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Abstract

Extensive Miocene volcanic activity produced basaltic and pyroclastic successions, which were
penetrated by many wells in the area of Ullés-Ruzsa-Bordany, in the western and central part of
the Great Hungarian Plain. The Kecel Basalt comprises primary porosity from a high proportion
of vesicles and significant secondary fracture porosity, as well. Due to the significant fracture
porosity, some depth intervals show good reservoir characteristics, although the fractures cross-
cutting the rock body are partly or entirely cemented by various minerals. Based on the textural
and mineralogical features, four distinct vein types can be distinguished, named after their volu-
metrically most abundant cement phases, i.e. potassium-feldspar (Kfp-), calcite (Cal-), laumon-
tite (Lmt-) and analcime (Anl-) types. This study focuses on probably the youngest of these vein
types, the Anl-type. Based on the study of veins and mineral sequences, the direction of tem-
perature changes cannot be given unequivocally for every stage of cementation, but crystalliza-
tion of the Anl-type veins might have occurred at lower temperatures than the formation of the
Lmt-type veins. Fluid inclusion studies suggest that hydrocarbon migration and accumulation
took place after cementation of the first three vein types (Kfp-, Cal- and Lmt-types). In the new-
ly opened fracture system, two types of hydrocarbon (HC1 and HC2)-bearing fluid inclusion as-
semblages were captured during precipitation of analcime and later zeolites. This refers to two
stages of hydrocarbon migration in the fracture system. Observations of the fluorescence co-
lours and low temperature behaviours of the hydrocarbon-bearing inclusions, the earlier HC1
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Basin, zeolite minerals, hydrocarbon-bearing fluid
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petroleum-inclusions captured heavier (presumably less mature oils), while the later ones (HC2)
lighter (presumably more mature) oils. The HC2 petroleum seems to be very similar to the crude
oil sampled in a well in the area based on their fluorescence parameters.

1. INTRODUCTION

Volcanic rock bodies, which reserve economically important
amounts of hydrocarbon, are rather uncommon worldwide (e.g.
Farooqui et al., 2009). The Ullés-Ruzsa-Bordany area in SW
Hungary is one of these; the reservoir consists of monotonous
basalt and its pyroclastic varieties (Kecel Basalt Formation —
KBF), approximately 200 m thickness. Early studies support de-
tailed petrographic results on KBF focusing exclusively on the
highly altered host rock itself (CSEREPESNE, 1978; PAP, 1983;
BALAZS & NUSSZER, 1987). Today, important aspects con-
cerning the reservoir characteristics are also studied (SZABO et
al., 2009a, b, 2012).

Due to the dense fracture network and the significant frac-
ture porosity, some depth intervals of the igneous body show
good reservoir characteristics. These fractures are partially or
entirely cemented by various minerals making examination of
their fluid inclusions and so principles of ancient fluid migration
events possible. Four distinct vein types can be distinguished
based on textural and mineralogical features. Named after their
volumetrically most abundant cement phases, these are the po-
tassium-feldspar (Kfp-), calcite (Cal-), laumontite (Lmt-) and the
analcime (Anl-) types, respectively. A summary of the character-
istics of all these vein types was published in SZABO et al.
(2009a), while the detailed description and circumstances of the

evolution of the first three types were discussed by SZABO et al.
(2009b). Nevertheless, from a petroleum geology point of view,
the most important vein generation is the youngest one, since hy-
drocarbon inclusions were identified exclusively in its vein filling
mineral phases (SZABO et al., 2009a). It was previously proven
(SZABO et al., 2009a) that rocks of the KBF are characterized
by two types of porosity comprising an extended fracture system
and partially-filled vesicles.The occurrence of similar petroleum
inclusions both in the cemented Anl-veins and in the adjacent
wall-rock vesicles suggests that filling of the reservoir took place
not only along localized fractures but also along altered basaltic
zones around them. The evolution of the youngest vein genera-
tion and its role in the hydrocarbon system in question is the fo-
cus of the present paper. The key questions concern the subsid-
ence history of the area through estimating temperature and
pressure change during the formation of the reservoir, as well as
the stages and the timing of petroleum migration. Utilising geo-
chemical data, SZABO et al. (2012) evidenced a genetic relation-
ship between the potential source rock (marl) and the hydrocarbons
produced. From this aspect the area in question is a hydrocarbon
system based on the definition of MAGOON (2004).

The study of the vein-filling minerals and their fluid inclu-
sion assemblages could provide valuable information about the
post-volcanic evolution of the area, the circumstances of hydro-
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carbon migration and the accumulation processes in a hydrocar-
bon system (e.g. KARLSEN et al., 1993; GEORGE et al., 1997;
BOURDET et al., 2010). In addition, the evolution of reservoir
charging can further be specified by the methods of PIRONON
et al. (1998) or APLIN et al. (1999), who used the systematic
change in homogenization temperature (7;,) and vapour volume
fraction (¢yap)values of petroleum inclusions in order to estimate
the pressure of hydrocarbon migration. Hereafter the vapour vol-
ume fraction is defined as the proportion of vapour volume and
the amount of vapour and liquid volume (¢yap=Vsap/(VyaptFiiq))-

Considering different thermometric data of all subsequent
vein types, the post-volcanic temperature evolution and the sub-
sidence history of the volcanic rocks could be modelled in the
study area. Data gained from fluid inclusion analyses could pro-
vide further contributions to our present knowledge regarding the
stages and timing of petroleum migration.

2. GEOLOGICAL SETTING

Several wells were drilled in the Late Miocene basaltic rocks of
the KBF in the central and SW part of the Great Hungarian Plain,
in the area of Szank, Kiskunhalas, Sandorfalva, Pusztamérges,
Ullés, Ruzsa and Bordany (Fig. 1) (CSEREPESNE, 1978; PAP,
1983; BALAZS & NUSSZER, 1987). The formation consists of
pyroclastic and lava rocks interbedded with up to several hundred
meter thick layers of the Endréd Marl Formation (EMF). The
Endréd Marl is regarded as one of the most important source
rocks in the area, although in many areas its thermal maturity is
highly variable and the results of the oil-source correlations are
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not unequivocal (e.g. BADICS et al., 2011; BADICS & VETO,
2012 and references therein). The lithofacies of the Endréd Marl
varies from calcareous to argillaceous marls, depending on palaco
water depth and other depositional conditions in the Lake Pannon
(MAGYAR et al., 1999). The Totkomlés Calcareous Marl Mem-
ber of the EMF includes fossils (e.g. Congeria czjzeki M. HORN.,
Congeria sp., Limnocardium abichi R. HOERN. var., L. cfr. abi-
chi R. HOERN,, L. desertum STOL., L. cf. desertum STOL., L.
triangul costatum MAL., Limnocarcium sp., Amplocypris sp.,
Candona (Pontoniella) acuminata ZALANY], C. (bacunella) sp.,
C. (Camptocypria) sp., etc.) (BALAZS & NUSSZER, 1987).
Based on biostratigraphic evidence the age of the calcarecous marl
underlying the pyroclastic rocks in the Ullés-22 well is between
8.1-10.8 Ma years (MAGYAR et al., 2004). These results are in
agreement with the whole rock K/Ar radiometric ages of the vol-
canic rocks, determined as 8.13 + 0.71 Ma from Kecel-1, as 9.61
+ 0.38 Ma from Kiskunhalas-Ny-3 and as 10.4 + 1.8 Ma from the
Ruzsa-4 wells (CSEREPESNE, 1978; PAP, 1983; BALAZS &
NUSSZER, 1987).

The KBF has been explored in almost 30 wells in the areas
of Ullés, Ruzsa and Bordany (Fig. 1). The volcanic rocks were
penetrated between 2200 and 2900 m with a maximum thickness
of 185 m. These basaltic rocks show intense chloritization and car-
bonatization as the result of metasomatism following the subaque-
ous volcanism (SZABO et al., 2009b). Fractures are often ce-
mented by minerals (prehnite, chlorite, quartz, calcite), in
particular by different zeolites (laumontite, thomsonite, analcime,
mesolite, heulandite, stilbite). Four distinct vein types can be dis-
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Figure 1. a) Occurrence of the Kecel Basalt Formation within the central Pannonian Basin of Hungary. b) Location of settlements in the vicinity of which rocks of
the Kecel Basalt Formation were reported from drillcores. ¢) A detailed sub-surface topographic and geological map of the study area. Contours show depth (m)
to pre-Cenozoic basement. White dots mark wells (labelled Ullés-) from which hydrocarbon-bearing analcime grains were investigated in this study (modified after
HAAS et al,, 2010). 1. Middle Triassic shallow marine siliciclastic and carbonate rocks. 2. Lower-Triassic siliciclastic rocks of fluvial and delta facies. 3. Jurassic and

Cretaceous rocks. 4. Pre-Mesozoic basement.
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Table 1. The basic parameters of the occurring vein types.

Kfp-type Cal-type Lmt-type Anl-type
Host rock lapillis basalt basalt and pyroclast basalt and pyroclast
Occurrence Ruzsa-21, Ullés-61 Bordény-2, Ullés-77 Ruzsa and Ullés area (except for: Ullés-61)  Ullés-61, Ullés-65/A (in cuttings)
Vein microstructure syntaxial antitaxial syntaxial (ataxial) syntaxial
K-feldspar Weathered PrEthte Analcime
Quartz - . Chlorite .
. . volcanic material ) Mesolite
Cement minerals Albite . Laumontite .
. Calcite . Heulandite
Laumontite . Thomsonite -
. Heulandite . Stilbite
Calcite Calcite
Time
Early vein generations Late vein generations
Vein type

(FI host minerals)

Methane-bearing

Fluid regime _
aqueous fluids

—» Known temporal relationship

= ¥ Supposed temporal relationship

Kfp-type, Cal-type
(Kfp, Qtz, Cal)

occasionally with methane

Aqueous fluids Cogenetic petroleum and

aqueous fluids
12
\

Anl-type

(Anl)

Figure 2. Paragenetic diagram of fracture-hosted minerals indicating the reigning fluid regime during their precipitation. Based on cross-cutting relationships the
age of Anl-type veins relative to the Lmt-type ones cannot be determined unequivocally, hence, we have marked both of the feasible scenarios on the diagram.

tinguished based on their mineral compositions and the textural
relationships of the mineral sequences in the veins (Table 1; Fig.2).

The veins of the earliest K-feldspar (Kfp)-type could only be
observed in lapillis and contain potassium feldspar, quartz, albite,
laumontite and calcite (Table 1). The basalt hosted Calcite (Cal)-
type veins are filled by altered volcanic material in the central
part, and calcite and heulandite along the vein walls (Table 1).
These types formed prior to significant diagenetic alteration of
the pyroclastic material. The Laumontite (Lmt)-type veins
formed later, during formation of the early fracture network and
are composed of the prehnite-laumontite-thomsonite-laumontite-
chlorite-calcite mineral sequence. Details on the fracture fillings
of the first three of the four vein types were given in SZABO et
al. (2009b).

Fluid inclusion microthermometry was performed on two-
phase (L+V) fluid inclusions in fracture-filling minerals with a
well-defined position in the mineral sequence (Table 1). In Kfp-
type veins, the two-phased (L+V) aqueous inclusions in the K-
feldspar, quartz and calcite crystals contain methane in the va-
pour phase at room temperature. In Lmt-type veins, the primary
inclusions in the prehnite contain methane in the vapour phase at
room temperature, but the rare single two-phase aqueous inclu-
sions in calcite with no identifiable genetics do not contain any
methane. For the fluid inclusion petrography and microthermom-
etry of the first three vein types (Kfp-, Cal- and Lmt-types) see
SZABO et al. (2009b).

Post-volcanic temperature changes during their cementa-
tion were reconstructed for the first three types of veins (Kfp-,
Cal- and Lmt- types), based on their study andthermo-baromet-

Table 2. The samples from the study area.

ric models, (SZABO et al., 2009b):The minerals of the Kfp-type
veins precipitated in fractured lapilli before the final consolida-
tion of the volcanic sediment at around 140155 °C. The calcite
of Cal-type veins crystallised in the fractures of basalt after it
was partially filled by altered volcanic material. The earliest ce-
ment phases in the Lmt-type veins from prehnite to thomsonite
clearly suggest a cooling trend during fracture cementation
from around 130-180 °C to 50-90 °C. However, in the next
phase, Lmt veins suggest an increasing temperature for their
late evolution (150-225 °C) on the basis of the temperature sta-
bility of laumontite.

3. SAMPLES AND METHODS

For petrological and analytical studies, core samples and cuttings
from the collection of the MOL Hungarian Oil and Gas Plc. were
used. The cores of the Ullés-61 well and cuttings from the Ullés-
65/A well were chosen for further investigation as being re-
presentative of the fracture cementation of the Anl-type veins
and also because they exhibit traces of hydrocarbon migration
(Fig. 1). The crude oil was sampled from the well head of Ullés-61
(Table 2).

Prior to macroscopic observations, the samples were care-
fully cleaned by water and in some cases in an ultrasonic bath.
The macroscopic observations were carried out to explore the
main characteristics of the fractures, the paragenesis and spatial
relationships of the fracture-filling minerals. The petrographic
investigation of the host rock and fracture cement was performed
on cores, cuttings and thin sections using Olympus SZX7 binoc-
ular and Olympus BX41 polarization microscopes. Raman micro-
spectroscopy, fluid inclusion petrography and microthermometry

Kecel Basalt Formation  Depth of sample . X
Well (MDinm) (MDm) Type of sample Rock type Fracture-filling minerals
. 2238-2250 Core basalt, basalt agglomerate K-feldspar, chlorite, calcite, analcime, mesolite, heulandite, stilbite
uU-61 2235-2405 -
2329-2340 Crude oil - -
U-65/A 2198-2340 2264-2330 Cuttings basalt, basalt agglomerate prehnite, chlorite, laumontite, analcime, heulandite
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were performed on thick sections prepared from core samples (6
sections) and cuttings (3 sections) at the Department of Mineral-
ogy, Geochemistry and Petrology, University of Szeged. Prior to
the analytical procedures and microscopic observations, thin sec-
tions (30—50 pwm) and double-polished thick sections (75-150 pm)
were prepared from the cores and cuttings. If it was necessary,
the samples were impregnated with epoxy resin under vacuum at
40 °C for at least 24 hours, and then cut into pieces by a Buehler
IsoMet low speed saw. The surfaces were ground and polished
using SiC and diamond sprays. During the sample preparation the
methods of SHEPHERD et al. (1985) were followed.

Raman spectra of fracture-filling minerals and fluid inclu-
sions were recorded in part with a Horiba JobinYvone spectrom-
eter connected with an Olympus BX40 microscope (Budapest
University of Technology and Economics), and with a Labram-
type spectrometer connected to an Olympus U-D6RE micro-
scope (University of Nantes) using 50X and 100X LWD objec-
tives and in accordance with the methods of BRUKE(1994). The
radiating laser source operated at 532 nm in the former and at 488
nm in the latter case. The acquisition time was chosen depending
on the intensity of the signal, usually 10-30 seconds in the case
of minerals and 60—100 seconds in the case of fluid inclusions,
accumulated 3-5 times.

Fluid inclusion petrography was performed on fracture-fill-
ing minerals of rock samples with a well-defined position in the
mineral sequence. The observations were made using an Olym-
pus BX41 polarization microscope in normal and in ultraviolet
light following the methods of GOLDSTEIN (2003). Based on
the petrographic evaluation of the thick sections, UV fluorescent
micro-spectroscopic measurements were carried out to identify
the different petroleum inclusion assemblages. For this purpose
a PARISSH Spectral Imaging System (Lightform Inc., Hillsbor-
ough, NJ, USA) mounted on an Olympus IX71 inverted research
microscope was used to collect the fluorescence spectra. The light
from a selected line of the microscope’s field of view is wave-
length dispersed by the spectrometer and focused on a Peltier-
cooled charge coupled device. The recorded image consists of
intensity values with their spatial and wavelength coordinates.
The spectral imaging system provides simultaneously several full
spectra uniformly distributed along a conveniently selected spa-
tial direction. In these investigations the observation line (projec-
tion of the entrance slit) was chosen to be through the entire in-
clusion. During the detection an Olympus U-MNU?2 filter cube
(excitation filter — 360—370 nm, emission filter — 420, dichromatic
mirror — 400 nm) was used. About 100 spectra were measured
and data collected on each petroleum inclusion. To optimize the
signal-to-noise ratios, the spectrum of the highest intensity from
among the collected spectra of the single petroleum inclusions
was chosen. The UV fluorescent parameters of the crude oil sam-
ple were also measured by this equipment. For this a drop of the
oil was put on a glass slice and it was covered by a quartz cover-
slip. To facilitate comparison between different inclusion gen-
erations, each spectrum was transformed into coordinates that
can be plotted in the CIE-1931 chromaticity diagram. This trans-
formation (e.g. WYSZECKI & STILES, 2000) involved multipli-
cation of the spectrum independently by three colour-matching
functions, which describe the non-linear perception of the human
eye to red, green and blue hues. Integration of the three product
functions over the acquired spectral range (400 to 880 nm) yields
three so-called tristimulus parameters. Their sum is the perceived
colour according to the CIE-1931 convention. The fraction of
each parameter with respect to the sum corresponds to x, y and
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z chromaticity coordinates. As the three fractions add up to unity,
only x and y need to be plotted in the orthogonal CIE-1931 chro-
maticity space to conveniently describe the fluorescence colour
of each analyzed fluid inclusion. Data reading was made by Mi-
crosoft Excel and Golden Software Surfer 8 softwares.

Confocal laser scanning microscopy (CLSM) was applied to
estimate the vapour volume fraction (¢y,p) of HC2 petroleum in-
clusions. The confocal images were acquired on an Olympus
Fluoview FV1000 Laser Scanning Confocal Microscope
(FV1000-Inverted) using a 405 nm excitation laser source (emis-
sion filter 461-561nm, dichroic mirror DM405/488) using an Ol-
ympus long working distance 40x objective.

The intense motion of bubbles within the petroleum inclu-
sions due to the excitation laser beam prevents image acquisition
at room temperature. Hence, we attached a Linkam THMSG600
heating-freezing stage upside down on the stage of the confocal
microscope. Using spacers of appropriate height between the mi-
croscope and heating-freezing stage, petroleum inclusions could
be scanned without focus limitations within the chip. The confo-
cal images were obtained at the homogenization temperatures of
the individual inclusions. During thresholding of the acquired
images and the volumetric 3D reconstruction the following pro-
cedure was performed. The data area of the optical sectioning
was thresholded by half of the maximum intensity of the sample
and the volume of the pixels above the limit was counted (using
the lateral and vertical resolution of the image acquisition). The
volume of the bubbles was calculated using their measured diam-
eters. The diameter of the gas bubbles was determined from pho-
tomicrographs, which were taken in transmitted light, focused at
the widest (equatorial) section of each bubble at a known tem-
perature. During selection of the petroleum inclusions for CLSM
analysis, we attempted to select inclusions with undistorted,
spherical bubbles at room temperature. The detailed principles
and the original procedures for the acquisition of CLSM images
of petroleum inclusions are described in PIRONON et al. (1998).

Microthermometry was carried out using a Linkam THMSG-
-600 heating-freezing stage mounted on an Olympus BX-41 mi-
croscope using long working distance objectives 100x. The stage
was calibrated using synthetic fluid inclusions trapped in quartz
with an open sample container covered with a silver lid at —56.6,
0.0 and 374 °C. The accuracy of the measurements was £0.1 °C
below and £1 °C above 0 °C. The homogenization temperature
was usually determined only with the cycling method (GOLD-
STEIN, 2003). The salinities of the aqueous inclusions are re-
ported in mass% of NaCl equivalent following the calculated val-
ues of BODNAR (1993). The salinities were calculated from the
final ice melting temperatures (7i,(Ice). The concentrations of
methane in the methane-bearing inclusions are not known, so the
possible effects of the dissolved methane and the methane-hy-
drate-clathrate to the salinity could not be deduced. The salinities
of the present study are therefore maximum values (SCHUBERT
etal., 2007). Microthermometry data evaluation was followed af-
ter BAKKER& BROWN (2003).

The pressure-temperature (P-7) conditions of the observed
equilibrium mineral assemblages can be calculated using the ther-
modynamic properties of the minerals (HOLLAND & POWELL,
1998) with WinDomino Software (DE CAPITANI & BROWN,
1987; DE CAPITANI, 1994). WinDomino calculates the mini-
mum Gibbs energy assemblage for a given P-T area in the case of
a chemically closed system. These results could be compared to
and completed by the estimations of LIOU et al. (1991) for the P-T
stability fields of different zeolites, and by temperature data from
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fluid inclusion microthermometric measurements as well as bore-
hole temperature measurements (JORGENSEN, 2006).

The minerals in the present study are abbreviated according
to WHITNEY & EVENS (2010). Vein microtextures are reviewed
following the nomenclature of BONS (2000) and OLIVER &
BONS (2001).

In the case of fluid inclusion terminology, those of DIAMOND
(2003) and SCHUBERT et al. (2007) were followed. Discussion
of the results of fluid inclusion petrography, microthermometry,
Raman spectroscopy and UV-fluorescent micro-spectroscopy
used the same abbreviations for the notation of fluid inclusion
types and assemblages. With regard to the composition of the fluid
inclusions, AQ was used for the aqueous and HC for the hydro-
carbon-containing fluid inclusions. For genetic types P for the pri-
mary, S for the secondary and PS for the pseudo-secondary were
used. The subsequent assemblages were numbered with Arabic
numbers increasing from oldest to youngest ones. For example the
earliest primary fluid inclusion assemblage with aqueous compo-
sition was noted as AQ_P1. The physical phases of the contents of
the fluid inclusions were abbreviated as L for liquid, V for vapour
and S for solid phases. A phase change from a liquid plus vapour
phase to a single liquid phase could be abbreviated as L+V—L.

4. RESULTS

4.1. Petrography

The core samples of Ullés-61 are cross-cut by a dense vein net-
work. The angular grains of the host rock show a brecciated struc-
ture and debris of vitrophyric-rimmed lapilli occurs among these
rock fragments (Fig. 3/a). The dense fracture network in the rock
is partly or completely filled by zeolites. Most of the pore space
is filled by transparent or white crystals of analcime. Leucitohe-
dron-shaped crystals in the partially-filled voids can also be ob-
served. On the blocky analcime crystals white, translucent, rhom-
bic or coffin-shaped prisms of heulandite crystals could be seen.
Tiny needles appear as solid inclusions within the main fracture-
filling analcime and heulandite crystals, which were identified as
mesolite by Raman spectroscopy (Fig. 3/b, 3/c). The mesolite
crystals are sporadically displayed in the analcime while in the
heulandite it occurs more massively as radial aggregates (Fig.
3/d). Milky-white stilbite also occurs infrequently on the heuland-
ite crystals. The sequence of the fracture-filling zeolites in these
Analcime-type (Anl-type) veins is as follows: early Mes — Anl
— late Mes — Heu — Stb (Table 1). The growth direction of the
crystals extends from the vein walls towards the centre of the
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Figure 3 a) The dense vein network is cemented by analcime, mesolite, heulandite and stilbite in a core sample from the Ullés-61 well.The veins in the basaltic rock
are partly open in places. The diameter of the coin is 10 mm. b) and c) The mesolite fibres in analcime (2b) and heulandite (2c) were detected by Raman spectroscopy.
d) TheAnl-type vein shows a syntaxial vein structure, the analcime, mesolite and stilbite crystals point to the centre of the vein. The vein is partly open at the top
of the stilbite crystals. e) The leucitohedron-shaped analcime crystals and coffin-shaped heulandite crystals from cuttings from the Ullés-65/A well. The diameter

of the crystals are about half a millimetre.
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veins, so the vein structure could be considered as syntaxial, ac-
cording to BONS (2000) (Table 1, Fig. 3/d).

Petrographic and Raman spectroscopy studies on samples
from the Ullés-65/A well revealed narrow (1-2 mm wide) veins
filled with analcime. Although not as vein-filling, but as small
pieces in the cuttings, we identified euhedral crystals: coffin- or
rhombic-shaped heulandite crystals and leucitohedron-shaped
analcime crystals (Fig. 3/e). Trace amounts of fibre-shaped lau-
montite crystals also appeared in the cuttings of the Ullés-65/A
well.

4.2. WinDomino modeling

The pressure-temperature (P-T) conditions of the observed equi-
librium mineral assemblages can be calculated by WinDomino
software, but it is only possible in a closed chemical system. So
the P-T stability fields of the Na-zeolites (analcime) and Ca-zeo-
lites (heulandite-stilbite) could be modeled separately. There are
no thermodynamic data available for mesolite, because it is a
mixed Na-Ca zeolite, so it could not be put in any of the models.

4000

Stb

100 T T
50 1

Figure 4. The calculated equilibrium P-Tranges for heulandite (dark grey area)
and stilbite (light grey area) by WinDomino with the zeolite stability zones
(marked by the lines) of LIOU et al. (1991). The stability zone of heulandite is
partly similar in temperature but totally different in pressure in the WinDomino
calculations and in the calculations of LIOU et al. (1991). The stability zone of
stilbite is partly similar in temperature, but WinDomino calculated a wider tem-
perature dimension for stability at lower pressures than LIOU et al. (1991).

Host rock

Host rock E

Figure 5. a) A reflected light photograph of a cemented multiphase fracture in basalt as host rock. The analcime and heulandite crystals are darker in places where
they contain petroleum inclusions (Ullés-61 well). b) The primary aqueous (AQ_P2) and HC2-containing (HC2_P1, HC2_P2, HC2_P5) inclusions in analcime and
HC-containing inclusions in heulandite in an Ullés-61 sample cut under ultraviolet excitation and normal light. The AQ_P2 and HC2_P1 inclusion assemblages are
captured in the same growth zone - before the other HC2 inclusion generations (HC2_P2-P5) - therefore they are co-genetic with each other. The heulandite
contains many HC-bearing inclusions without any recognizable growth zone.
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Analcime is stable in a very wide range of temperature and
pressure conditions compared to heulandite and stilbite. The sta-
bility field of heulandite extends between 180 and 190 °C and be-
low 500 bar. Stilbite is stable below 180—190 °C, but its stability is
not really dependent on pressure as it is stable from 100 bar -3 kbar.

The equilibrium pressure-temperature zones of WinDomino
could be compared with the zeolite stability zones shown on the
Figure 1 in LIOU et al. (1991) (Fig. 4). The diagram in LIOU et
al. (1991) shows that heulandite is stable between 140 and 220 °C
and over a wide pressure range, from 850 — 2750 bar, while stil-
bite is stable below 140 °C and below 850 bar.

The calculated equilibrium temperature ranges of the min-
erals are in agreement with their given temperature ranges by
LIOU et al. (1991) suggests a decreasing temperature trend dur-
ing fracture cementation (Fig. 4). For pressure an unequivocal
trend could not be given.

4.3. Fluid-inclusion petrography and microthermometry

During the fluid inclusion petrographic studies the criteria of
Goldstein (2003) were followed to classify fluid inclusion assem-
blages. In the Anl-type veins, analcime contains measureable
aqueous inclusions and analcime and heulandite contain mea-
sureable HC-containing fluid inclusions (Fig. 5/a). In the mesolite
fibre-shaped crystals no fluid inclusions suitable for microthermo-
metry were discovered.

Early and late primary (P) aqueous (AQ) fluid inclusion as-
semblages could be distinguished (AQ P1 and AQ P2) in anal-
cime, trapped along growth zones. These assemblages straddle
pseudo-secondary (PS) aqueous fluid inclusions trapped along
healed fractures in the crystals (AQ_PS). The aqueous inclusions
have irregular shapes with a maximum dimension of 12 pum (AQ _
P1) and 66 um (AQ_P2), respectively (Table 3). The estimated
@vap values at room temperature are constant within the individ-
ual inclusion assemblages.

Based on the UV fluorescence colours, two different types
of hydrocarbon (HC1 and HC2)-containing inclusion assembla-
ges were trapped within the analcime crystals along subsequent
growth zones as described by SZABO et al. (2012). The very in-
frequent primary, two-phase HC1_P inclusions have a very light
brown colour in normal transmitted light, and an intense yellow
fluorescence colour under UV excitation. The small groups of
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Figure 6. a) Ultraviolet-fluorescence colours of 4 HCland 11 HC2 petroleum inclusions as well as the produced oil sample, plotted in the CIE-1931 chromaticity
diagram. b) Inset marked with grey box in Fig. 5a. It is obvious that the fluorescent properties of HC1 and HC2 petroleum inclusions differ significantly, while the
fluorescence of the produced oil is practically identical with the late HC2 petroleum.

these HC1-containing inclusions were trapped prior to the HC2-
containing inclusions (early type). The late type, HC2-containing,
primary two-phase HC2 P inclusions are colourless in normal
transmitted light and show a visually intense green fluorescence
colour (Fig. 5/b). Large quantities of these inclusions could be
observed along several successive growth zones. At least five
zones could be distinguished in samples of the Ullés-61 well
(HC2_P1-HC2_P5) (Fig. 5/b). The HC1 P inclusions were
trapped after the AQ_P1 early aqueous inclusions, but prior to
the AQ_P2 late aqueous inclusions. The earliest HC2 P inclu-
sions are trapped in the growth zone of AQ_P2 inclusions paral-
lel to the aqueous inclusions (Fig. 5/b). In some cases three-phase,
oil-bearing aqueous inclusions occur in the zone of AQ P2 and
HC2_P, which proves that the earliest zone of the HC2 inclusions
(HC2_P1) are co-genetic with the AQ P2 inclusions. After the
joint zone of AQ P2 and HC2_P inclusions we found many zones
of HC2 P inclusions (HC2_P2, HC2 P3...etc.). The shapes of
HC2 inclusions are more rounded than the aqueous inclusions,
and their maximum dimension is 20 pm in samples of the Ul-
1¢s-61 well and 78 pm in samples of the Ullés-65/A well. The vol-
ume fractions of the vapour phase (¢yap) in the HC2 inclusions
are mostly uniform at room temperature. In addition, secondary
HC2-containing (HC2_S) inclusions could be observed along
healed fractures in analcime.

Both HC1 and HC2 petroleum inclusions were analyzed un-
der UV excitation and their fluorescence responses were detected
in the visible-near infrared range (400—880 nm). A minute quan-
tity of the produced petroleum fluid was also analyzed using an

Table 3. Microthermometric results in the Anl-type veins.

identical instrumental setup. The transformed spectra were con-
verted into the CIE-1931 chromaticity coordinates. Each datum
point represents one representative spectrum of a petroleum in-
clusion. In the CIE diagram the petroleum types (HC1, HC2, pro-
duced oil) are arranged in two separate groups (Fig. 6). The fluo-
rescence properties of the HC1 and HC2 petroleum inclusions are
located on different segments of the maturity curve (Fig. 6),
namely, the HC2 fluid is blue-shifted relative to the HC1 petro-
leum. The fluorescence datum point of the produced oil overlaps
the points of HC2 (Fig. 6).

Results of microthermometric measurements are provided
in Table 3. Inclusions of the primary aqueous inclusion assem-
blages undergo homogenization to liquid (Lag+V—Lag) at 124
to 145 °C (AQ_P1 inclusions), 129 to 149 °C (in Ullés-61) and 131
to 142 °C (in Ullés-65A) (both AQ P2). The pseudo-secondary
aqueous AQ_PS inclusions homogenize into the liquid phase
(LagtV—Lag), and the homogenization temperatures are similar
to the primary inclusions, between 124-132 °C. Based on the
Tin(Ice) value of —0.3 and —0.4 °C, the salinity of the AQ P2 in-
clusions is ca. 0.53—0.71 mass% in NaCl equivalent (BODNAR,
1993). There are no T,(Ice) values and salinity data for AQ Pl
inclusions because the small inclusions were not measureable.

The 7, of HC1_P inclusions were very hard to measure, since
inclusions generally decrepitated before the homogenization.
However, one successful measurement yielded a 7j, of 121.5 +1 °C.
The HC2 P inclusions were trapped along (at least) five different
growth zones in Ullés—61, but their homogenization temperatures
do not show any appreciable temperature variance (Table 3). The

ifirr‘:eprﬁ' AT e F'“":a':;:‘(s:r’:)s'ze Th (C) mg:sfif;;its Tolce (°C) Salinity (m/m9%) mg;’;‘ii:g;ts
AQ_P1 212 124-145 44 - - -
U-61, analcime AQ_PS 4-20 124-132 16 - - -
AQ_P2 6-28 129-149 39 (-0.3)-(-04) 053-0.71 1
U-65/A, analcime AQ_P2 366 131-142 45 (0.3) 053 2
HC1_P 40 1215 1 - - -
HC2_P1 48 113-118 35 - - -
HC2_P2 3-10 110-121 12 - - -
U-61, analcime HC2_P3 320 110-121 9 - - -
HC2_P4 511 116123 5 - - -
HC2_P5 613 111-120 5 - - -
HC2_S 510 113-125 4 - - -
U-65/A, analcime HC2_P 378 108-118 23 - - -
U-61, heulandite HC2_P 8-10 121-134 5 - - -
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Figure 7. Homogenization temperature distributions of AQ_P2 and HC2_P1
inclusions in vein-filling analcime from the Ullés-61 and in Ullés-65/A samples
are presented.

homogenization always occurs into the liquid phase, and the tem-
perature ranges (7y,) are as follows for the subsequent zones of HC
inclusions: HC2 P1: 108-136 °C, HC2 P2: 110-125°C, HC2 P3:
110-126 °C, HC2_P4: 114-123 °C, HC2_P5: 111-120 °C in Ul-
1¢s-61. The primary HC2 inclusions (co-genetic with the aqueous
inclusions) homogenize between 108—118 °C in Ullés-65A. The T;,
distributions of AQ P2 and HC2 P1 inclusions in analcime from
U-61 and U-65/A wells are provided in Fig. 7. The AQ P2 and
HC2_P1 inclusions have more similar T; in samples of the Ul-
1¢és-61 well than the AQ_ P2 and HC2 inclusions in samples from
the Ullés-65/A well (with a similar number of measurements).
Heulandite also contains two-phase aqueous and HC-containing
inclusions, but the genetics of the inclusions could not be clarified
in most cases because the mesolite fibres were grown together
with heulandite lamellae. There are just a few successful micro-
thermometric measurements in heulandite, because the fluid in-
clusions decrepitated very easily in the crystals, which have a per-
fect cleavage parallel to the plane of symmetry. The presumably
primary, HC-containing inclusions are rounded with a maximum
dimension of 10 um. They have no colour in normal transmitted
light, and have intense blue fluorescence under UV excitation.
Based on these characteristics we suggest calling them HC2 P
inclusions. These inclusion assemblages undergo homogenization
to a liquid phase from 121 to 133 °C measured in the Ullés-61
samples.
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Figure 8. HC2-containing inclusions in analcime have solid-phase particles in
the liquid phase at low temperatures after a cooling procedure, while HC1-con-
taining inclusions remain in the two-phase domain (L+V) after the cooling and
reheating to 10 °C (Ullés-61 well).

The type and the density of the trapped oil can be estimated
from microscopic observations at low temperatures (GRIMMER
et al., 2003). Observing the inclusions, both the HC1- and the
HC2-containing inclusions are in the two-phase domain at room
temperature, and they homogenize into the liquid phase. Cooling
the samples down to —120 °C none of them transformed into three
phases (L+V—L;+L,+V) and the homogenization temperatures
were not around +52 °C, which excludes the trapping of conden-
sate fluid in the samples. Below 20 °C, HC2-containing inclusions
have a solid phase (presumably wax) in the liquid phase, and
while heating the cooled sample, the slight motion of these par-
ticles could be observed with changing shape of the vapour bub-
ble. HC1-containing inclusions do not show any of these reactions
at low temperatures. According to GRIMMER et al. (2003), HC1-
containing inclusions show the behavior of inclusions containing
black oil, and HC2-containing inclusions are commensurate with
those containing light oil (Fig. 8).

4.4. The Raman micro-spectrometry of fluid inclusions

In the Anl-type veins, the composition of the primary and sec-
ondary aqueous inclusions trapped in analcime were determined
by Raman spectroscopy. Qualitatively, these inclusions contain
methane in the vapour phase at room temperature. The sound-
proof measurements — necessary for quantitative composition de-
terminations — were disturbed by the presence of water captured
in the structure of the analcime, due to the overlap of Raman
peaks of inclusion water and those of structural water (Fig. 9).
Gas-hydrate (methane clathrate) formation and melting could not
be observed and measured by Raman micro-spectroscopy, so the
accurate salinity of the aqueous inclusions and therefore the com-
position of the inclusions could not be given exactly.

g 6 000 Crystal yvater/'
= 4000 in analcime

é‘ | CcH, Water

2 2 000 G ~

ER

4000

3600

2800

Raman shift (cm™)

Figure 9. The Raman spectrum of an AQ_P2 inclusion captured targeting the
vapour phase from a vein-filling analcime sample at room temperature (Ullés-65A)
shows the peak of methane in the vapour phase (2916 cm™) and the sign of
liquid water with the peak of the crystal water of analcime (3557 cm™).
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4.5. UV fluorescent micro-spectrometry

In case of the HC-containing inclusions and the crude oil, two
parameters were calculated. The A, (the wavelength of the ex-
citation with the maximum intensity) and the Q value (Q=R/G
quotient, which is the ratio of the intensities belonging to emis-
sion wavelengths at 650 nm and 500 nm, respectively) according
to STASIUK & SNOWDON (1997). The representative values
of Amax and Q quotient are listed in Table 4. In HCl-containing
inclusions the micro-fluorescent parameters are Ap,=585 nm and
Q=0.94. In contrary to these values, in HC2-containg inclusions
Amax=547-556 nm and Q=0.59-0.74 are typical. The parameters
of the crude oil are similar to the Ay.x and Q values of HC2-con-
taining inclusions, but they are both a little bit lower, being
Amax=548 nm and Q=0.55. The fluorescent properties of the mea-
sured HC fluid inclusions display a systematic blue shift towards
shorter wavelengths during the HC migration and trapping.

Table 4. The UV fluorescent parameters of HC fluids trapped in fluid inclusions
and the crude oil.

HC Samples xmax Q |k:500nm |A:650nm
HC1 585 0.94 138 129
HC2_1 556 0.74 182 135
HC2_2 553 0.61 173 105
HC2_3 547 0.59 179 106
HC2_4 549 0.63 187 19
HC2_5 549 0.66 161 107
Crude oil 548 0.55 196 107

UV-fluorescence micro-spectroscopy confirms that the two
different HC inclusion assemblages trapped different oil types,
and indicates that the crude oil produced in the field is more sim-
ilar to the oil trapped in the later formed HC2 fluid inclusion as-
semblage. API gravities estimated from fluorescence colour are
30-35° for HC1 and 40—45° for HC2 when following the approach
outlined in BODNAR (1990) (SZABO et al., 2012).

4.6. Confocal laser scanning microscopy (CLSM)

The CLSM analyses were performed on petroleum inclusions
trapped in analcime. The volume of a representative inclusion
above the homogenization temperature and the volume of the va-
pour phase at 43 °C were 52.24 um?3 and 4.75 pm?, respectively.
Hence, the volume fraction (¢vap=Vvap/(VeaptViiq)) of the vapour
phase at 43 °C is 0.091. As currently, calibrated thresholding pro-
cedures on precise volume estimation in minerals are unavailable,
we have performed further calculations using over- and underes-
timated volume ratios of 10%. The applied volume ratios are sum-
marized in Table 5.

Table 5. Measured volume ratios, estimated trapping temperatures and pres-
sures as well as the calculated GOR and API gravity values for a petroleum inclu-
sion trapped in analcime (Ullés-61 well).

s ) Al (cachLﬁ:ted) (calcﬁlzlted)
0.091 (measured by CLSM) 130 152.7 76.12 37.30
0.082 (-10%) 130 145.64 64.94 36.86
0.10 (+10%) 130 157.32 81.57 38.98

4.7. Palaeopressure calculations

In order to estimate the pressure conditions during filling of the
Ullés reservoir, model petroleum compositions were recon-
structed using the FIT-Oil software (THIERY et al., 2002). For
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Figure 10.Phase diagram of the fluid trapped in HC2 petroleum inclusions with
the relevantisochore. The calculated trapping temperature and pressure of the
HC2-bearing fluid inclusion generation are marked on the diagram.

the modeling procedure of the trapped petroleum fluid, micro-
thermometric (7;, of the selected petroleum inclusion; 120 °C) and
its volumetric data (the volume fraction of the vapour phase of
0.091 at 43 °C) were used. In order to control the effects result-
ing in possible inaccuracy of the phase ratio estimation on pres-
sure estimation, compositional modeling was also performed us-
ing the over- and underestimated volume ratios.

Additionally, the raw fluid model composition has been re-
fined using typical petroleum fluids of known composition (a-f)
values of the FIT-Oil software (MONTEL, 1993). The software
calculates isopleths and isochores based on the Peng—Robinson
equation of state (PENG & ROBINSON, 1976). In order to vali-
date the computational procedures, we have compared a physical
property (API gravity) of the modeled petroleum and produced
crude oil using the approach of BODNAR (1990).

To obtain the trapping pressure, the intersection of the iso-
chore of the modeled petroleum fluid with the trapping tempera-
ture has to be located in a P-T space (THIERY et al. (2002) and
references therein) (Fig. 10). As mentioned above, the earliest
zone of the HC2 inclusions (HC2_P1) is probably co-genetic with
the AQ P2 inclusions. MUNZ (2001) suggests that if textural
criteria indicate co-genetic trapping of petroleum and aqueous
inclusions, methane saturation of the aqueous inclusions can be
assumed, and the aqueous homogenisation temperature repre-
sents the trapping temperature for both types of inclusions. Inclu-
sions of the (AQ_P2) primary aqueous inclusion assemblages
undergo homogenization to liquid (Laq+V—Lag) at 129 to 149 °C
(in Ullés-61) and at 131 to 142 °C (in Ullés-65A), so these tem-
perature intervals could be given as trapping temperatures. The
minimum value of this interval was chosen for modeling: Tirapping
=130 °C. In order to get the trapping pressure, the isochore of the
modeled petroleum fluid was intersected by the line representing
the trapping temperature (7j min(AQ_P2) = Tirapping = 130 °C) and
thus the trapping pressure arises as 153 bar. Applying the over-
and underestimated volume ratios, the calculated trapping pres-
sures are 157 bar and 146 bar, respectively.

5. DISCUSSION

5.1. Data evaluation

After clarification of the sequence of fracture-filling minerals
(Table 1), the P-T stabilities of all these phases were calculated
by the WinDomino modelling system (DE CAPITANI &
BROWN, 1987, DE CAPITANI, 1994). The resulting models
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could be compared to the estimations of LIOU et al. (1991) for
the P-T stability fields of different zeolites. The temperature es-
timations could be completed by the homogenization tempera-
tures from fluid inclusion microthermometric measurements (Ta-
ble 3). In addition, the sequence of zeolites could be used as an
indicator of changing palaeo-temperature conditions, as it was
previously reported from different volcanic provinces (COOMBS
et al.,, 1959; NEUHOFF et al., 1997, JORGENSEN, 2006).
BARTH-WIRSCHING & HOLLER (1989) confirm that in order
to compare zeolite zonation patterns, choosing a reference area
with similar chemical compositions is crucial. The formation of
zeolite zones could be associated with geothermal areas or could
be the result of a burial diagenetic alteration of the basaltic wall
rock. The zeolite zones in fractured basaltic rocks observed in
the Faeroe Islands (JORGENSEN 2006), Iceland (WALKER,
1960; WEISENBERGER & SELBEKK, 2009), and in East
Greenland (NEUHOFF et al., 1997) are as follows: thomsonite-
chabazite, analcime, mesolite-scolecite, heulandite-stilbite and
laumontite from the surface down to greater depths and higher
temperatures. The borehole temperature measurements at these
fractured and zeolite-cemented volcanic rocks (JORGENSEN,
2006) could also give estimations for the usual precipitation tem-
perature of different zeolites.

In some places chlorite aggregates occur among the late lau-
montite crystals in Lmt-type veins, but they were not suitable for
chlorite thermometry. However, applying thermometry to chlorite
crystals in the vesicles, the subsequent chlorite generations (from
Chll to Chl4) gave an increasing temperature trend from about
140-185 °C to a maximum of 205-220 °C using different chlorite
thermometers (SZABO et al., 2009b). If the chlorites in the vesi-
cles and in the Lmt-type veins were precipitated simultaneously,
then the chlorite thermometry data would suggest that laumontite
crystallization could occur at temperatures as high as 205-220 °C.
This datum, nevertheless, was not strengthened by the vitrinite
reflectance data in the local area measured on marl samples from
the EMF. The R, data (0.53—0.79 %) show the upper border of
the mid-mature oil zone with a temperature lower than 160 °C
(SZABO etal., 2009a; DOLTON, 2006). So, the subsequent chlo-
rite generations in the vesicles could alternatively be the product
of a very early reheating event in the rock mass. Consequently, the
peak temperature suggested by chlorite thermometry must be in-
dependent of the temperature data from vein-filling zeolite min-
erals, and the subsequent chlorite generations in the vesicles do
not correspond with the chlorite of the Lmt-type veins.

In the successive zeolites of the Anl-type veins, initially the
dominant cation was sodium, whereas later calcium gradually
became dominant. The aqueous inclusions trapped in the first
precipitated analcime (AQ_P1 inclusions) go to homogenization
at around 124-145 °C, which could be regarded as the minimum
temperature of their trapping (DIAMOND, 2003). Analcime in-
cludes some fibre shaped crystals of mesolite trapped before (but
never after) the formation of late AQ_ P2 inclusion assemblages.
Mesolite usually indicates a higher temperature-pressure envi-
ronment than the analcime (JORGENSON, 2006). This episodic
mesolite precipitation could be the sign of small temperature fluc-
tuations and/or chemical changes in the pore fluid at the time of
analcime precipitation. Heulandite also contains mesolite fibre-
aggregates as inclusions in very large quantities. This suggests
that mesolite precipitation predated the heulandite, which crys-
tallized on mesolite fibres. The position of heulandite in the zeo-
lite sequence suggests higher pressure and temperature in the
fractures at the time of heulandite precipitation, which also is
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strengthened by WinDomino calculations (140—190 °C) and es-
timations from LIOU et al. (1991) (140-170 °C). The closing min-
eral of the sequence is stilbite, which probably crystallized below
140 °C based on the WinDomino model. The syntaxial micro-
structure of the Anl-type veins refers to a fluid dominant system
in the fractures during the precipitation of the minerals. The trend
of temperature changes could not be given unequivocally, but the
temperatures of mineral precipitations in this Anl-vein type were
presumably lower than the formation temperature of laumontite
in the Lmt-type veins (150-225 °C; SZABO et al., 2009b).

Based on fluid inclusion petrographic observations, from all
of the vein types only the Anl-type contains petroleum inclu-
sions. Using the FIT-Oil software the estimated trapping pressure
of petroleum inclusions varies at about 150—-160 bar.

5.2. Subsidence history

Based on different thermometric data of the subsequent vein
types (SZABO et al., 2009b), the post-volcanic temperature evo-
lution and the subsidence history of the volcanic rocks could be
modelled in the study area (Fig. 11).

Based on all of the textural features of the basalt, and the pres-
ence of intercalated marl layers and matl inclusions in the pyro-
clasts in both the Ruzsa and the Ullés wells, a subaqueous char-
acter is suggested for the volcanism (BALAZS & NUSSZER,
1987: SZABO et al., 2009b), and this involves rapid cooling and
intensive metasomatism of the rock. The fractures in the lapilli
and in the massive basalt, where the minerals of Kfp-type and
Cal-type veins precipitated, were presumably the results of early
cooling of the rock shortly after volcanism in the area (SZABO et
al. (2009b)). The minerals of Kfp-veins precipitated in fractured
lapilli before the final consolidation of the volcanic sediment at
around 140155 °C. The calcite of Cal-type veins crystallized in
the fractures of basalt, which were previously filled by altered vol-
canic material. The subsequent chlorite generations in the vesicles
— giving an increasing temperature trend from about 140-185 °C
to a maximum of 205-220 °C (SZABO et al., 2009b) — could be
the product of a very early reheating event in the rock mass.

After consolidation, the earliest cement phases in some of
the Lmt-type veins from prehnite via early laumontite to thom-
sonite clearly suggest a cooling trend during fracture cementation
from around 130-180 °C down to 50-90 °C. However, the next,
late laumontite phase suggests a higher temperature for the late
evolution to the temperature of 150-225 °C on the basis of the
temperature stability of laumontite. Most of the Lmt-type veins
contain only late laumontite and calcite suggesting that most of the
veins opened at this time. This reheating event (from 50-90 °C
up to around 150-225 °C) in Lmt-veins could be the result of
some post-volcanic reheating effect that worked by circulating
hot hydrothermal fluids in the newly opened or re-opened veins.
The late calcite cement of the Lmt-type veins does not yield any
valuable information about the temperature of precipitation, but
contains secondary aqueous inclusions, which give 135-150 °C
as homogenization temperature suggesting a light, late cooling
in this type of vein. Vitrinite reflectance data (R,=0.53—0.79%)
in the local area measured on marl samples of EMF show the up-
per boundary of the mid-mature oil zone with a temperature
lower than 160 °C (SZABO et al., 2009a). So the reheating could
reach a maximum of 160 °C in the marl of the local area.

The presumably youngest Anl-type veins only occur over a
restricted area, and their vein-filling minerals (Anl, Heu, Stb) in-
dicate about 125-145 °C as the precipitation temperature without
any sharp spatial or temporal trend. The palacopressure calcula-
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Figure 11. A temperature-subsidence evolution model of the fractured volcano sediment rock body in the Ullés area. The governing events are indicated by bold-

face type and the applied thermometers by italics.

tions with the trapping temperature of 130 °C gave 150—160 bar
as estimated for the time of HC2 petroleum fluid appearance in
the fractures of Anl-type. This corresponds to 1500-1600 m
maximum subsidence using hydrostatic pressure at the time of
hydrocarbon migration. Therefore the trapping of HC2 fluid oc-
curred at a temperature of 130 °C and 150—160 bars, i.e. at 1500—
1600 m depth. Using the above data, the estimated geothermal
gradient seemed to arise ca. 86 °C/km during cementation of the
Anl-type veins and HC2 fluid migration. Although at first sight,
this value seems to be a strong underestimation of the real trap-
ping pressure,such an elevated geothermal gradient (70 °C/km)
is not uncommon in the Pannonian Basin even recently (SOLEVIC
et al., 20006).

The above mentioned, extremely high thermobaric gradient
queries the reliability of the applied pressure estimation as well
as raising the possibility of alternative scenarios for fracture ce-
mentation and fluid migration. The previous results of SZABO
et al. (2009a) concerning the maturity parameters based on vit-
rinite reflectance and Rock-Eval pyrolysis measurements suggest
that the intercalated marl bodies of the EMF in the local area
barely reached the oil window and hence were unable to produce
a significant amount of hydrocarbon (oil). It follows that the anal-
cime-hosted HC2 fluid probably did not form in-situ but most
probably migrated from adjacent, deeper sub-basin(s) with higher
P-T properties and sufficient organic matter.

As shown in Table 4, the spectral parameters of the produced
oil and the analcime-hosted HC2 fluid are practically identical.
Additionally, SZABO et al. (2012) compared the produced oil and
the analcime-hosted HC2 using detailed organic geochemical
analyses. They revealed that in terms of the point of maturity and
type of source rock the fluids are also extremely similar. Hence,
it can be assumed that the HC2 fluid inclusions enclosed a hydro-
carbon fluid that is identical in most parameters with the pro-
duced oil. Considering that the trapping temperature (ca. 130 °C)
of the HC2 fluid inclusion assemblages corresponds to that which
reigns at their present depth in the reservoir, it could be assumed
that the trapping of the HC2 fluid inclusions could be roughly at
their recent position. So, the trapping pressure should fall near to

the present formation pressure (ca. 250 bar) instead of that sug-
gested by the FIT-Oil modeling (150—160 bar). That is, in the
present case this approach is not appropriate to estimate the trap-
ping pressure.

The hypothetical subsidence curve of the rocks was con-
structed mainly using maximum temperatures obtained from the
applied thermometers, however, at least for the youngest vein type;
alternative scenarios would also be envisaged. The Anl-type veins
only occur over a restricted area and moreover represent an exotic
chemical system, namely, sodium as a dominant cation instead of
calcium as was usual in the vein system. Additionally, the cross-
cutting relationship of the Lmt and Anl-type is still unclear. Tak-
ing into consideration the afore-mentioned information as well as
the fact that the stability field of laumontite is quite extended and
includes the formation temperature of the analcime phase as well,
it can be presumed that with changing physicochemical conditions
(as well as the arrival of petroleum-bearing fluids), the evaluation
of the vein system can be explained in a slightly different way too.
Since this alternative scenario, the formation and cementation of
Anl-type veins might have predated or they could have even
formed and cemented coevally with the Lmt-type. The previous
scenario is improbable, because there is not any evidence for oil
migration during crystallization of Lmt-type veins.

5.3. The stages and the timing of petroleum migration

Based on fluid inclusion petrographic observations, from all of
the vein types only the Anl-type contains petroleum inclusions,
while methane-bearing fluid inclusion assemblages also occur in
other vein types. Based on fluorescent parameters, two kinds of
petroleum fluids could be distinguished trapped within inclu-
sions. At first yellow-fluorescent petroleum (HC1) was trapped
during the precipitation of early growth zones of analcime, which
was afterwards followed by the trapping of a petroleum fluid
(HC2) with a visually intense green fluorescent colour. The blue-
shifted nature of the HC2 fluid relative to the HCI petroleum sug-
gest the occurrence of a thermally more mature and/or less de-
graded fluid (STASIUK & SNOWDON, 1997) in the pore space
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with time. Considering the fluorescence colours both fluid inclu-
sion oils seem to have a slightly immature character.

Based on the fluorescence parameters, the estimated API
gravities are 30-35° for HC1 and 40—45° for HC2 petroleum flu-
ids (SZABO et al., 2012), where a lower API gravity (a higher
density) usually relates to a lower maturity in the case of the HCI1
fluid. The studied crude oil (produced oil) shows very similar
fluorescent characteristics to the HC2 fluid trapped in the fluid
inclusions (Table 4) suggesting that they are sampled from a very
similar fluid migrated in the fracture network and the adjacent
vesicular pores of the basaltic host rock.

The slightly immature character of both oils (or the lack of
overmature oils) — as presented by the estimated API gravities —
suggests that at the time of migration and trapping, the fluids were
not affected by extreme heating. This means that the oil migration
and trapping occurred at lower temperatures than the precipitation
of Lmt in Lmt-type veins. The appearance of liquid HC-contain-
ing fluids in the pore space would have to have occurred either
after cementation of the three early vein types (Kfp-, Cal- and
Lmt-type veins) or in the stage of calcite precipitation in Lmt-type
veins, but at the time of analcime precipitation in Anl-type veins.

Comparing the microthermometric data from different wells,
the AQ_P2 and HC2_P1 inclusions have more similar homogeni-
zation temperatures in samples from the Ullés-61 well than the
AQ P2 and HC2 inclusions in samples of the Ul1és-65/A well with
similar number of measurements. This refers to trapping of more
gas-saturated liquid in the fractures in the Ullés-61 well than in
the Ullés 65/A well (TSENG & POTTORF, 2002) (Fig. 7).

The slight differences in the fluorescent parameters of the
crude oil and the petroleum inclusions suggest geochemical dif-
ferences in their compositions. The detailed biomarker charac-
terization of the captured inclusion oils and the produced oil could
correlate the source rock and the oils, and also could reveal the
stages of the migration and accumulation that occurred in the area.

6. CONCLUSIONS

The evidence for fracture cementation and fluid evolution that we
have presented for the fractured basaltic rocks in the area of Ul-
lés-Ruzsa are based on complex fluid-inclusion analyses and min-
eral equilibria calculations. This work focused on the zeolite min-
erals of the Anl-type veins, which occur both as fracture-filling
phases in drillcores and as fragments from cuttings. The se-
quence of the zeolite minerals in Anl-type veins is early Mes —
Anl — late Mes — Heu — Stb. Based on the equilibrium mineral
parageneses at the given stages of the fracture cementation, Win-
Domino modeling suggests a decreasing temperature trend with
time (190 °C — <140 °C), while no clear trend in pressure could
be established with proceeding fracture cementation.

The palaeofluid evolution of the igneous/volcano-sedimen-
tary rock body could be traced using the aqueous and hydrocarbon
-bearing fluid inclusion assemblages trapped in the analcime and
heulandite grains. Based on fluid inclusion evidence, we have
identified three unequivocally distinct fluid migration events,
namely, AQ_PI (aqueous) — HC1 P (hydrocarbon) — AQ
P2+HC2 P1 (aqueous + hydrocarbon). The occurrence of these
fluid inclusions along growth zones as well as formation of three-
phase (LagtLuctV) fluid inclusions simultaneously with AQ_
P2+HC2 P1 fluid inclusion assemblages reveals the above tem-
poral trapping succession of these fluids.

In-situ UV-fluorescence analyses on the analcime-hosted
HC1 and HC2 hydrocarbon-bearing fluid inclusions as well as on
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the produced oil of the Ullés-65a well, suggest two major phases
can be ascertained. Namely, the significantly more frequent HC2
petroleum inclusions show characteristic blue-shifted fluores-
cence properties, i.e. the presence of a more mature fluid relative
to HCI. The presence of the HC1 petroleum inclusions along the
early growth zones and the supposed lower maturity imply that
they probably preserved the remnants of one of the earliest oil
migration events in the fracture system.

Alternatively, the UV-fluorescence properties of the HC2 in-
clusion oil and the produced oil of the Ullés-65a well are practi-
cally identical. Therefore we assume that at least in the area of
the Ullés-65a well, the free pore space remains filled (even today),
by a hydrocarbon fluid that is reasonably similar to the late HC2
inclusion oil. As the early Kfp-, Cal-, Lmt-type veins do not con-
tain any traces of hydrocarbon fluid remnants we suppose that
the filling of the fractured basalt reservoir is coeval with the frac-
turing and cementation of the Anl-type veins. Based on micro-
thermometry data of the cogenetic aqueous and hydrocarbon fluid
inclusions (AQ_P2 and HC2 P1), the migration of the dominant
petroleum-bearing fluid took place at 125-145 °C.

Previous organic geochemical analyses performed on marl
samples intercalated with the igneous/volcano-sedimentary rocks
as well as on fluid inclusions and produced oil samples revealed
that rocks of the Endréd Marl Formation can be most probably
regarded as the source rock of both petroleum fluids. However,
the low maturity (R,=0.53-0.79%) of the marl samples in the vi-
cinity of the Anl-type veins suggests that the oil formed in adja-
cent deeper sub-basins and migrated into the fracture system
rather than in-situ maturation of the intercalated marl due to the
heat effect of the volcanic rocks. Nevertheless, the reconstructed
palaeo-pressure that was characteristic during migration of the
HC2 oil is remarkably high (86 °C/km) suggesting the reign of
an elevated heat flow during this period of basin evolution.
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