-bearing fluids were diluted by regional karst

water. FT-IR investigations revealed that CO2 and CH4 are

associated with hydrocarbons. Groundwater also contains

small amounts of HC and related gases on the basin side

even today. Based on the location of the paleo- and recent

hydrocarbon indications, identical migration pathways

were reconstructed for both systems. Hydrocarbon-bearing

fluids are supposed to have migrated north-westward from

the basin east to the Buda Hills from the Miocene on.

Keywords Calcite � Petroleum inclusion �
Hydrocarbon migration � Miocene � Buda Thermal Karst �
Pannonian Basin

Introduction: previous research on hydrothermal

events and related karst processes of the Buda Hills

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 mineralised veins recognised in this area. Caves

often occur along these mineralised fractures. These phe-

nomena suggest that thermal water contribution must have

been significant both to the paleofluid and to the recent
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fluid systems and also invokes close spatial relationship

between the recent and paleofluid migration events.

Precipitates related to the paleothermal water circulation

in the Buda Hills have been studied by several authors

since the end of the nineteenth century. Those studies

focused on the most common vein-filling minerals, i.e.,

calcite and barite (e.g. Braun 1889; Brummer 1936).

Schréter (1912) suggested that there were two stages of

the hydrothermal activity: (1) high-temperature fluid cir-

culation resulting in barite and fluorite precipitation and

formation of siliceous veins—from Middle Miocene to

Early Pliocene—related to the post-volcanic activity of the

volcanism in the Visegrád Mts. located north to the Buda

Hills. (2) low-temperature hydrothermal activity—from the

Late Pleistocene to Holocene—resulting in the formation

of travertines. He also suggested that the water of recent

thermal springs were diluted by vadose water. Schafarzik

(1921) claimed that there was an additional hydrothermal

phase related to the Palaeogene volcanism which produced

siliceous cementation.

According to the model of Kovács and Müller (1980),

the first fluid circulation event took place under confined

conditions. They proposed that the heat source of that fluid

flow event was the nearby Neogene volcanism. The second

phase—from the latest Miocene—occurred already under

unconfined conditions. In this stage, they have already

assumed a significant karstic contribution to the thermal

water system.

Nádor (1991, 1992) claimed that the first high-temper-

ature fluid circulation resulted in hydrothermal veins.

These veins became exposed by younger caves which

formed during the subsequent low-temperature fluid cir-

culation event.

Several fluid inclusion studies were carried out on the

vein-filling calcite and barite of the Buda Hills (Gatter

1984; Dublyanszky 1991; Molnár and Gatter 1994;

Benkovics et al. 1999; Gál et al. 2008). They all showed

that their parent fluids were of low salinity (\3 NaCl wt%)

and characterised by a wide range of homogenisation

temperatures (Th & 50–250�C). Gál et al. (2008) con-

firmed the suggestion of Báldi and Nagymarosy (1976)

regarding the Oligocene age of siliceous cementation of the

Oligocene sandstone. They also distinguished a subsequent

hydrothermal event of late Early to Middle Miocene age by

fitting the orientation of barite veins into the paleostress

field model by Márton and Fodor (2003).

Caves of the Buda Karst, hosted mainly by Eocene

carbonates, all show fracture-controlled maze-like pattern.

Dissolution is explained by the mixing of ascending

hydrothermal water and descending meteoric water (e.g.

Kovács and Müller 1980; Takács-Bolner and Kraus 1989;

Leél-}Ossy and Surányi 2003; Er}oss et al. 2008). Alföldi

(1979) detected hydrocarbon indications in some of the

wells in the basin side. He considered it as an evidence for

basinal contribution to the karst system.

Our first aim was to decide whether the studied veins

from different localities are related to the same regional

fluid flow event or not. We also aimed to decide whether

the mineralising fluids had direct volcanic connections

indeed, or the fluids are rather sourced from the nearby

basin. Also we wanted to confirm our statements by

quantitative analytical data. In addition, our goal was to

establish the possible relationship between the paleo- and

recent hydrogeology and thus between the veins and the

younger cave systems of the Buda Karst on the basis of

reconstruction of the paleofluid migration pathways.

Geology and structural evolution of the Buda Hills

The Buda Hills is located at the north-eastern margin of the

Transdanubian Range (TR) in the central part of the Pan-

nonian Basin (Fig. 1). The Pannonian Basin is a Neogene

structure formed as a result of extension-related attenuation

of the lithosphere in late Early to Late Miocene times

(Royden and Horváth 1988). In the latest Miocene, inver-

sion of the basin began and contributed to the uplift of

certain blocks. The TR is one of these uplifted blocks. Due

to the thin lithosphere, the whole area is characterised, even

now, by elevated heat flux (averaging to 100 mW/m2) as

compared to the surrounding regions (Lenkey et al. 2002).

During the Triassic, the TR was part of the shelf of

Neotethys located between the South Alpine and East

Alpine Units (Haas et al. 1995). In Middle Anisian to

Ladinian times, rifting resulted in the opening of intrashelf

basins where pelagic limestones and dolomites formed,

whereas on the higher elevated blocks shallow-water

carbonate sedimentation continued (e.g. Wein 1977). In the

Buda Hills, shallow-water carbonate production survived

throughout the Carnian and Norian and beyond (repre-

sented, e.g. by Hauptdolomit and Dachstein Limestone).

Jurassic and Cretaceous sediments are altogether miss-

ing in the area of the Buda Hills. However, since contin-

uous sedimentation prevailed in other parts of the TR

from Early Jurassic to early Middle Cretaceous times, we

assume that they were also present in the Buda Hills. From

Middle Cretaceous on, the TR became involved in thrust-

ing and related flexural deformation (Tari 1994) resulting

in subaerial exposure.

The eroded surface of the Triassic sediments is covered

by a Palaeogene transgressional sequence at the base with

bauxitic clays then with Upper Eocene to Lower Oligocene

limestone, marls and clays. In the western part of the Buda

Hills, Lower Oligocene sediments are represented by
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marine, coastal sandstones. The two depositional environ-

ments are separated by a prominent structural feature, the

Buda Line. Sedimentation continued up to the end of Oli-

gocene represented by shallow marine sandstones. Based on

detailed tectonic measurements, Fodor et al. (1994) sug-

gested that from the late Middle Eocene throughout the

Oligocene and up to the Early Miocene, the Buda Hills were

subject to a stress field resulting in large-scale strike-slip

movements.

By Miocene times, the Buda Hills became subaerially

exposed and the erosion of Palaeogene rocks initiated.

Simultaneously, due to NW–SE trending normal faulting,

sedimentation continued in the subsiding basinal sectors

and partly also along the margins of the Buda Hills. In the

latest Miocene, at certain parts of the Buda Hills, fresh-

water limestone accumulated on the eroded surface of the

Triassic or Eocene formations (Müller and Magyar 2008).

From the latest Miocene–Pliocene on, the Buda Hills unit

underwent differential uplift and erosion due to compres-

sional tectonics. In Pleistocene times, travertines formed at

the margins of the uplifting Hills mainly along NW–SE

trending faults. They reflect hydrological changes associ-

ated with the uplift since the younger travertines occur at

lower topographic positions in comparison with the older

ones (Scheuer and Schweitzer 1988).

Applied methods

CL petrography was performed on a MAAS–Nuclide

ELM-3 type cold cathode luminoscope on polished thin

sections at the Department of Physical and Applied Geol-

ogy, Eötvös L. University.

Stable carbon and oxygen isotope analyses were carried

out in the Institute for Geochemical Research, Hungarian

Academy of Sciences. The samples were measured by a

Finnigan MAT delta S type mass spectrometer after being

pulverised and using the conventional anhydrous phos-

phoric acid digestion method, under vacuum (McCrea

1950). Isotope compositions are in d notations as permil

deviations from the V-PDB (Vienna Pee Dee Belemnite)

carbonate standard. Reproducibility of d18O and d13C

values is better than ±0.2%.

Major, trace and rare earth elements were measured by

ICP-AES and ICP-MS by a commercial analytical laboratory.

For the fluid inclusion studies, 100-lm-thick, doubly

polished thin sections were prepared. Microthermometry

was done on a Linkam FTIR 600 heating-freezing stage

at the Department of Mineralogy, Eötvös L. University.

Standardisation has been carried out on -56.6, 0 and 385�C

temperatures using quartz wafers containing synthetic H2O

and H2O–CO2 fluid inclusions. Accuracy of the measure-

ments during freezing experiments and heating up to 150�C

was 0.1�C.

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. The procession of the sample preparation is

the following: few grams of the pulverised mineral was

submerged in hexane (C6H14) and put into an ultrasonic

bath, so organic compounds from the decrepitated fluid

inclusions could dissolve as much as it is possible. The

light fraction of the hydrocarbons (\C10) was not detected

because it was lost by evaporation during the sample

preparation.

a

b

Fig. 1 Location of the Buda Hills
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Raman analysis was done in doubly polished mineral

chips at the Budapest University of Technology and Eco-

nomics, Hungary. Inclusions were analysed using a Jobin

Yvon confocal Labram Raman instrument with 532 nm

Nd-YAG laser excitation beam, 20 mW laser energy and

509 objective.

UV epifluorescence was acquired on a Nikon Eclipse

microscope equipped with 409 and 609 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 (Nancy Université, France).

Fourier transform-infrared (FT-IR) analysis was done at

LEM laboratory (Nancy Université, France). A Bruker IFS

55 Fourier transform spectrometer, coupled with a Bruker

microscope, collects the infrared beam with cassegrain

objectives (915). Analysis of petroleum inclusions in thin

(i.e. less than 300 lm) doubly polished sections is done by

transmission, using a circular diaphragm with a variable

diameter aperture ([8 lm), adjusted to the size of the

inclusions. Spectral resolution is 4 cm-1, and integration

time is longer than 2 min and increases as the inclusion

size decreases. Spectra are plotted in absorbance units in

the mid-infrared range. A reference spectrum is recorded

on the host mineral near the inclusion and subtracted from

the inclusion spectrum. Contributions of calcite are

removed from the inclusion spectrum when calcite peaks

are not oversaturated. The analytical limit is around

1,800 cm-1 due to the IR absorption by the host mineral.

Spectra of atmospheric CO2 and H2O vapours are also

subtracted.

Confocal scanning laser microscopy (CSLM) has been

applied to petroleum inclusions to record fluorescence

images. This is a high resolution imaging technique with an

x–y resolution near 0.1 lm and a z resolution near 0.3 lm.

CSLM images acquisition has been made on a Biorad

Rainbow system adapted to a Nikon inverted microscope at

G2R laboratory (Nancy Université, France). A blue diode

at 405 nm has been chosen to generate the incident radia-

tion. The fluorescence is collected at wavelengths higher

than 420 nm to produce the x–y fluorescence image of

512 9 512 pixels. The objective (609, oil immersion)

moves along the z-axis in order to obtain a series of x–y 8

bit images. The Igor software (�Wavemetrics) and the

ImageJ free software are then applied to threshold the

images, reconstruct the voxels and then to calculate the

volume of the fluorescent liquid oil inside the inclusion.

The volume of the gas bubble is approximated to a sphere,

and its diameter is measured from the CSLM image

recorded by transmission. The gas percentage at room

conditions is calculated.

Modelling of petroleum inclusions is based on Peng-

Robinson equation of state. It requires Th and gas vol% as

input data. PIT software (Petroleum Inclusion Thermody-

namics) produces a P–T diagram with isopleth and isoch-

ores and gives a composition estimate with physical

properties of the oil (API gravity, GOR; Thiéry et al. 2000,

2002). It uses both (1) the homogenisation temperatures

(Th) measured by microthermometry and (2) the gas bubble

filling degree (Fv) measured by CSLM. It is associated

with a two-parameter (a, b) compositional model that

describes the wide range of compositions of natural

hydrocarbon fluids.

Results

Field observations

Calcite-barite-sulphide veins, often with brecciated and

cemented zones on both sides (Fig. 3a), hosted by Meso-

zoic-Tertiary sedimentary rocks are common in the Buda

Hills. These veins have been recognised and studied at

thirteen localities (Fig. 2) in several host rocks of various

lithologies and ages. The mineral association varies by host

rock types, e.g., calcite forms wide veins in carbonates

(Fig. 3b) and hardly occurs in sandstone. Apart from the

sandstones, the only omnipresent phase of the paragenesis

is calcite. Since we detected changes in the vein-filling

paragenesis by host rock types, the field observations are

also described according to their different host rocks.

Vein-filling paragenesis hosted by the Triassic

(Ladinian–lower Carnian) Budaörs Dolomite Formation

Abundant calcite veins hosted by the Budaörs Dolomite are

exposed mainly in the southern part of the Buda Hills at

Odvas Hill and at Törökugrató quarry (Fig. 2). The bulk of

these hills is made up by the Budaörs Dolomite partly

covered by Eocene sediments.

At the Odvas Hill, the dolomite is of mosaic breccia

texture and more intense brecciation occurs along single

fractures and fracture zones. Calcite cementation occurs

along these zones, resulting in prominent erosion-carved

zones (Fig. 3c). There are also simple calcite veins without

any breccia clasts. The strike of both the simple veins and

the breccia veins is mainly NNW–SSE. In the central part

of the calcite veins, there is often some remaining open

porosity. Barite and limonite were also detected in minor

amounts. Barite frequently occurs together with calcite as

well, filling thin fractures where the barite is the older

phase. The white, rarely greenish-coloured barite is of

bladed habit (Fig. 3d), of a few mm size.
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At Törökugrató quarry, the Budaörs Dolomite and the

Upper Eocene–Lower Oligocene Buda Marl are exposed.

Both are crosscut by veins mainly filled with calcite. The

thickness of the calcite veins may reach 50 cm. Calcite is

coarse-grained and of scalenohedral habit (Fig. 3e). Small

(\few mm), colourless hexahedrons of fluorite (Fig. 3f)

were found in association with the scalenohedral calcite.

Bladed barite similar to that of the Odvas Hill was found in

the Triassic dolomite, precipitated prior to the calcite. In

the central part of thick calcite veins, where there is still

some remaining porosity, scalenohedra show usually cor-

roded surface covered by a younger calcite of cauliflower-like

morphology. The cauliflower phase probably precipitated on

the walls of a former cave.
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Teve Cliff

Lapos quarry

Róka Hill

Kis-Sváb Hill

Gellért Hill

Nagy-Hárs Hill

Odvas Hill

Út Hill
Törökugrató

Hármashatár Hill Range

Solymár Trough

Mátyás Hill and Pálvölgy quarries

Piliscsaba

Fig. 2 Studied locations indicated on the pre-Pliocene geological

map of the Buda Hills supplemented with Pleistocene travertines,

modified after Fodor (unpublished). 1 Structural elements, 2 Pleis-

tocene travertine, 3 Upper Miocene siliciclastics, 4 Upper Miocene

freshwater limestone, 5 Lower and Middle Miocene siliciclastics,

6 Upper Oligocene siliciclastics, 7 Upper Eocene to Lower Oligocene

carbonates and siliciclastics, 8 Eocene (?) bauxitic clay, 9 Triassic

carbonates, 10 Studied locations. Rose diagram shows the orientation

of calcite veins from all the investigated localities. Black arrows show

the direction of the maximum compression (r1)

Int J Earth Sci (Geol Rundsch) (2012) 101:429–452 433

123



Vein-filling paragenesis hosted by the Triassic (Middle (?)

Carnian–Norian) Hauptdolomit Formation

The Hauptdolomit is well exposed on the Gellért Hill

where it is partly covered by Eocene sediments (Fig. 2).

The hill is bordered by a normal-dextral fault of Pliocene

age from the east (Fodor et al. 1994). Dolomite is crosscut

by calcite veins of a few centimetre widths. Minor amounts

of fluorite (Fig. 3f) and sulphide (pyrite, marcasite) were

also detected in those veins. Moreover, the overlying

cherty sandstone is barite-cemented and silicified. The

barite has tabular habit and yellowish colour.

Teve Cliff is located in the north-eastern part of the

Buda Hills (Fig. 2). Triassic Hauptdolomit is overlain here

Fig. 3 a Calcite vein bordered by calcite-cemented breccia zones;

Feny}ogyöngye quarry, b Half-metre-wide calcite vein hosted by Triassic

Dachstein Limestone; Róka Hill, c Dolomite breccia cemented by bladed

barite; Odvas Hill, d Calcite-cemented breccia zones marked by red

dotted lines in the fragmented Budaörs Dolomite; Odvas Hill quarry,

e Scalenohedral calcite at Törökugrató, f colourless, euhedral fluorite

crystals between calcite scalenohedra; Gellért Hill, g Calcite with

cinnabar from the Róka Hill
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by Oligocene sandstone. Some fractures, filled with barite

and limonite, occur in the partly disintegrated dolomite.

Barite crystals have tabular morphology. These fractures

can also be traced in the overlying sandstone which proves

their post-Oligocene age.

Only a minor amount of calcite was found in the north-

westernmost part of the Buda Hills (south to Piliscsaba;

Fig. 2), cementing thin fractures of the dolomite.

Vein-filling paragenesis hosted by the Triassic

(Norian–Rhaetian) Dachstein Limestone Formation

In the Róka Hill quarry (Fig. 2), abundant calcite veins are

exposed. They are hosted by the Triassic Dachstein

Limestone and by the overlying Eocene basal sediments. In

the Triassic limestone, there are some half-metre-wide

calcite veins with calcite-cemented breccia zones on both

sides. Calcite usually has scalenohedral habit. The orientation

of veins is uniformly NNW–SSE. There is a 3-m-wide breccia

zone (consisting of Triassic and Eocene clasts) which is bor-

dered by a fault, cemented by calcite, towards the Dachstein

Limestone. Calcite occurs together with cinnabar, metacinn-

abar (Nagy and Pelikán 1976) and pyrite. The first phase of the

vein-filling calcite is greyish and is usually followed by milky

white calcite. In some cases, a cinnabar layer also occurs

between these two calcite phases (Fig. 3g). Yellowish, tabular

barite of 0.5–1 cm size is also present as a post-calcite

precipitation.

In the Nagy-Hárs Hill quarry (Fig. 2), the Dachstein

Limestone is overlain by Eocene and Oligocene sediments.

The limestone is crosscut by a breccia zone and simple

fractures cemented by circumgranular calcite of elongated

or scalenohedral habit.

Vein-filling paragenesis hosted by the Eocene

(-lower Oligocene) carbonates

There are several outcrops of Eocene limestones (Szép-

völgy Limestone) and marls (Buda Marl) in the Hárma-

shatár Hill Range (Fig. 2), which is bordered from the east

by a normal-dextral fault of Miocene age (Fodor et al.

1994). These veins are also exposed within the fracture-

related caves (e.g. Szeml}ohegy Cave, Ferenchegy Cave).

This paragenesis was investigated in more detail in the

Szeml}ohegy Cave and in several outcrops on the surface

within the Hármashatár Hill Range and also in the northern

part of the Buda Hills at Lapos quarry (Fig. 2).

Almost identical parageneses and phenomena were

observed at the following localities: Mátyás Hill , Pálvölgy

, Feny}ogyöngye and Lapos quarries. In these localities,

calcite fills up to half-metre-wide veins. Wide breccia

zones were often found on both sides of the calcite veins.

The habit of the calcite crystals is elongated scalenohedral

in most of the cases but other morphological types (short

scalenohedral, rombohedral and combination of the two)

were also distinguished. The greatest morphological vari-

ability was observed in Lapos quarry where calcite

cemented the brecciated marl. Calcite is accompanied here

by tabular barite which is younger than the calcite. A

limonitic phase, with few fresh sulphide grains (pyrite/

marcasite), was usually observed as a phase preceding the

precipitation of calcite (Fig. 4a). These veins have peculiar

green-stained patches in the Pálvölgy quarry related to the

presence of minor amounts of native copper being oxidised

on the actual surface (Lóránth 2000). Few mm wide faded

halos were also observed along single calcite veins hosted

by reddish-coloured parts of the marl at Lapos quarry

(Fig. 4b). Calcite-dominated veins uniformly show NNW–

SSE, and subordinately, N–S strike at all the studied

localities.

Szeml}ohegy Cave exposes a similar vein-filling para-

genesis consisting predominantly of calcite. This cave also

exposes stylolites filled with black asphalt-like bitumen

(Fig. 4c). (Presence of organic matter, e.g. normal alkanes,

was proved by GC). Calcite shows scalenohedral habit

with the crystals grown in open space (Fig. 4d). Later

corrosion and dissolution commonly occur along these

veins, resulting in cavities along former calcite veins

(Fig. 4e). Orientation of the veins, and also the orientation

of the cave corridors, is mainly NE–SW referring to the

NE–SW striking right-lateral strike-slip fault (Benkovics

et al. 1999). Subordinately, NW–SE striking veins are also

present perpendicular to the main strike of the cave. Barite

veins were also detected along this latter direction. Frac-

tures alternately filled with calcite and barite were also

observed. Similar phenomenon also occurs in the Kis-Sváb

Hill hosted by the Eocene marl. In most cases, the first

precipitate is calcite of smaller crystal size followed by a

yellowish-coloured barite of tabular habit and then a coarse

sparry calcite (Fig. 4f). Simple barite veins are also pres-

ent, consisting of large (up to 3 cm) yellow orthorhombic

crystals.

At Út Hill (Fig. 2) the fractures of the Eocene marl are

filled with small bladed barite crystals and a small amount

of calcite.

Vein-filling paragenesis hosted by Oligocene sandstone

in the northern part of the Buda Hills

Hydrothermal phenomena of the Oligocene Hárshegy

Sandstone Formation were investigated in more detail by

Gál et al. (2008). They detected minerals related to both

the Palaeogene and the Neogene hydrothermal systems, the

former represented by chalcedony veins. Neogene miner-

alising fluids apparently migrated along the NNW–SSE

striking fractures. Along them, significant amounts of
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barite of various habits occur. Small amount of calcite was

also observed together with barite, rarely.

On the basis of the field observations, the following

general paragenetic order was established (Fig. 11):

Limonite is commonly hosted in Eocene carbonates in

the central and northern part of the Buda Hills (e.g. Pálvölgy

quarry, Lapos quarry). This phase is probably the oxidation

product of a former iron sulphide (pyrite/marcasite). Native

copper, described by Lóránth (2000), may be related to this

first fracture-filling phase.

Barite-I bladed habit, greenish barite which is mainly

present in the Triassic Budaörs Dolomite (and in the Buda

Marl). Subordinately, barite-I was also found in the

northernmost part of the Buda Hills hosted in the Oligo-

cene sandstone. Both limonite and barite-I predate calcite;

however, the relative timing of these two phases is

ambiguous since they do not occur together.

Fluorite colourless hexahedrons in between calcite

scalenohedra occurring mainly in the southern part of the

Buda Hills (e.g. Törökugrató quarry, Gellért Hill).

Calcite omnipresent phase in each locality and each

rock types (excluding the sandstone). It gives the largest

proportion of the fracture-filling phases. It usually has

scalenohedral habit; however, various morphological types

were also observed mainly in breccia zones.

Cinnabar, metacinnabar and pyrite found intergrown

with calcite indicate coprecipitation of these phases. Cin-

nabar and metacinnabar were found only at Róka Hill.

Barite-II tabular yellowish barite of various crystal sizes

(from 0.5 cm up to 3 cm). This phase occurs mainly in the

central and northern part of the Buda Hills, most com-

monly overgrown on calcite, hosted by Eocene carbonates.

Alternation of calcite and barite-II was also observed in a

few cases (e.g. Kis-Sváb Hill).

Fig. 4 a Limonite predates calcite, hosted by the Buda Marl at

Mátyás Hill, b calcite veins with faded halo in reddish-coloured Buda

Marl at Lapos quarry, c stylolite filled with asphalt-like bitumen in the

Eocene limestone exposed in the Szeml}ohegy Cave, d remaining

porosity in the central part of a calcite vein in the Eocene limestone

exposed in the Szeml}ohegy Cave, e Cave passages formed along

fractures formerly filled with calcite, Szeml}ohegy Cave f fracture

alternately filled with calcite and barite (Kis-Sváb Hill)
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At all localities, the strike of extensional fractures filled

with the above minerals is uniformly NNW–SSE and

subordinately N–S (Fig. 2).

Micropetrography

Fresh marcasite was detected along the margins of a calcite

vein in the Lapos quarry. Scattered remnants of marcasite

were detected in the limonite phase, too, which implies that

this phase was originally marcasite (Fig. 11).

Bladed barite (barite-I) shows growth zoning under

stereomicroscope: it has a cloudy, non-transparent central

part and a clear rim. This zoning is due to the uneven

distribution of abundant fluid inclusions.

Fluorite usually occurs together with calcite and com-

monly forms aggregates, consisting of small (*few mm)

hexahedral crystals. Fluorite usually contains solid inclu-

sions (supposedly calcite grains) along its growth zones in

the outer part of the crystals. Euhedral fluorite was also

found in calcite as solid inclusions, mainly along growth

zones of calcite or as scattered crystal aggregates (Fig. 5a).

The presence of fluorite was confirmed by Raman spec-

troscopy. Fluorite inclusions were commonly detected in

calcite of several localities (e.g. Róka Hill, Szeml}ohegy

Cave, Lapos quarry); thus, fluorite is almost omnipresent

within this paragenesis.

Uniform characteristics were observed in the calcite

from different localities: (1) thick ‘spongy’ growth zones

characterised by abundant fluid inclusions and (2) abundant

fluorite inclusions. Cathodoluminescent pattern is uniform

as well, showing fine zoning by alternation of thin bright

and dull-luminescent or non-luminescent zones (Fig. 5b).

Subordinately, sector zoning (Fig. 5c, d) was also observed

in calcite veins from Róka Hill quarry. Staining of thin

sections revealed the elevated iron content in the core of

the calcite crystals.

Fresh and partly oxidised euhedral pyrite grains in zones

intergrown with calcite.

In addition to the morphological differences of the two

barite phases, micropetrographical differences were also

found: barite-II shows no zoning; it is uniformly clear and

contains only minor amounts of mainly one-phase and

rarely two-phase (liquid–vapour) fluid inclusions.

Fluid inclusion study

Microthermometry was done on primary fluid inclusions of

calcite from three different localities, i.e., Róka Hill, Lapos

quarry and Feny}ogyöngye quarry. Primary fluid inclusions

showed uniform characteristics in all studied samples but

abundant petroleum inclusions were found coeval with

aqueous inclusions in the samples from the Róka Hill only.

Therefore, detailed description is based on the observations

of the samples from this locality. Petroleum inclusion-

rich calcite samples were all taken from the boundary of

the host rock (Triassic Dachstein Limestone) and vein

(Fig. 3b), but petroleum inclusions also occurred subordi-

nately in the central part of the veins. A number of primary,

petroleum-bearing inclusions were also found in vein cal-

cite at Feny}ogyöngye quarry (hosted by Eocene limestone)

and in a quarry near to Piliscsaba (hosted by Triassic

dolomite).

Fluid inclusion petrography

The following three types of primary inclusions were

detected based on micropetrography: (1) aqueous inclu-

sions, (2) petroleum inclusions and (3) the mixture of the

two: aqueous-petroleum-bearing inclusions.

Aqueous inclusions Aqueous inclusions commonly form

thick ‘spongy’ growth zones (Fig. 5f) in which both intact

and decrepitated inclusions can be found. Fluid inclusions

generally consisting of liquid and vapour phases with

visually determined L:V ratios around 80:20, but rarely

some one-phase (L) inclusions also occur. Shape of the

inclusions is usually elongated and subordinately necking-

down texture also occurs. Outline of all aqueous inclusions

is always irregular. The size of the inclusions varies

between 10 and 50 lm.

Petroleum inclusions Two-phase (Liquid HC ? Vapour

HC) inclusions either occur within the same growth

zones with aqueous inclusions (Fig. 5h) or form thick

growth zones without aqueous inclusions, characterised

by extraordinary abundance of the petroleum inclusions

(Fig. 5g). Contour of petroleum inclusions are generally

sharp but the wall of the inclusion is rarely rough. It was

also observed that the contour of the inclusions is sharp on

one side and rough on the other side (Fig. 5k). Although

petroleum inclusions are commonly rounded, various

morphologies were observed by using the CSLM. Fluo-

rescence colour changes as a function of the size of

the oil inclusion (Fig. 5e). The most common small (d =

10–20 lm) yellow-coloured inclusions show bright bluish-

white fluorescence colour (Fig. 5i, j). Green and red fluo-

rescence colours were also observed in larger dark brown

inclusions (*50 lm) characterised by larger vapour pha-

ses. In addition, non-fluorescent layer was detected

between two fluorescent immiscible liquid petroleum

phases within certain inclusions. Three-dimensional ima-

ges, obtained by using CSLM, pointed out that these

inclusions do not contain different immiscible liquid pha-

ses, only they look like to do so (Fig. 6). This phenomenon

is due to the peculiar shape of the inclusions. Using CSLM,

it is also possible to measure the L/V ratio. In this case, the
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volume of the vapour phase (Fv) was around 5% in the case

of smaller inclusions where leakage is less likely.

Aqueous-petroleum-bearing inclusions Subordinately,

mixed-type inclusions were also found consisting of aqueous

and petroleum phases within one and the same inclusion:

Liquid HC ? Vapour HC ? Liquid H2O ± Vapour H2O. In

this case, the proportion of the aqueous and petroleum phases

is widely variable. Mixed-type inclusions most commonly

consist of a two-phase (L-V) oil drop with a one-phase

(L) ‘water-tail’ (Fig. 7a). Rarely mixed-type inclusions were

observed containing two immiscible vapour phases. More-

over, it was also observed that the ‘water-tail’ already came

off the oil drop represented by an elongated one-phase

inclusion located just near by a two-phase rounded oil

inclusion.

Secondary, generally one-phase and rarely two-phase

aqueous inclusions were also observed along healed mi-

crofractures. They were not the target of investigation since

our aim was to establish the physical and chemical prop-

erties of the fluid from which the calcite precipitated.

Microthermometry

Microthermometry was done on the coexistent two-phase

aqueous and petroleum inclusions. Both aqueous and

petroleum inclusions homogenised into the liquid phase in

each cases. While homogenisation temperature is restricted

to a narrow interval, between 78 and 88�C, in the case of

petroleum inclusions, those of the aqueous inclusions fall

into a much wider interval from 80�C up to 114�C

(Table 1). However, it has to be noted that these intervals

overlap and show similar minimum values.

Final melting temperatures of ice were measured in the

case of aqueous inclusions. Salinities calculated from the

ice-melting temperature values vary between 0.4 and 0.9

NaCl eq. wt%, assuming H2O–NaCl system, and there is

only one outstanding value at 3 NaCl eq. wt%. Final

melting temperature was higher than 0�C in two particular

cases, probably due to the metastable melting of ice

(Table 1). We could not detect the eutectic temperature of

the aqueous inclusions in any cases; therefore, we assume

NaCl-bearing fluids to be enclosed by calcite.

Microthermometry was also used on two-phase aqueous

inclusions in calcite not occurring together with petroleum

inclusions. Fluid inclusion petrography of these aqueous

inclusions is similar to those accompanied by oil inclu-

sions. Both homogenisation temperature (Th = 70–280�C)

and salinity data (0–1.7 NaCl eq. wt%) overlap from the

three different localities (Róka Hill, Lapos quarry,

Feny}ogyöngye quarry). Nevertheless, there is an out-

standing salinity value of 2.6 NaCl eq. wt% from the Róka

Hill (Fig. 11).

FT-IR analysis

FT-IR was used to determine the composition of individual

hydrocarbon-bearing inclusions since this method is more

efficient in the case of hydrocarbon-bearing inclusions than

Raman spectroscopy because it is not affected by fluores-

cence (Pironon et al. 2000). We used the FT-IR instead of

Raman analysis also in the case of aqueous components of

the inclusions because the host calcite was fluorescent, too.

Liquid and vapour phases were measured separately, at

room temperature, in the case of large ([50 lm) petroleum

inclusions. Three simple two-phase (LHC ? VHC) hydro-

carbon-bearing inclusions were investigated by FT-IR. No

significant differences were detected in different inclu-

sions. However, CO2 content varies from 0 to 4 mole% and

CH4 from 3 to 15 mole% (Table 2). Methane concentration

is higher in the vapour phase, while CO2 is rather related to

the liquid phase in dissolved form. CH2/CH3 ratio varies

from 5 to 8.5 corresponding to equivalent nC12 to nC19,

respectively. None of the two-phase oil inclusions contain

detectable amount of water. One mixed-type oil inclusion

with ‘water-tail’ was also measured by IR. Although the

composition of the hydrocarbon phase shows great simi-

larity with those of the simple two-phase oil inclusions, this

inclusion contains large amounts of CO2 (in the vapour

phase and dissolved in oil) but gas fractions cannot be

determined because of the saturation of the IR spectrum in

the C–H stretching range due to the large size of the

inclusion and the thickness of the host mineral (absorption

of overtones of carbonate groups superimposed to –CH

contributions). Furthermore, the aqueous phase (=water-

tail) of this peculiar inclusion also contains CO2 besides

water (Fig. 7b). No high amount of methane was detected

in this inclusion. Thus, the aqueous phase may represent

the H2O–NaCl ± CO2 system. Therefore, the calculated

salinity values represent the maximum salinity of the fluid

because the invisible amount of CO2 may reduce the final

melting temperature by maximum 1.5�C (Hedenquist and

Henley 1985). Thus, the outstanding salinity value (3 NaCl

Fig. 5 Micropetrographic observations on the vein-filling calcite

a Euhedral fluorite inclusions in calcite (sample from Szeml}ohegy

Cave) b fine CL zoning of calcite (sample from Mátyás Hill) c sector

zoning in calcite from the margin of the vein. Cathodoluminescent

image d petroleum inclusions along a growth zone of calcite.

Transmitted light e same picture under UV light c–e same calcite

crystal f spongy growth zones consisting of decrepitated and intact

aqueous fluid inclusions in calcite g abundant petroleum inclusions in

the core of the calcite crystal and fluorite inclusions along the

adjoining growth zone h coeval, two-phase (L-V) aqueous and

petroleum inclusions within the same growth zone i–k well-rounded

petroleum inclusions i transmitted light j UV light k 3D image

obtained by CSLM of a petroleum inclusion with well-rounded

contour on one side and rough on the other side c–k sample Ro-13,

Róka Hill (Fig. 3b)

c
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wt%) may be related to an inclusion containing CO2

because the depression of the final melting temperature is

just about 1.5�C higher as compared to the average value

(-0.3�C) of all data (Table 1).

Gas chromatography

Gas chromatography (GC) was used to establish the bulk

composition of petroleum enclosed in the calcite. The most

frequent normal alkane compounds are of carbon atomic

number between 17 and 24. There is a hump, representing

the unresolved complex mixtures, around C30 on the gas

chromatogram (Fig. 12). Besides the normal alkanes, we

also identified two isoprenoids, namely pristane and phy-

tane, by their positions relative to nC17 and nC18, respec-

tively. Presence of these isoprenoids was confirmed by

GC–MS. Using the PIT software, it is possible to calculate

the composition of individual petroleum inclusions from

the following input data: homogenisation temperature and

measured L/V ratio (Thiéry et al. 2000). The result of the

calculation by PIT (Table 3) is in accordance with bulk

composition of the oil obtained by GC and corresponds to

the range given by FT-IR. All methods pointed out that the

hydrocarbons, entrapped in the studied calcite, consist of

mainly heavy hydrocarbon molecules. However, the high-

est frequency of HC molecules in individual inclusions is

present within the interval of nC11 to nC19 which is slightly

lighter than the bulk composition determined by GC. This

may be explained by the fact that when using the GC we

underestimate the light fraction of the oil due to the

evaporation during the sample preparation.

Geochemistry

Carbon and oxygen isotopes of vein calcite

Based on field observations, we hypothesised that calcite

samples from different localities showing uniform charac-

teristics were of the same origin. Stable oxygen and carbon

isotopes were measured from vein calcite from numerous

localities and from different host rocks in order to confirm

the above hypothesis.

Stable isotope values of calcite are well separated from

those of the host rocks in each case (Fig. 8). Oxygen iso-

topes of vein calcite fall into a wide interval (from -9.2 to

-18.7% V-PDB) depleted as compared to the host rocks

(from 1.3 to -9.8% V-PDB) (Table 4). No significant

differences in the interval of stable isotope values of dif-

ferent calcite veins could be detected. Ranges are broadly

overlapping for different localities. There are only three

data-points characterised by negative carbon isotope com-

position; however, significant dissolution was observed on

the crystal surfaces in two of the three cases.

Major and trace elements of calcite

Both major and trace elements were measured from ten

calcite vein samples from seven different localities.

Regarding the major elements, no remarkable differences

were observed in calcite samples. Fe2O3 content is ranging

between 0.1 and 0.3%. Sr concentrations are more variable

within the interval from 79.4 to 459 ppm (Table 5). All

calcite samples have the same flat rare earth element (REE)

pattern, and all of them are depleted as compared to the

REE concentrations of PAAS (Post-Archean Australian

Shale). However, calcite samples containing HC inclusions

are characterised by the lowest REE concentration values.

Most REE were below detection limit in the case of the

sample containing abundant petroleum inclusions (Fig. 9).

Fig. 6 Petroleum inclusions of peculiar shape. Note that they look

like having more than two immiscible phases a transmitted light

b–d 3D images obtained by using CSLM from three different views
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Fig. 7 a Mixed-type inclusion in the sample Ro-13/2 (inclusion No. 3) consisting of oil drop and ‘water-tail’ b IR spectrum of the above fluid

inclusion

Table 1 Fluid inclusion data of primary coexistent aqueous and petroleum inclusions occurring in the calcite sample Ro-13

Phases Th (�C) Tmelt (�C) Salinity (NaCl eq. wt%) Remarks

Liquid–vapour 99.0 a

Liquid–vapour 80.1 a

Liquid–vapour -0.3 0.5 b

Liquid–vapour 86.0 a

Liquid–vapour 92.0 -1.8 3.1 a

Liquid–vapour -0.5 0.9 b

Liquid–vapour 114.0 ?0.2 c

Liquid–vapour 113.0 ?0.5 c

Liquid–vapour 94.0 a

Liquid–vapour 85.0 a

Liquid–vapour 85.0 -0.2 0.4

Liquid-vapour 85.0 -0.2 0.4

Liquid–vapour 93.0 -0.3 0.5

Liquid–vapour 87.0 -0.2 0.4

Th (�C) min Th (�C) max Th (�C) mean Remarks

Aqueous inclusions 80.1 114 92.8 n = 12

Petroleum inclusions (L-V) 78.0 88.0 83.2 n = 27

a The vapour phase of the inclusions disappeared during homogenisation and did not reappear during cooling down to room temperature;

therefore, the final melting temperature was not measured
b Texture shows necking-down hence only the final melting temperature was measured in this case
c No final melting temperature data obtained because of the metastable melting of ice above 0�C
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Discussion

The studied calcite veins and the related paragenesis from

the different localities all belong to the same regional fluid

migration event, based on the following uniform properties

detected in the case of the omnipresent calcite:

1. Orientation of veins, supposedly extensional in ori-

gin, is uniformly NNW–SSE at all the different

localities.

2. Appearance of the calcite crystals is also uniform

(generally it has scalenohedral habit and milky colour

interrupted by growth zones of greyish colour).

3. Vein-filling paragenesis shows great similarities at

different localities. For example, calcite is usually

accompanied by barite and fluorite. Nevertheless,

minor changes of the paragenesis were detected in

different host rocks.

4. Geochemical similarities—detected by several analyti-

cal methods, i.e., stable isotope geochemistry, fluid

inclusion study, trace elements, cathodoluminescence—

confirm the uniform origin of vein-filling minerals

throughout the Buda Hills.

Table 2 Composition of individual petroleum-bearing inclusions obtained by IR

Sample Inclusion Measured phase [CH4] mole% [CO2] mole% [Alk] mole% CH2/CH3

Ro-13/2 1 Vapour HC 30.0 0.0 70.0 8.6

Ro-13/2 1 Liquid HC 13.8 0.3 85.9 6.4

Ro-13/2 1 Liquid HC (margin of the FI) 16.4 0.1 83.5 4.9

Ro-13/2 2 Bulk (L ? V) HC 3.9 2.6 93.4 6.2

Ro-13/3 4 Bulk (L ? V) HC 15.4 4.0 80.5 6.0

Ro-13/3 4 Vapour HC 22.8 3.1 74.1 5.6

Ro-13/3 4 Liquid HC 13.5 4.0 82.6 6.2

Table 3 Composition of

a representative petroleum

inclusion (same inclusion

on Fig. 6) calculated by PIT

software using the

homogenisation temperature

(Th) measured by

microthermometry and the gas

bubble filling degree (Fv)

measured by CSLM

Th 82.0�C

Fv 5.3%

Tfv 21.0�C

Alpha 0.93

Beta 0.32

Component Mole %

CO2 4.0

C1 19.6

C2 3.6

C3 4.5

iC4 1.2

nC4 2.6

iC5 1.9

nC5 3.1

nC6 4.5

nC7 4.8

nC8 4.6

nC9 4.4

nC10 4.1

Cn1 25.6

Cn2 11.6

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

-20.0 -15.0 -10.0 -5.0 0.0 5.0

Fig. 8 Stable oxygen and

carbon isotope values of calcite

veins and of different types of

host rocks
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Physical and chemical properties of mineralising fluids

and related hydrocarbons

Based on the stable isotope values, calcite must have pre-

cipitated at high temperature because oxygen isotope

values, which vary as a function of the temperature (Craig

1965), are always significantly depleted in vein calcite

samples. Major and trace element concentrations also sug-

gest elevated temperature for the parent fluid. For example,

Tullborg et al. (2008) suggest that high-temperature

Table 4 Stable oxygen and carbon isotope values of vein calcite and different host rocks

Sample code Sample location and host rock type Measured phase d13 CV-PDB (%) d18 OV-PDB (%)

O-02 Odvas Hill, Budaörs Dolomite Dolomite cement 2.3 -1.6

O-02 Odvas Hill, Budaörs Dolomite Matrix dolomite 2.3 0.1

O-02 Odvas Hill, Budaörs Dolomite Dolomite cement 2.6 0.3

O-04 Odvas Hill, Budaörs Dolomite Bulk rock 2.6 -2.3

O-04 Odvas Hill, Budaörs Dolomite Bulk rock 2.9 -0.4

T-04 Teve Cliff, Hauptdolomit Dolomite cement 2.9 0.7

T-04 Teve Cliff, Hauptdolomit Matrix dolomite 3.1 1.3

T-04 Teve Cliff, Hauptdolomit Bulk rock 3.2 1.3

T-05 Teve Cliff, Hauptdolomit Matrix dolomite 3.1 1.1

Ro-42 Róka Hill, Dachsten Limestone Bulk rock 1.60 -3.30

L-17 Lapos quarry, Buda Marl Bulk rock 0.80 -5.10

F-24 Feny}ogyöngye quarry, Szépvölgy Limestone Bulk rock 0.56 -8.96

M-14 Mátyás Hill, Szépvölgy Limestone Bulk rock 0.98 -9.80

L-11 Lapos quarry, Buda Marl Vein calcite 1.0 -11.7

L-11 Lapos quarry, Buda Marl Vein calcite 1.3 -11.7

L-05 Lapos quarry, Buda Marl Vein calcite 2.4 -10.6

L-28 Lapos quarry, Buda Marl Vein calcite 0.5 -14.8

L-31 Lapos quarry, Buda Marl Vein calcite 1.5 -12.6

Ro-33 Róka Hill, boundary of breccia and Dachstein Limestone Vein calcite 1.9 -11.0

Ro-34 Róka Hill, boundary of breccia and Dachstein Limestone Vein calcite 2.0 -9.2

Ro-35 Róka Hill, breccia Vein calcite 1.7 -13.7

Ro-24 Róka Hill, Dachstein Limestone Vein calcite 2.1 -13.4

Ro-46 Róka Hill, breccia Vein calcite 0.8 -13.6

Ro-20 Róka Hill, breccia Vein calcite 0.8 -15.6

Ro-61 Róka Hill, breccia Vein calcite 0.4 -15.6

F-11 Feny}ogyöngye quarry, Szépvölgy Limestone Vein calcite 1.7 -12.9

F-12 Feny}ogyöngye quarry, Szépvölgy Limestone Vein calcite 1.5 -14.0

F-05 Feny}ogyöngye quarry, Szépvölgy Limestone Vein calcite 2.0 -14.9

O-16 Odvas Hill, Budaörs Dolomite Vein calcite -0.2 -15.0

O-04 Odvas Hill, Budaörs Dolomite Vein calcite 0.9 -14.8

Tug-06 Törökugrató, Budaörs Dolomite Vein calcite 0.6 -14.4

Tug-08 Törökugrató, Budaörs Dolomite Vein calcite 1.1 -14.7

Tug-08 Törökugrató, Budaörs Dolomite Vein calcite 1.3 -11.7

Tug-09 Törökugrató, Szépvölgy Limestone Vein calcite 1.4 -12.9

Tug-03 Törökugrató, Budaörs Dolomite Vein calcite 0.3 -18.7

Tug-01 Törökugrató, Budaörs Dolomite Vein calcite (corroded) -0.5 -16.0

Szb-02 Szeml}ohegy Cave, Szépvölgy Limestone Vein calcite 1.3 -17.1

Szb-11 Szeml}ohegy Cave, Szépvölgy Limestone Vein calcite 1.1 -12.9

Sz-f 1a Szeml}ohegy Cave, Szépvölgy Limestone Vein calcite (corroded) -0.6 -13.7

Sz-f 1b Szeml}ohegy Cave, Szépvölgy Limestone Vein calcite (corroded) 1.2 -17.6

Sz-f 1c Szeml}ohegy Cave, Szépvölgy Limestone Vein calcite (corroded) 0.2 -14.5

Szb-18 Szeml}ohegy Cave, Szépvölgy Limestone Vein calcite (corroded) 0.2 -14.7

P-15 Piliscsaba, Hauptdolomit Vein calcite 1.9 -9.5

Int J Earth Sci (Geol Rundsch) (2012) 101:429–452 443

123



Table 5 Concentration of major and trace elements in the vein calcite

Detection limit O-16 Tug-01 Tug-03 Szb-11 Szb-18 L-18 Ro-12 M-31 M-29 F-16

SiO2 (wt%) 0.01 0.09 0.09 0.06 0.13 1.25 0.08 0.12 0.11 0.23 0.03

Al2O3 0.01 0.02 0.02 0.01 0.03 0.22 0.03 0.02 0.03 0.06 0.02

Fe2O3 0.01 0.02 0.02 0.01 0.03 0.02 0.03 0.01 0.02 0.02 0.01

CaO 0.01 54.3 55.3 55.4 54.7 53.9 55 54.2 53.6 53.5 54.6

MgO 0.01 0.82 0.21 0.22 0.21 0.36 0.13 0.5 0.15 0.89 0.39

Na2O 0.01 0.02 0.01 0.01 0.02 0.03 0.02 0.03 0.02 0.01 0.01

K2O 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.01

TiO2 0.01 b.d.l. b.d.l. b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

MnO 0.01 0.08 0.06 0.05 0.02 0.03 0.02 0.01 0.02 0.04 0.02

P2O5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

LOI 0.01 43.1 42.8 42.5 43.2 42.4 43.2 43.3 45.2 43.2 43.2

Total 0.01 98.5 98.6 98.3 98.4 98.5 98.5 98.3 99.2 98 98.4

La (ppm) 0.5 1.4 2.0 1.7 1.0 5.7 0.8 b.d.l. 1.8 1.7 0.8

Ce 0.5 3.4 4.5 3.5 1.6 7.8 1.3 0.5 3.1 2.5 0.8

Pr 0.03 0.47 0.72 0.59 0.25 1.18 0.17 0.06 0.52 0.36 0.13

Nd 0.1 2.0 3.0 2.7 1.1 4.7 0.7 0.2 2.4 1.6 0.6

Sm 0.03 0.42 0.91 0.86 0.25 1.01 0.17 0.04 0.63 0.38 0.15

Eu 0.03 0.12 0.29 0.24 0.06 0.27 0.03 b.d.l. 0.16 0.10 0.04

Gd 0.05 0.43 1.22 1.08 0.32 1.16 0.17 b.d.l. 0.71 0.52 0.20

Tb 0.01 0.07 0.23 0.19 0.05 0.20 0.03 b.d.l. 0.11 0.08 0.03

Dy 0.05 0.4 1.38 1.19 0.26 1.17 0.16 b.d.l. 0.69 0.53 0.17

Ho 0.01 0.08 0.31 0.23 0.05 0.25 0.03 0.01 0.13 0.12 0.04

Er 0.03 0.20 0.84 0.64 0.16 0.78 0.1 b.d.l. 0.35 0.39 0.10

Tm 0.01 b.d.l. 0.10 0.05 b.d.l. 0.07 b.d.l. b.d.l. 0.02 0.02 b.d.l.

Yb 0.03 0.17 0.62 0.49 0.10 0.65 0.09 b.d.l. 0.29 0.33 0.05

Lu 0.01 0.01 0.12 0.07 0.02 0.1 0.02 b.d.l. 0.04 0.06 b.d.l.

Ba 0.5 54.4 7.2 1.9 61.6 2390.0 2.7 1.5 45.3 21.1 6.0

Co 0.5 0.6 1.2 0.7 1.1 6.4 0.8 0.8 1.8 b.d.l. 2.0

Cs 0.01 b.d.l. 0.13 b.d.l. 0.02 0.09 0.02 b.d.l. 0.01 0.06 b.d.l.

Cu 5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Ga 0.1 0.1 0.3 0.1 0.1 0.2 0.1 b.d.l. 0.1 0.2 0.1

Hf 0.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Ni 5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Nb 0.2 b.d.l. 0.2 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Pb 5 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5 6 b.d.l.

Rb 0.2 0.4 0.3 b.d.l. 0.2 0.6 0.2 0.2 b.d.l. 0.3 b.d.l.

Sr 0.1 243.0 194.0 164.0 108.5 231.0 79.4 288.0 86.9 459.0 429.0

Ta 0.1 b.d.l. 0.1 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Th 0.05 0.46 0.37 0.12 0.12 0.40 0.08 0.07 0.14 0.08 b.d.l.

U 0.05 0.40 1.67 0.58 0.13 0.19 0.29 b.d.l. 0.32 0.07 b.d.l.

V 5 5 15 14 b.d.l. 11 b.d.l. b.d.l. b.d.l. 9 b.d.l.

W 1 3 3 3 2 4 4 7 2 2 3

Y 0.5 2.8 10.1 9.6 2.2 11.7 1.8 b.d.l. 5.1 5.1 2.0

Zn 5 b.d.l. 12 b.d.l. b.d.l. 18 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Zr 2 3 3 2 3 6 5 3 3 3 4

Letters of sample codes indicate: O Odvas Hill, Tug Törökugrató, Szb Szeml}ohegy Cave, L Lapos quarry, Ro Róka Hill, M Mátyás Hill,

F Feny}ogyöngye. b.d.l. below detection limit
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(*150�C) fracture-filling calcites are characterised by

elevated Sr contents ([100 ppm). Fracture-filling calcites

from the Buda Hills (with 80–460 ppm Sr) fall within this

range. Nevertheless, elevated Sr content may be also

explained by the source of fluids. If the source of this fluid

was rich in Sr, more Sr would be incorporated in the cal-

cite. A question could be raised whether this calcite is of

hydrothermal origin in the sense that it precipitated under

conditions considerably warmer than the surrounding host

rocks at that time.

Fluid inclusion petrography of calcite suggests a heter-

ogeneous parent fluid consisting of dilute water and an

immiscible hydrocarbon phase and that both inhomoge-

neous and homogeneous entrapment occurred. Further-

more, the peculiar well-rounded shape of the oil inclusions

occurring together with elongated aqueous inclusions

suggests that petroleum and water may have been entrap-

ped together and then they separated and the resulting two

different inclusions consist of predominantly water and

petroleum, respectively. This process can be interpreted as

a transcrystalline migration of the enclosed water by dis-

solution and later recrystallisation of the wall of the

inclusion triggered by the thermal gradient as it was first
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described by Lemmlein (1952) in the case of salt crystals.

Intense thermal water migration along the veins may have

provided the sufficient thermal gradient in our case. While

inclusions in salt crystals move towards the heat source, we

assume a migration to the opposite direction in our case

because of the retrograde solubility of calcite. Neverthe-

less, it has to be noted that the separation of water and

petroleum was not complete in each cases. The mixed-type

inclusions with ‘water-tail’ (Fig. 7a) may represent an

intermediate stage of this process. In the case of contem-

poraneous trapping of two immiscible fluids from a het-

erogeneous system, the homogenisation temperature of the

aqueous phase represents the trapping temperature for both

fluids (Nedkvitne et al. 1993), so pressure correction must

not be undertaken (Burruss 1981). Thus, the minimum

value of the homogenisation temperatures of our aqueous

inclusions (*80�C) has to be taken into account (both for

aqueous inclusions occurring together with petroleum

inclusions and for those without), supposing a volume

change of certain inclusions after entrapment, because of

the asymmetric distribution and wide range of the

homogenisation temperatures (Fig. 11). The above phe-

nomenon is frequently observed in fragile minerals, like

calcite. In this particular case, it is possible to specify not

only the trapping temperature but also the pressure during

entrapment, using the PIT software (Thiéry et al. 2000,

2002). Thus, the temperature and pressure of the fluid

at the time of entrapment could be estimated as 80�C and

85 bar, respectively (Fig. 10). Based on the pressure value

obtained from the fluid inclusion study, it is possible to

establish the thickness of sediments eroded from above the

Upper Triassic limestone at Róka Hill from the latest Early

Miocene on. Calculating with hydrostatic pressure condi-

tions, the given 85 bar roughly correspond to 850 m.

Therefore, since the real pressure may be slightly higher

than the hydrostatic pressure, it can be suggested that the

thickness of the eroded sediments was ca. 800 m. The

above calculated thickness is in accordance with the 850 m

total thickness of the Eocene and Oligocene sediments,

known from a borehole (Pm-1) in the Pest side (Alföldi

et al. 1968; Fig. 13), where these sediments are not yet

stripped by erosion. The mean annual surface temperature

in Hungary is 12�C (Dövényi et al. 1983), and the geo-

thermal gradient measured in the surroundings of Budapest

and believed to have been increasing with time since the

Miocene on is ranging between 30 and 60�C/km (Dövényi

and Horváth 1988). Thus, the maximum temperature of the

fluid should have been only around 60�C at the given dept

if it was heated only by the geothermal gradient (calcu-

lating with 60�C/km and 800 m depth). Since fluid inclu-

sion data point to higher temperatures (80�C), an external

heating agent or origin of fluids from the deeper part of the

crust is required. Therefore, the fluid inclusion data can be

considered as confirming the hydrothermal origin of

calcite.

Based on the observed mineral paragenesis, the hydro-

thermal fluid certainly carried elevated concentrations of

the following elements: Ca, Ba, F, S (both in oxidised and

reduced form), Fe, Sr and very minor amounts of Hg and

Cu. The source of Ca and CO3
2- may have been both the

pore water of the carbonate host rock and the hydrothermal

fluids. Moreover, hydrocarbons must have migrated toge-

ther with the hydrothermal fluids based on the coexistence

of water and petroleum in the studied fluid inclusions of

calcite. CO2 was detected in the aqueous phase trapped

together with petroleum within one and the same inclusion.

No other gas, not even methane, was detected by IR in the

aqueous phase in spite of the fact that methane is the most

Fig. 11 Paragenetic order of fracture-filling minerals and the related fluid inclusion data. Fluid inclusion data of barite-II are from Gál et al.

(2008)
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soluble hydrocarbon in water (Guillaume et al. 2003).

Nevertheless, in the case of contemporaneous trapping of

petroleum and aqueous inclusions, methane saturation is

assumed for the aqueous inclusions (Munz 2001). Even

though oil always contains some water if they were trapped

together (Pironon et al. 2000), we did not detect any water

in the petroleum phase. Therefore, it is very likely that the

water in the petroleum and the methane in the aqueous

phase are present but remain below detection limit. Thus,

the aqueous phase, enclosed by the calcite, may represent

the H2O–NaCl–CH4 ± CO2–system.

Comparing our results with the fluid inclusion data from

barite-II (Gál et al. 2008), a change in the salinity of the

hydrothermal fluid can be detected from the calcite towards

barite-II (Fig. 11). Calcite is of 0–1.7 wt% salinity which

slightly rises in the case of barite-II up to 0.9–2.9 wt%. The

very low salinity of the inclusions in calcite may refer to

significant karst water contribution to the mineralising

fluids. In the case of barite precipitation, the proportion of

the mineralising fluids (which is supposed to be more

saline than the karst water) might have slightly increased at

the expense of the karst water. It has to be emphasised that

the very low salinity values suggest that these hydrother-

mal fluids are the mixture of large amount of warm,

regional karst water and small amounts hydrocarbon-

bearing fluids of higher salinity.

Hydrocarbons accompanying the hydrothermal fluids can

be interpreted as black oil because of the yellow (rarely

brown) colour and the high liquid/vapour ratio of individual

inclusions at room temperature (Munz 2001). Homogenisa-

tion temperature values (around 80�C), the relatively low

CH4-content (\30%) and the high CH2/CH3 ratio (*6) are

also characteristic to black oils (Grimmer et al. 2003) and

point to the presence of long hydrocarbon chains. The

commonly detected, visually determined bright bluish-white

fluorescence of the petroleum inclusions is not in agreement

with the previous statements since this colour is rather

characteristic to relatively mature, volatile oils. Although the

fluorescence colour of the oil is not only the function of the

degree of maturity but it is also affected by the type and

origin of source-rock and of course the choice of barrier

filters used for fluorescence microscopy. In addition, fluo-

rescence and API gravity variation can reflect maturity but

spectrometric colour determination is needed (Oxtoby 2002).

It has been already described that a mixture of petroleum

and water provides for a reducing micro-environment in

siliciclastic host rock (Surdam et al. 1993). Therefore, it can

be suggested that the hydrocarbon-bearing hydrothermal

fluid in our case was reducing supported by the following

observations: (1) redox front along a calcite vein in the

reddish marl (Fig. 4b). (2) presence of sulphides besides the

sulphate phases in the same paragenesis where petroleum

was found. According to our petrographic observations,

those growth zones which contain abundant petroleum

inclusions show the brightest cathodoluminescence. More-

over, sector zoning was also observed, showing brighter

luminescence where HC-bearing inclusions occurred

(Fig. 5c). Recrystallisation of calcite during the moving of

aqueous inclusions may explain the above luminescent

pattern. Not only the CL pattern of calcites with hydrocar-

bon inclusions is different from the inclusion-free crystals,

but there is a difference in the REE concentrations as well.

Those calcite samples, containing petroleum inclusions, are

more depleted in REE as compared to those calcite samples

without any hydrocarbons (Fig. 9). This trend may refer to

the strong sensitivity of the behaviour of REEs to the var-

iation in redox state which might have changed significantly

due to the presence of the hydrocarbons. Alternative
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explanation is that organic complexation of the REE (e.g.

Landström and Tullborg 1995) may have resulted in the

depletion of REE in the aqueous phase of the fluid. REE

could have been incorporated, however, into calcite in the

immediate vicinity of the oil inclusions resulting in the

observed more intense luminescence in such places. Thus,

the calcite, being precipitated from the aqueous phase

migrating together with oil drops, is characterised by

overall lower REE content. Although we cannot give the

precise explanation for this trend, it is possible to predict

whether the calcite likely contains petroleum-bearing

inclusions or not based on the REE content of it.

Nevertheless, physical and chemical properties of the

hydrothermal fluids may have changed due to the fluid–

rock interaction in different host rocks. For example, the

absence of the otherwise omnipresent calcite and fluorite in

the sandstone may be explained by the changes in the pH of

the fluid when entering the pore space of the sandstone or

by the lack of the source of the Ca.

Source of the mineralising fluids and the related

hydrocarbons

To produce such an extensive hydrothermal mineralisation,

it demands a large volume of circulating fluids driven by

the elevated heat flux. The question could be raised whe-

ther these fluids need a direct volcanic heat source—as

it was previously supposed—or not. When accepting the

idea of direct volcanic connections, the Visegrád Mts., the

closest Neogene volcanic area, north to the Buda Hills,

could be considered as the fluid source. However, when we

abandon the hypothesis of direct volcanic heat source,

hydrocarbon indications may help us to reconstruct the

migration pathway by localising the source of the hydro-

carbons. There are two possible source rocks in this case,

namely the Upper Triassic bituminous limestone and

dolomite called Mátyáshegy Formation (Vet}o 1999) and

the Lower Oligocene Tard Clay (Csı́ky 1956).

Both possible source rocks were investigated with GC

by earlier authors (i.e. Brukner-Wein et al. 1990; Vet}o
1999; Hetényi et al. 2004). In the case of Triassic source

rock, there is always a prominent hump between C15 and

C20 on the gas chromatogram (Vet}o 1999; Hetényi et al.

2004). While the extract of the Tard Clay has always a

hump in the C27–C32 interval (Brukner-Wein et al. 1990),

which may be also present in the case of the Triassic car-

bonate. The gas chromatogram of our sample (bulk sample

of the petroleum inclusions enclosed in the calcite from

Róka Hill) shows greater similarities with that of the Tard

Clay compared to the other candidate based on the position
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of the hump occurring between the C27 and C32 intervals,

confirmed by the lack of the hump between C15 and C20

characteristics to the Triassic rock (Fig. 12). Moreover, the

extremely low pristane/phytane ratio of the Triassic source

significantly differs from that observed in our case. Nev-

ertheless, some differences do occur between Oligocene

rock and our sample, too, e.g., the normal alkane distri-

bution: (1) The most frequent normal alkane fraction (nC27

to nC31) of the Tard Clay extract is of very low concen-

tration in our case. (2) Tard Clay is characterised by odd-

predominance which is not obvious in our case. Latter can

be explained by the differences in state of maturity since

the odd-predominance is an immature character. Lack of

high amounts of heavy normal alkanes in our petroleum

inclusions may refer the changes in composition of

hydrocarbons while being transported by aqueous media.

Therefore, we assume that Tard Clay is more likely the

source rock in our case than the Triassic bituminous car-

bonate. Nevertheless, Tard Clay is immature in the whole

area of the Buda Hills based on vitrinite reflectance data

(Ro = 0.3–0.5%; Korpás et al. 1993). In addition, Tard

Clay is immature even at 600–700 depth below ground

surface in borehole Ad-3 (Fig. 1b) south-west to Buda

Hills (Tmax \ 430�C; Brukner-Wein et al. 1990). There-

fore, hydrocarbons found as fluid inclusions in the Buda

Hills must have been generated from the Tard Clay east to

Buda Hills, i.e., under the Pest Plain (Fig. 13) where sev-

eral known HC accumulations have been reported (e.g. at

borehole Gomba-6 where Tard Clay is known from more

than 2,000 m depth). Therefore, it can be stated that the

mineralising fluids and thus also the associated elements,

i.e., Ba, F, S, Fe, Sr, Hg, Cu and hydrocarbons with CO2 all

originated in the basin which borders the Buda Hills from

the east. The supposed source of the Ca2? and CO3
2- to

precipitate calcite is the karst water. Therefore, we assume

that the vein-filling minerals precipitated from a mixture of

two fluids, i.e., karst water and basinal water.

Structural control of HC-bearing basinal fluid migration

General strike of the above-described hydrothermal veins

(NNW–SSE) is parallel to one of the major structural

elements in the Buda Hills, the so-called Solymár Trough

(Fig. 2) which is bordered by two normal fault zones

formed in the Miocene–Pliocene, due to the predominantly

extensional stress field (Fodor et al. 1994). Integrated

paleomagnetic and structural studies in the TR revealed

several counterclockwise rotation events during Tertiary

times (Márton and Fodor 2003). Counterclockwise rotation

of the TR resulted in clockwise rotation in the observed

stress field. Thus, the strike of the extensional fractures

gradually changed from ESE–WNW to NNE–SSW from

the Early to Late Miocene (between 19 and 10 Ma). This

model thus makes it possible to roughly date different set

of veins based on their strike directions. Based on the

uniform NNW–SSE strike of the studied veins, the maxi-

mum age of the fracturing is latest Early Miocene

(17–16 Ma), so the age of the first phase of fracture-filling

minerals must be either coeval with or slightly younger

than that.

Hydrocarbon indications are all related to these major

Miocene–Pliocene faults, indicating that hydrocarbons, just

as the hydrothermal fluids, must have migrated mainly

along these very faults (Fig. 13a). In addition, the uncon-

formity between Triassic and Eocene carbonates might

have also acted as a migration pathway (Milota et al. 1995;

Fig. 13b). Hydrocarbon indications in recent groundwater,

detected by GC (Alföldi 1979), were found along or near

those faults where the Miocene hydrocarbon indications

were found (Fig. 13a, b). This implies that basinal fluids,

transporting also the hydrocarbons, must have been

migrating upward and north-westward to the Buda Karst,

using the same migration pathways from the Miocene up to

the Holocene and even at present. Evidence for the basinal

contribution to the karst system having been active also in

post-Miocene times is the presence of barite and fluorite in

Pleistocene travertines (Kovács-Pálffy and Földvári 2004)

located along the same Miocene–Pliocene faults (Fig. 2).

In addition, a less than ca. 1.5 million years old barite-

calcite vein is exposed by the Molnár János Cave (Leél-

}Ossy 2004). Nevertheless, the driving force of the basinal

contribution might have changed since the latest Early

Miocene. Initially, in the Miocene, due to extension and

general subsidence of the Pannonian Basin, a predomi-

nantly compaction-driven upward flow is 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).

Hydrocarbon maturation

The source rock of the hydrocarbons is probably the Oli-

gocene Tard Clay. Based on the established age of the

petroleum inclusion-bearing calcite veins, we assume that

this source rock begun to generate hydrocarbons in the

latest Early–Middle Miocene times (*17–11 M years

ago). This contradicts to previous estimates by several

authors (e.g. Milota et al. 1995) who suggested that the

earliest date when this source rock begun to generate

hydrocarbons was 6 million years ago. Therefore, it is very

likely that HC was generated by forced maturation (sensu

Davis and Smith 2006) due to the locally increased heat

flux on the margin of the uplifted block because of the

continuous upward migration of hydrothermal fluids from

the basin. This explains that hydrocarbons were generated
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as early as the latest Early–Middle Miocene age here, since

the heat that the upward migrating fluids transport by

advection and conduction may result in a non-burial

organic maturation (Anderson 1991). Nevertheless, forced

maturation must have been followed by burial maturation

in the subsiding basin. Therefore, recent hydrocarbon

indications detected in the wells represent the hydrocar-

bons generated during burial maturation. Accordingly, the

elevated methane content of recent hydrocarbon indica-

tions points to the more advanced state of the maturity as

compared to Miocene hydrocarbons.

Effect of the basinal contribution to the karst system

and to the recent hydrogeological setting

Close spatial relationship between the Miocene hydro-

thermal veins and the young caves suggests that Miocene

hydrothermal fluids have been migrating along the same

fractures as the cave-forming fluids; thus, the effect of

basinal fluids on the formation of hypogenic caves should

be discussed. We suggest that the thermal component of

the recent karst is a mixture of regional karst water and

hydrocarbon-bearing basinal fluids. Together with the

liquid hydrocarbons, aggressive gases (CO2 and H2S) have

been migrating up to the karst system possibly enhancing

the dissolution of carbonates. Methane may also contribute

to carbonate dissolution when it is oxidised to CO2 and

H2O by reaching shallower depths of the aquifer (Forti

et al. 2002). However, the proportion of the basinal fluids

and also the amount of aggressive gases must have

diminished with time in favour of karst water due to

accelerating uplift and erosion, as it was suggested already

by Schréter (1912).

Summary

Based on detailed mineralogical and fluid inclusion studies,

the contribution of hydrocarbon-bearing basinal fluids was

proved in the Buda Karst. Our research revealed that the

fluid source is the siliciclastic sediment fill of the nearby

basin, as it was already suggested in the case of recent

thermal water by Alföldi (1979).

Direct volcanic contribution to the hydrothermal fluids

could not be confirmed. Instead, the elevated heat flux

related to the attenuated lithosphere of the Pannonian Basin

should be considered as the heat source of the hydrother-

mal fluids.

Migration pathways reconstructed for basinal fluids in

Miocene times proved to be identical to those of the recent

groundwater flow system. It is suggested that basinal

contribution has been continuous from the Miocene on.

Therefore, hydrothermal events having resulted in the

formation of the studied vein-filling minerals, travertines

and hypogenic caves should be treated as different phases

of the evolution of one single hydrothermal system.

Coexistence of aqueous and petroleum inclusions

allowed us to establish the thickness of sediments having

been eroded since the latest Early Miocene (800 m) cal-

culated from the entrapment pressure value (85 bar). These

data confirm that basinal fluid circulation started under

confined conditions as it was suggested by Kovács and

Müller (1980). Entrapment temperature (80�C) was also

determined and falls within the lower interval of those

homogenisation temperature ranges presented in several

previous studies from the Buda Hills. It shows that fluid

inclusions characterised by extremely high homogenisation

temperature values (up to 250�C) should be reconsidered

and treated as stretched inclusions.

Extreme low salinity of the fluid inclusions (\1.7 NaCl

eq. wt%) implies that basinal fluids were diluted by large

amount of regional karst water already in the basin side.

Detailed fluid inclusion studies revealed that significant

amounts of CO2 and minor CH4 are associated with the

black oil-type hydrocarbons migrating upwards from the

basin dispersed in an aqueous medium. Unique shape of

the petroleum inclusions reconstructed by using CSLM

may be the result of separation of water from the inclusion

after entrapment, a process known as transcrystalline fluid

migration.

Geochemistry of the vein-filling calcite reflects the rel-

atively high temperature origin of the basinal fluids by its

significantly depleted oxygen isotopic composition (from

-9.2 to -18.7%). REE concentration of calcite seems to

reflect the variable amounts of hydrocarbons present in

different samples since those calcites containing abundant

petroleum inclusions are depleted in REE as compared to

the hydrocarbon-free samples.

Conclusions

Basinal contribution, even if represented by very small

amounts, may have several imprints and effects on the

karst systems. In the case of the Buda Karst the following

effects were detected:

1. Formation of a regional vein-filling paragenesis con-

sisting of calcite, barite, fluorite and sulphide phases.

2. Elevated heat flow, along the margins of the basin

possibly resulting in forced maturation of organic-rich

sediments. HC inclusions are pointing to maturation of

Oligocene source rocks preceding overall burial-

related maturation in the basin.

3. Formation of hypogenic caves, not only due to the

mixing of different fluids but also due to the dissolu-

tion-enhancing effect of aggressive gases (e.g. CO2 and

H2S), transported upwards from the basin side.
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A calcite-barite-fluorite paragenesis, containing hydro-

carbon inclusions, associated with sulphides can be con-

sidered as a strong indication for basinal contribution in

karst water flow systems. In addition, this study provides a

clue to estimate the duration of similar flow systems:

basinal contribution towards an uplifted block may be

maintained for more than 10 M years.
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Hárshegy Sandstone Formation and their relationships to

regional geological processes, Buda Hills, Hungary (in Hungar-

ian with English abstract). Földt Közlöny 138:49–60
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Scheuer Gy, Schweitzer F (1988) Travertines of the Gerecse and

Buda Mountains (in Hungarian). Földr Tanulm 20, Akadémai
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