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El6zetes eredmények a Rohonci-nyirdézona fluidumaramlasi utvonalairol -
tisztelgés Szasd Csaba professzor munkéssaga el6tt

Osszefoglalas

A Szombathely-I1. (réviditve: Szh-I1) magfuras a magyarorszagi Duna-medence nyugati peremén teljes szelvénnyel
2150 m mélységben mélyult. A furds a megkozelit6leg 2 kilométer vastagsagu, neogén poszt- és szinrift medencekitdltd
k6zetek alatt nemcsak a nagyon kisfoku-kisfoki metamorf paleozo6s pre-rift Fels6-Ausztroalpi (UAA) aljzatot érte el,
hanem az also kréta Pennini-egység zoéldpala facies( kdzeteit is. Az alpi aljzat egységeit egy nagy kiterjedési laposszogi
normalvetd, a Rechnitz (Rohonci) vet6/nyirdézéna (detachment fault) valasztja el egymastél. Ez a vet6 felel6s az osztrak—
magyar hataron hiz6do Rechnitz-Eisenberg metamorf magkomplexum (Rohonci-ablak) kialakulaséért. Mivel a nagy ki-
terjedés(, extenzios nyirézénanak a térségben nincsenek felszini feltarasai, vizsgalatunk fokuszaban a nyir6zénat haran-
tol6 magfuras kézetanyaga all, amelynek mikrotektonikai, diagenetikus, fluidum tipus szerinti és repedezett rezervoar
tulajdonsagait mutatjuk be jelen tanulmanyban. A Szh-11-es magfuras anyaganak kiilonb6z6 kézeteiben elvégzett el6ze-
tes vizsgalataink a Rohonci-nyir6zéna miikodéserdl és a kapcsolddd potencialis paleofluidum &ramlési Utvonalairol
szolgaltatnak Uj eredményeket.

A6 toréses deforméacios zona alatti Pennini zéldpala jol fejlett foliaciot mutat, amelyet féként az aktinolit és a klorit
iranyitottsaga definial. A mintakban a milonitos mikroszerkezeti jelleg nem figyelhet6 meg, eszerint képlékeny nyiras
nem volt jelentds a toréses nyirdzona alatt mintazott kézetekben. A rideg deforméacié mind a Pennini zéldpalét, mind a
felette 16v6 UAA kdzetegységeket érintette. A devon karbonatok és kristalyos palak egy vékony (minddssze 20 méter vas-
tagsagu) extenzids allochtont képviselhetnek a Rohonci-vet6 tetején, a neogén medencekitoltés alsé egységét jelentd
konglomeratum alatt. Fluidumzarvany-vizsgalataink fokuszaban a vetd alatti Pennini zéldpala mintak alltak, melyekben
kildnbozd bezéard dsvanyokban négy eltéré kemizmusu és eredetl fluidumzarvany tipust kilonitettink el. Apatitban
els6dleges, részlegesen Ujranyilt CO,+CH,+H,0 dsszetétell fluidumzarvanyok 6rzédtek meg (11.a, b, c tipus). Az apatit
és klinozoisit is befogad6 asvanya tovabba masodlagos, azaz beforrt repedések mentén megjelend kétfazisu (folyadék és
gaz), rendre CO, és CH,-tartalmi vizes fluidumzarvanyoknak (1. és I1.d tipus). A kdzet foliaci6jat harantolo repedés-
kit6ltd kalcitban primer fluidumzarvanyok (I11. tipus) 6rz6dtek meg, amelyekben a folyadékfazist H,O mellett CO, és
telitett szénhidrogének mutathatdk ki. Ezek bezarddasa a kalciterek kristalyosodasaval lehetett egyideji. Az erekben
megjelend kvarc alszemcsehatarai mentén kétfazisi CO,-CH,-N,-tartalm0, vizgazdag fluidumzéarvanyok (IV. tipus)
zarodtak be, melyek a mikroszerkezeti megfigyelések alapjan a képlékeny deformacidval egyidejiileg a kvarc atkristalyo-
sodasa soran csapdazodtak. Fluidumzérvany petrografiai vizsgalatok alapjan a I1.d és I11. tipusu fluidumzarvanyok ese-
tén egyazon zarvanycsoporton beliil nagymeértékben eltérg folyadék- és gazfazisra vonatkoztatott fazisaranyok figyelhe-
t6k meg, ami a csapdazodaskor jelen 1évé, vizgazdag fluidumrendszer felforrasara (folyadék- és gazgazdag fazisok sze-
parécidjara), igy a fazisok heterogén csapdazodasara utal.

A vizsgalt vetézdna felépitésének és miikodésének megismerése fontos felszin alatti geoenergetikai példat szolgal-
tathat a geofluidumok (viz és kénny(olaj) és kiillonbdz6 természetes gazok (CO,, CH,, N, és H,) kortlbelil 2 km mély-
ségben torténd migracios Gtvonalainak feltarasahoz.

Targyszavak: Rohonci-nyir6zéna, elsédleges fluidumzarvany, masodlagos fluidumzarvany, fluidummigracidé, Pennini zoldpala,
faromaglépték( szerkezeti vizsgalat
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Abstract

The fully cored, 2150-m-deep Szombathely-11 (abbreviated as Szh-11) well was drilled at the western margin of the
Hungarian Danube Basin. Beneath a circa 2-km-thick Neogene post-to syn-rift basin fill, the well not only reached the
pre-rift Upper Austroalpine (UAA) basement with its slightly metamorphosed Paleozoic units but also the underlying
greenschists of the Lower Cretaceous Penninic unit. The Alpine basement units are separated by a large low-angle normal
fault, which is the regional-scale Rechnitz (Rohonc) detachment fault. This fault was responsible for the formation of the
Rechnitz—Eisenberg metamorphic core complex (MCC) straddling the Austrian—Hungarian border. Since the large-
strain extensional Rechnitz detachment fault has no outcrops in the entire region, the core material was studied to charac-
terize the fault penetrated in the borehole from a microtectonic, diagenetic, fluid migration and fractured reservoir point
of view. This study presents the preliminary results on core samples with various lithology from the Szh-11 well to better
understand the Rechnitz detachment system and the corresponding fluid migration pathways.

The Penninic greenschist below the main brittle deformation zone exhibits a well-developed foliation defined mainly
by the oriented growth of actinolite and chlorite; however, the lack of a high-strain mylonitic foliation suggests that duc-
tile shearing was not fully localized beneath the brittle detachment fault at the well location. The subsequent dominantly
brittle deformation affected both the Penninic greenschists and the overlying UAA units. The Devonian carbonates and
schists may represent a thin (only 20-m-thick) extensional allochthon on the top of the Rechnitz detachment fault, but
beneath the basal conglomerates of the Neogene basin fill.

Fluid inclusion studies targeted the Penninic greenschists in three samples beneath the detachment fault. Four types
of fluid inclusions with variable chemistry and origin were distinguished in several host minerals. Apatite hosts primary
CO,+CH,+H,0 fluid inclusions (Type lla, b, c) indicating significant partial fluid loss. Secondary fluid inclusions along
healed fractures were entrapped in apatite (Type Ild) and clinozoisite (Type I) with a chemistry of CO,+H,O and
CH,+H,0 fluid, respectively. Vein-filling calcite, crosscutting the foliation of the rock, contains primary aqueous fluid
inclusions (Type II1) also containing CO, and indication of saturated hydrocarbons in the vapor phase, which were
trapped along growth zones of the host mineral. Aqueous CO,-CH,-N,-bearing two-phase fluid inclusions, referred to as
Type IV inclusions, were found along subgrain boundaries of quartz veins. Textural analyses showing significantly dif-
ferent phase ratios within the same cluster of Type I1d and Type Il inclusions indicate that aqueous fluids were in or near
to conditions of boiling during entrapment. Microstructural observations also indicate that carbonic fluid inclusions
along grain-subgrain boundaries of quartz (Type 1V inclusions) likely formed during ductile deformation and quartz re-
crystallization. Improved understanding of the architecture of this fault zone may provide insights into the energetics of
subsurface migration of geo-fluids (water and light oil) and various natural gases (CO,, CH,, N, and H,) at circa 2 km
depth.

Keywords: Rechnitz detachment fault, primary fluid inclusions, secondary fluid inclusions, fluid migration, Penninic greenschist, core-

scale structural analyses

Introduction

A proper understanding of fault zones has become in-
creasingly important in geoenergy applications such as in
hydrocarbon exploration and production, hydrogeological
prospecting, geothermal exploitation, tectonic degassing,
nuclear waste isolation, CO, sequestration and natural gas,
as well ashydrogen storage design projects (AUBERT et al.
2021). Fault zones are commonly looked at in the context of
being barriers to fluid and gas flow providing seals for vari-
ous subsurface reservoir units (BERNAL 2024). However,
fault zones can act as drains as well, compromising the
reservoir to various degrees, the effect ranging from partial
leakage to complete breach. Recent studies have demon-
strated that fault zones may be both barriers and drains in
space (HAINEs et al. 2016) and time (Pei et al. 2015, AUBERT
et al. 2022). The sequential development of broader fault
zones may result early on in a fault network configuration
with interconnected gas or fluid migration pathways, result-
ing in higher gas flux rates. However, mature fault zones
may develop a very low permeability core due to cementa-
tion, and therefore the bounding damage zones become the
effective pathways for migrating geofluids (ANNUNZIATEL-
Lis etal. 2008).

A large low-angle normal fault, the regional-scale Rech-
nitz (in Hungarian: Rohonc) detachment fault is situated on
the western flank of the Hungarian Danube Basin (Fig. 1a).
Numerous exploration wells, drilled on both sides of the
border, were integrated with reflection seismic data to dif-
ferentiate between the lower versus upper plates of the major
low-angle detachment faults, including the largest one re-
sponsible for the formation of the Rechnitz MCC (Tari etal.
2020). The regionally mapped Rechnitz detachment fault
has a very large subsurface extent, on the order of 1000 km?
(Fig. 1a). The first subsurface penetration of this major tec-
tonic contact was reported by PAHR (1977) in the Maltern-1
antimony ore exploration borehole drilled to the west of the
Bernstein Penninic Window in Burgenland (Fig. 1a). In this
borehole a ~5-m-thick mylonite sequence was documented
right beneath the detachment fault (PAHR 1977). Mylonites
tend to be associated with high-strain extensional detach-
ment faults in their footwall, especially in the case of MCCs
(ReyNOLDS & Lister 1990, AXeN 2019).

The study area within the Pannonian Basin is well-
known not only for its small hydrocarbon finds and numer-
ous seeps (KovAcs et al. 2018), noble gases, but also for the
largest natural CO, field in Europe (PALcsu et al. 2014).
Moreover, there is recent interest in potential natural hydro-



Foldtani Kozlony 154/3 (2024)

279

T ‘/ "1 | .. SZOMBATHELY-1I (szh-l) | (b)
bl N S
.j ;I;I;iRZSII::STROALPINE E é E
UPPER AUSTROALPINE e =z =
=== <
it = z
Z:2 2
1700 E = E <
=== s 1711,3—| &
- g
B E Tofej Q
; ; Formation
1800
] 1809,3—1811,3—?
Kozard g
Formation =
<
1880,5 L~
ol Szilagy Formation z
19135 —{ <
4
Rakos w
Formation a
<
m
19932 ——
Ligeterdé é
Formation &
$
2063,7 ———
FAULT BRECCIA
2085,3 ——
b g
200 Fels6csatar <3
N =u
Greenschist I3
Formation =g
2150 (2150,0) 2150.0 ——=

Figure 1. a) Subsurface geology of the broader Rechnitz area in the Alpine—Pannonian junction, modified from KroLL et al. (1988) and Tari et al. (2020). b)
Lithostratigraphy of the Szh-11 well in western Hungary based on detailed drill core sedimentological descriptions (PHILLIPS et al. 1992). For a more detailed

petrographic documentation of the deeper part of this well, see Fig. 2.

1. dbra. a) A Rohonci-ablak és tagabb kornyezetének féldtani egységei és elhelyezkedése az Alp-Kérpati régidhan (KroLL et al. 1988 és TarI et al. 2020 utan mddositva).
A nyugat-magyarorszagi Szh-11 furés litosztratigrafiaja a firémagok szedimentoldgiai leirasa alapjan (PHiLLIPS et al. 1992). A magfiras altal mintazott legalsd kb. 100

méter részletes kdzettani leirasa a 2. abran

gen generation associated with Penninic serpentinites in the
footwall of the Rechnitz fault (TARI 2023).

The peculiarity of the Szombathely-Il (abbreviated as
Szh-I1) well is that the syn-rift Miocene is directly overlying
the detachment fault as broken-up blocks of Paleozoic car-
bonates with 15-20 m thickness, and that it can be consid-
ered as part of the damage zone of the Rechnitz fault. We
assume that the degassing of the various gases generated in
the basin fill and the basement below should have at least
partially occurred along large detachment fault planes known
in the basin (TARI 19964, b). Therefore, the fully cored Szh-
11 well which penetrated the Rechnitz detachment fault, of-
fers an exceptional opportunity to capture the potential sig-
nal of gas and fluid migration along the fault zone since the
early Miocene.

Fluid droplets, trapped in crystallizing/recrystallizing
minerals, are termed as fluid inclusions that serve as an ef-
fective tool to trace the stages of fluid flow. Fluid inclusions
encapsulate a very small volume from the fluid migrating in

the rock, thus permitting their direct study. Considering this,
here we have distinguished various generations of fluid in-
clusions all likely indicating different fluid migration events
that affected the studied rocks. In this study, we distin-
guished multiple fluid generations that once migrated in the
greenschist at different stages of the rock’s evolution (mag-
matic, metamorphic and ones contemporaneous with defor-
mation events).

Regional geologic setting

Upper crustal extension in the NW Pannonian Basin oc-
curred in two stages during the Miocene (TARI 1996a). As
the first manifestation of extensional collapse at the begin-
ning of the Early Miocene (~21-17.5 Ma, Ottnangian and
early Karpatian) the Rechnitz metamorphic core complex
(MCC) was formed (RATSCHBACHER et al. 1990, TARI &
BALLY 1990) in the Raba River extensional corridor. While
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the Rechnitz MCC preserves relics of former subduction
and nappe stacking processes related to the Alpine orogeny,
the dominant metamorphic fabrics found in the complex are
related to greenschist and sub-greenschist facies shearing
representing the extensional exhumation of the Penninic
formations (LELKES-FELVARI 1982, 1994; KuBovics 1983;
KoLLER 1985; Cao etal. 2013). This metamorphic core com-
plex style, ENE-WSW trending extensional phase may have
produced as much as a minimum of 80 km horizontal ex-
tension (TARI 1996b). The early Miocene timing of the MCC
extension was well constrained by several thermochrono-
logical studies in the Rechnitz Mts. (DEMENY & DUNKL
1991, DuNKL 1992, DuNKL & DeMENY 1997, Cao et al.
2013). Shortly after, and partly overlapping with this period,
the style of syn-rift extension changed to a wide-rift style
one (17.5-13.8 Ma, late Karpatian and Badenian) producing
aminimum of 40 km extension in a NW-SE direction across
the East Alpine/Pannonian transition zone. The predomi-
nance of low-angle normal faults in the Neogene structure of
the Danube Basin (TARI et al. 1992, HoRVATH 1993) is large-
ly due to the second stage of syn-rift extension. The continu-
ing, but gradually diminishing continental extension during
the Late Miocene and Pliocene (12.5-5.5 Ma, Sarmatian—
Lower Pannonian) could not advance to the localization of
extension into a narrow rift zone in the NW Pannonian
Basin, except perhaps in the center of the Danube Basin
(TARI et al. 1999). The ongoing Pliocene fault activity was
documented in the nearby Torony area (Fig. 1a) where Pan-
nonian lignite beds were offset with a set of transtensional
normal faults (KovAcs et al. 2015). However, it is the meta-
morphic core complex (MCC) style, ENE-WSW trending
very high-strain extension and the subsequent lower strain
wide-rift extension that played the key role in the Neogene
structural evolution of our study area.

The Szh-11 well was drilled in 1987-1988. A brief sum-
mary of the pre- and syn-rift lithologies encountered in the
drill core is based on PHiLLIPs et al. (1992). The stratigraphi-
cally lowest unit cored consists of 65 m (2085-2150 m) of
greenschist (Fig. 1b), which represents the Lower Cretace-
ous Penninic unit of the Alpine nappe stack based on the
lithologic analogy with the greenschists outcropping in the
nearby Eisenberg and Rechnitz areas (Figure 1a), some 15
and 20 km to the W and NW (PAHR 1980, ScHMID et al. 1984,
respectively). The schistosity (foliation) within this se-
quence is well-developed and shows a consistent dip be-
tween 45° to 50° throughout the cored interval.

Overlying the greenschists a 161-m-thick nonmarine se-
quence was drilled (1924-2085 m) with interbedded brec-
cia, conglomerate, pebbly sandstone, and sandstone ranging
in age from early to middle Miocene (Karpatian to Badeni-
an). The basal strata resting on the greenschist consists of
21.4 m (2063-2085 m depth) of early Miocene (Karpatian)
breccia (Fig. 1b). Angular clasts of schist, quartz, and dolo-
mite as large as 5 cm set within a clast- or matrix-supported
texture of pebbly sandstone or sandstone form the breccia.
Schist forms the most abundant clast type. The breccia usu-
ally exhibits a chaotic fabric; however, poorly graded to

well-graded beds as thick as 10 cm occur between unsorted
intervals. We interpret these coarse clastic breccias as part
of the brittle fault damage zone with meter-scale extensional
allochthons in it, which explains the lack of a clear sedimen-
tological classification of it (PHILLIPS et al. 1992).

Above the breccia unit is 139 m of early to middle Mio-
cene (Karpatian to Badenian) sandstone and conglomerate
forming an upward-coarsening sequence (Fig. 1b). The ear-
ly Miocene (Karpatian) interval is 70 m thick (1993-2063 m
depth). The strata consist of interbedded sandstone, pebbly
sandstone, and conglomerate. A distinct 3-m-thick sand-
stone bed represents the stratigraphically youngest early
Miocene (Karpatian) deposit. Most of the beds within this
sequence are thin, ranging up to 40 cm in thickness. The
conglomerate and sandstone beds may be graded and in
places exhibit large-scale crossbedding. Lignite beds and
laminae as well as silt laminae occur within a few of the
sandstone beds. The conglomerate clasts are well-rounded
and exhibit a clast- to matrix-supported texture. Some beds
also have an unsorted fabric. We interpret this sequence as
alluvial fanglomerates corresponding to the early MCC ac-
tivity along the Rechnitz fault. The overlying fluvial to near
coastal finer clastic sediments likely correspond to dimin-
ishing fault activity.

The middle Miocene (Badenian) conglomerate sequence
(Fig. 1b) is 69 m (1924-1993 m) thick. The strata consist of
massive to very-thick-bedded quartz and schist conglomer-
ate characterized by a clast- to matrix-supported texture.
The schist clasts range in size up to 30 cm and are well-
rounded to subangular. Sandstone beds are greatly reduced
in number in relation to the underlying early Miocene (Kar-
patian) strata. In places the clast-supported strata are poorly
graded, but elsewhere they exhibit large scale cross-bedding
or inverse grading. The fabric of many of the beds is dis-
organized. We interpret this sequence as a non-marine fault
talus sequence corresponding to renewed brittle faulting
during the Badenian rift-wide activity along several low-
angle normal faults in the area (TARI et al. 19964, b), one of
them possibly superimposed on the earlier Rechnitz detach-
ment fault (Figure 2a).

The work by LELKES-FELVARI (1994) aimed analyzing
the lower 100 m of the core focusing on the Penninic meta-
morphic rocks and the Upper Austroalpine carbonate se-
guence. This greenchist sequence was described by LELKES-
FELVARI (1994) as a green schistose rock, schistosity planes
being parallel or folded, sometimes with sigmoidal folds.
Layering or laminations highlighted by differences in min-
eral composition and grain size are widespread. The se-
guence is crosscut by carbonate veins. Chlorite, albite, epi-
dote, actinolite were determined as the main mineralogical
constituents of the Penninic sequence associated with tita-
nite, minor quartz and white mica. The most widespread
rock-types are greenschists and prasinites (albite+chlorite+
epidote+titanite+actinolite). Chlorite-epidote schists and
albite-rich rocks are present as thin layers. In some layers
epidote-albite and actinolite-albite are abundant. They con-
tain statically crystallized albites incorporating folded in-
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Figure 2. a) 2D reflection seismic data close to the Szh-II well (see Fig. 1a) illustrating the stratigraphic and structural context of the well (TArI et al. 1992). Red
bracket indicates the location of b) Lithology of the pre-rift basement part of the borehole, adapted from LeLkes-FELVARI (1994). The location of the 14 core
samples (Table I taken for various analytical work are also shown. Note that the lithology of Samples #4 and #5 in our analysis does not match the one shown by

the litho-column

2. dbra. a) A Szh-11 faras kornyezetének rétegtani és szerkezeti sajatossagai 2D szeizmikus szelvény alapjan (Tari et al. 1992). A 2. abra, b helyét voros téglalap jeldli. b)
Aflrés &ltal feltart pre-rift aljzat litol6gija LELKes-FELVARI (1994) munkéja alapjan, mely mutatja a jelen tanulmény targyat képezd 14 minta helyzetét (1. tablazat). A 4-
es és 5-0s szam( mintak pontos helyzete azonban nem egyezik meg a jelen rétegoszlopon abrazolt poziciokkal

clusion trails. The relationship of crystallization to deforma-
tion of the minerals reveals a polyphase history for these rocks,
which have a low-grade, greenschist metamorphic facies.

The overlying carbonate sequence was documented as
containing interlayered slate and quartzite horizons. The
whole sequence is strongly folded and brecciated, reflecting
a wide variety of structures of composite ductile to brittle
deformational style. The carbonate dominant unit contains
fragments of marbles of different texture and composition.
These marbles are lineated or granoblastic with subordi-
nate, dispersed quartz, albite and/or preferentially oriented
sericite crystals.

The interlayered slate and quartzite horizons and lami-
nations are sericite slates, quartz-sericite-chlorite schist and
sericite bearing quartzite. This sequence is crosscut by a
singular, few-cm-thick mylonitic shear zone characterized
by compositional layering and undulating trails of crushed
material around porphyroclasts. The metamorphic grade of
the carbonate-slate sequence was considered very low-grade
by LELKES-FELVARI (1994).

Methods

The 14 core samples (5-10 cm long on average and 5 cm
in diameter) were collected in the core repository of the
Hungarian Geological Survey (currently: Supervisory Au-

thority for Regulatory Affairs) in Pécs-Somogy. XRD and
XRF analyses were performed on all 14 samples. Thin sec-
tions were prepared of twelve samples, and fluid inclusion
analysis was performed on three samples. Table 1 lists the
samples and corresponding analyses performed on each.
XRD and XRF analyses, as well as petrographic description
on thin sections were carried out in OMV Upstream, TECH
Center & Laboratory in Géanserndorf, Austria. Thin sec-
tions were stained in order to better distinguish the sequence
of vein formations in the studied samples. The main goal
was to characterize the nature of the Rechnitz fault zone
(diagenesis, reservoir properties) as potential migration
channels for natural gases and fluids. A secondary objective
was to petrographically describe the microtectonic features
of the Penninic greenschists beneath the Rechnitz detach-
ment fault.

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis complemented by thin-
section analyses was used to determine the bulk mineralog-
ical composition (Table I1). We used a Bruker AXS D8
Advance X-ray diffraction spectrometer (copper Ka radia-
tion generated X-ray tube at 40 kV and 40 mA, and X-ray
detector Lynxeye XE-T) and the software DIFRAC.EVA V3
to identify different mineral phases. Sample preparation in-
cluded grinding to a fine powder in an agate mortar or a
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Table I. Summary table of the studied samples showing the corresponding depth, lithology and applied methods de-
scribed in the manuscript. Please note that ‘Fluid inclusions’ comprises fluid inclusion petrography and Raman spec-

troscopy (on the inclusions)

I. tablazat. Osszefoglald tablazat a vizsgalt mintak mélységérdl, litologiajarol és a jelen munkaban bemutatott vizsgalati mad-
szerekrdl. A ,Fluid inclusions” jelolés fluidumzarvany petrografiai és Raman-spektroszkopos vizsgalatok egyittes elvégzését

jeloli
#Sample Depth (m) Lithology XRD, XRF | Thin section Fluid inclusion
1 2075.7 Slate/Phyllite X X
2 2076.9 Slate/Phyllite X X
3 2080.4 Limestone X X
4 2082.4 Greenschist X X
5 2083.1 Greenschist X
6 2086.9 Greenschist X X
7 2087.1 Greenschist X
8 2087.7 Greenschist X X
9 2088.2 Greenschist X X
10 2091.9 Greenschist X X
11 2094.2 Greenschist X X X
12 2114.8 Greenschist X X
13 21357 Greenschist X X X
14 21457 Greenschist X X X

swing mill; samples were then placed in a plastic sample
holder, keeping a flat upper surface to achieve a random
distribution of lattice orientations. For quantification of the
minerals detected by XRD, the software TOPAS (Total
Pattern Analysis Software) was used. The TOPAS software
utilizes the Rietveld method based on analytical profile
functions and least-squares algorithms to achieve the best fit
between a theoretical and a measured pattern.

X-ray fluorescent (XRF) spectroscopy

XRF analyses provided the bulk chemical composition
of the studied samples (Table I11). The elemental analysis
was performed using a Panalytical EPSILON 3 XL Energy-
dispersive X-ray fluorescence spectrometer (Ag radiation
with software-controlled max. 50 kV, max. 3 mA and 15 W

tube power equipped with a silicon drift detector). The Ep-
silon 3 software was used for qualitative and semi-quantita-
tive analyses, and this included the Omnian software mod-
ule for standardless and fingerprint applications. The detec-
tion limit was assumed to be less than 1.0 wt.% or less for
individual elements.

Core-scale structural observations

Macroscopic structural and lithological features were
characterized for the entire cored section of the Szh-11 well,
with special focus on the 14 core samples. In particular, we
identified macroscopic mineral assemblages, vein genera-
tions, as well as brittle (fractures and faults) and ductile (tec-
tonic foliation, stretching lineation, folds, shear bands) de-
formation features. These macroscopic observations were

Table 11. Bulk mineralogical compositions of the 14 samples from the Szh-11 well based on XRD measurements. Values are expressed in weight percent
11. tablazat. Az Szh-11 furashol szarmazé 14 minta modalis 6sszetétele, XRD-vizsgalatok alapjan. Az értékek tdmeg%-ban vannak kifejezve

#Sample |Depth (m)| Albite [Dolomite|Ankerite|Calcite|Quartz [Siderite|Pyrite |Sericite |[Clinochlore[Clinozoisite|Actinolite [Titanite|Anatase| al:)l;?:e
1 2075.7 51.52 11.16 0.02 9.79 12.26 4.51 5.16 3.49 2.09
2 2076.9 16.59 17.91 12.22 1893 | 11.64 3.8 11.32 4.69 2.9
3 2080.4 3.85 5.21 83.55 | 7.39
4 2082.4 9.47 2.32 1037 | 15.7 59.41 2.73
5 2083.1 16.77 0.54 13.71 | 18.28 0.05 50.65
6 2086.9 30.3 7.18 2.15 48.79 8.15 3.43
7 2087.1 54.4 45.6
8 2087.7 1.35 21.98 76.67
9 2088.2 17.66 8.3 7.18 48.75 9.95 3.81 4.35
10 2091.9 30.26 7.7 4.03 31.54 9.49 13.89 3.09
11 2094.2 19.82 19.27 21.44 36.21 3.26
12 2114.8 35.38 5.55 5.28 19.22 19.79 12.47 2.31
13 2135? 31.37 20.07 14.08 3042 4.06
14 21457 18.35 1.88 30.33 15.61 30.56 3.27
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Table 111. Bulk major and trace element composition of 14 samples from Szh-11 well, based on XRF analysis. Values are expressed in weight percent
111. tablazat. A Szh-11 farashol szarmaz6 14 minta teljes kézetdsszetétele, XRF-vizsgélatok alapjan. Az értékek témeg%-ban vannak kifejezve
#Sample[Depth (m)| SiO, [ TiO, |Al,O;| Cr [ Fe,O; | MnO | Ni | MgO | CaO |Na,O | K,O0 | P,O; [SO; | ClI A\ Sr | Ba
1 2075.7 | 45.89 | 3.79(21.32( 0.01 | 12.84 | 0.19 2.82 [ 722 | 481 [ 0.10] 0.75 | 0.02 | 0.20 | 0.02
2 2076.9 | 3479 |1 298 [ 16.75( 0.04 | 11.36 | 0.24 434 (2624 155 1.34 0.06 | 0.20 [ 0.04 | 0.04 | 0.03
3 2080.4 9.15 10.04( 053 | 0.01 [ 1.55 | 0.06 2.47 [85.58 0.26 0.24] 0.05 0.06
4 2082.4 | 40.72 | 0.64 [ 16.10( 0.36 | 10.95 | 0.15 | 0.09 | 2.,79 | 8.66 0.35 0.06 | 0.12 | 0.02
5 2083.1 | 43.06 | 0.84 | 15.38 10.72 1 0.16 | 0.08 | 19.37 | 9.91 0.27 0.06 | 0.12 0.03
6 2086.9 | 40.76 | 0.9 [19.53 0.05 | 10.93 ] 0.16 | 0.03 | 18.62 | 6.52 | 2.34 | 0.04 0.11 | 0.02
7 2087.1 | 42.26 | 031 [ 13.18 [ 0.15] 10.96 | 0.20 | 0.11 | 2496 | 7.69 0.06 0.11 | 0.01
8 2087.7 | 51.51 5251009 7.43 | 0.17 1 0.12 | 22.31 | 12.95 0.07 0.09 | 0.01
9 2088.2 | 39.00 | 1.27 [ 19.26 [ 0.05 | 12.46 | 0.17 16.62 | 9.38 | 1.58 | 0.03 0.06 | 0.09 | 0.03
10 2091.9 | 44.65| 1.03 [ 17.66 | 0.04 | 10.18 | 0.15 12.01 | 10.64] 3.44 | 0.06 0.03] 0.10 | 0.02
11 20942 | 4541 | 0.89 | 16.48] 0.04 | 10.10 | 0.16 13.24 | 11.69] 1.80 | 0.06 0.02] 0.09 | 0.02
12 2114.8 | 47.31 | 0.81 [ 18.75( 0.04 | 7.90 | 0.13 9.56 | 11.26] 3.98 | 0.10 0.10 | 0.02 ] 0.02
13 21357 | 48.62 1 0.79]16.28 [ 0.05 | 8.95 | 0.22 11.28 ] 9.58 | 3.85| 0.10 0.17] 0.10 | 0.02
14 21457 | 45.07 |1 0.92 | 16.62| 0.05 | 11.79 | 0.17 14.14] 9.03 | 1.96 | 0.08 0.07] 0.09 | 0.02

used to select core samples and to delineate prospective
areas for microscale analyses.

Fluid inclusion methodology

Doubly-polished 100-um-thick sections were prepared
to describe and analyze fluid inclusion generations from
three selected greenschist samples. Fluid inclusion petro-
graphy was conducted using a Nikon OptiPhot2 optical mi-
croscope equipped with a Nikon CoolPix DS-Fil camera
system in the Lithosphere Fluid Research Laboratory, E6t-
vos Lorand University (ELTE), Hungary. Raman spectro-
scopy was performed using a Horiba JobinYvon Labram
HR800 spectrometer with Nd-YAG (A = 532 nm) and also
He-Ne (A = 633 nm) laser excitation in the Research and
Industrial Relations Center (ELTE). The analytical settings
included 100x objective, 50-100 um confocal hole, 10-200 s
acquisition time, 2x accumulations within the spectral range
of 100-4250 cm'*. Raw spectra were evaluated using LabSpec
v.6 software. Raman bands of analyzed phases were identi-
fied based on the RRUFF database (LAFUENTE et al. 2015,
FrRezzoTTI et al. 2012). Molar ratios of fluid phases within
inclusions, such as CO, and CH, were determined based on
integrated band areas (DuBessy et al. 1989). The aim of Ra-
man spectroscopic measurements was to define the chem-
istry of different phases within fluid inclusions.

Petrography

Phyllite

Samples #1-2 represent the UAA in the hanging wall
(which might be the damage zone part) of the Rechnitz
fault, between ~ 2063-2085 m (Fig. 1). These rocks are
made up mostly of albite, quartz, white mica (sericite) and

chlorite. Rock foliation is defined by white mica, chlorite
and leucoxene (fine-grained alteration products of titani-
um-rich minerals) bands (Figs 3a—b). Veins filled by car-
bonate and quartz occur crosscutting the foliation of the
rock. The following sequence of veins can be established
according to textural observations: 1) ferroan calcite, 2)
ferroan dolomite, 3) quartz. The foliation and some car-
bonate veins are postdated by brittle deformation repre-
sented by fragmentation of quartz/albite/sheet-silicate/
carbonate-rich domains, whereas ferroan dolomite then
quartz cementation took place after this deformation event
(Fig. 3c—d). Albite and quartz occur as 5-50-um-sized an-
hedral grains associated with an oriented network of fine-
grained fibrous white mica and chlorite (Fig. 3a-b). The
modal percentages of minerals in the phyllite are plagio-
clase (albite) 17-52%, quartz 10-12%, sericite 5-11%,
chlorite (clinochlore) ~5%, leucoxene (anatase) ~3% and
carbonates 23-53% (Table I1).

Limestone cataclasite

The rock (Sample #3) mainly consists of limestone
clasts embedded in a fine-grained cataclasite matrix (Figure
3e). Limestone clasts, with size ranging from 10 pm to 2-3
mm, are angular, cracked and made up by calcite. The ma-
trix consists of saddle dolomite, poikilotopic ferroan calcite
and quartz (Fig. 3f). Textural analyses suggest the following
sequence of diagenetic events: after the brittle cataclastic
deformation the microporous matrix was first dolomitized
and later infiltrated by acidic pore waters, which favored
calcite dissolution and silica cementation. The microporous
matrix was preferentially dissolved while the clasts re-
mained almost intact (Fig. 3f). There were also open frac-
tures where quartz precipitated. The pore water chemistry
changed for a second time when ferroan calcite precipitated
(Fig. 3f).
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Greenschist

Samples #4-12 represent greenschists in the footwall of
the Rechnitz fault. We found that sample #4 at the depth of
2082.4 m is a greenschist contrary to the designation of this
depth level as a fault breccia by LELKES-FELVARI (1994), see
Fig. 2b.

The rocks consist predominantly of actinolite, chlorite,
albite, clinozoisite, whereas titanite and apatite occur in mi-
nor quantities. The greenschist is locally made up almost ex-

clusively by actinolite or chlorite (Fig. 4a). The modal per-
centages of minerals in the greenschists are actinolite 3-77%,
chlorite (clinochlore) 19-59%, plagioclase (albite) 9-36%,
clinozoisite 0-21%, carbonates 0-14%, quartz 0-18% and
titanite 0-4% (Table I1). Note that although XRD measure-
ments did not indicate the presence of apatite in the green-
schist samples, few grains were found in Sample #14 (see
below in section Fluid inclusions characteristics). Actino-
lite forms 0.1-1-mm-sized euhedral fibrous-radial crystals
(Fig. 4a), while chlorite is dominantly anhedral with grain










































