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Elozetes eredmények a Rohonci-nyirozona fluidumdramldsi vutvonalairél —
tisztelgés SzABO Csaba professzor munkdssdga elott

Osszefoglalds

A Szombathely-II. (roviditve: Szh-1I) magfirds a magyarorszdgi Duna-medence nyugati peremén teljes szelvénnyel
2150 m mélységben mélyiilt. A furds a megkozelitSleg 2 kilométer vastagsagu, neogén poszt- €s szinrift medencekitoltd
kézetek alatt nemcsak a nagyon kisfoku-kisfokd metamorf paleozo6s pre-rift Fels6-Ausztroalpi (UAA) aljzatot érte el,
hanem az als¢ kréta Pennini-egység zoldpala faciest k6zeteit is. Az alpi aljzat egységeit egy nagy kiterjedésii laposszogi
normadlvet§, a Rechnitz (Rohonci) vet6/nyirézéna (detachment fault) vdlasztja el egymadstdl. Ez a vetd felels az osztrdk—
magyar hatdron hiz6dé Rechnitz-Eisenberg metamorf magkomplexum (Rohonci-ablak) kialakuldsaért. Mivel a nagy ki-
terjedés, extenzids nyir6zondnak a térségben nincsenek felszini feltarasai, vizsgalatunk fokuszdban a nyir6zénat hardn-
tolé magfirds kézetanyaga all, amelynek mikrotektonikai, diagenetikus, fluidum tipus szerinti és repedezett rezervoar
tulajdonsdgait mutatjuk be jelen tanulmanyban. A Szh-1I-es magfurds anyaganak kiilonboz6 kézeteiben elvégzett el6ze-
tes vizsgélataink a Rohonci-nyir6zéna miikodésérdl €s a kapcsolédd potencidlis paleofluidum dramldsi dtvonalairdl
szolgéltatnak dj eredményeket.

A 16 toréses deformdcids zona alatti Pennini zoldpala jol fejlett folidciét mutat, amelyet f6ként az aktinolit és a klorit
irdnyitottsdga definidl. A mintdkban a milonitos mikroszerkezeti jelleg nem figyelhet6 meg, eszerint képlékeny nyirds
nem volt jelentds a toréses nyirézona alatt mintdzott kzetekben. A rideg deformdcié mind a Pennini z6ldpaldt, mind a
felette 1év6 UAA kzetegységeket érintette. A devon karbonatok és kristdlyos paldk egy vékony (mindossze 20 méter vas-
tagsagu) extenzids allochtont képviselhetnek a Rohonci-vetd tetején, a neogén medencekitoltés alsé egységét jelentd
konglomerdtum alatt. Fluidumzarvany-vizsgédlataink fokuszaban a vet§ alatti Pennini zoldpala mintdk dlltak, melyekben
kiilonb6z8 bezdrd dsvanyokban négy eltérd kemizmusu és eredet(i fluidumzarvdny tipust kiilonitettiink el. Apatitban
elsédleges, részlegesen djranyilt CO,+CH, +H,O osszetételii fluidumzarvanyok 6rzédtek meg (Il.a, b, c tipus). Az apatit
és klinozoisit is befogadd dsvanya tovdbba masodlagos, azaz beforrt repedések mentén megjelend kétfazisu (folyadék és
kitolt6 kalcitban primer fluidumzarvanyok (III. tipus) 6rz6dtek meg, amelyekben a folyadékfazisi H,O mellett CO, és
telitett szénhidrogének mutathatok ki. Ezek bezdréddsa a kalciterek kristdlyosoddsdval lehetett egyidejti. Az erekben
megjelend kvarc alszemcsehatdrai mentén kétfazisi CO,-CH,-N,-tartalmu, vizgazdag fluidumzarvanyok (IV. tipus)
zarddtak be, melyek a mikroszerkezeti megfigyelések alapjdn a képlékeny deformdcidval egyidejtileg a kvarc dtkristdlyo-
soddsa sordn csapddzodtak. Fluidumzarvany petrografiai vizsgalatok alapjan a I1.d és II1. tipusud fluidumzéarvanyok ese-
tén egyazon zarvanycsoporton beliil nagymértékben eltéré folyadék- és gazfazisra vonatkoztatott fazisaranyok figyelhe-
t6k meg, ami a csapddzdédaskor jelen 1év6, vizgazdag fluidumrendszer felforrasara (folyadék- és gdzgazdag fazisok sze-
pardcidjdra), igy a fazisok heterogén csapddzoddsara utal.

A vizsgalt vet6zona felépitésének €s miikodésének megismerése fontos felszin alatti geoenergetikai példat szolgal-
tathat a geofluidumok (viz és konnytiolaj) és kiilonbozé természetes gazok (CO,, CH,, N, és H,) koriilbeliil 2 km mély-
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ségben torténd migracids utvonalainak feltardsdhoz.

Tdargyszavak: Rohonci-nyirozona, elsédleges fluidumzdrvdny, mdsodlagos fluidumzdrvdny, fluidummigrdcio, Pennini zoldpala,
fiiromagléptékii szerkezeti vizsgdlat
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Abstract

The fully cored, 2150-m-deep Szombathely-II (abbreviated as Szh-II) 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-II 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 Ila, b, ¢) indicating significant partial fluid loss. Secondary fluid inclusions along
healed fractures were entrapped in apatite (Type IId) 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 III) 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 1V inclusions, were found along subgrain boundaries of quartz veins. Textural analyses showing significantly dif-
ferent phase ratios within the same cluster of Type IId and Type III 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 IV 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 (PE1 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-
L1s et al. 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 (TAr1 et al.
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. /a). 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-
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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-II 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.

L dbra. a) A Rohonci-ablak és tagabb kirnyezetének foldtani egységei és elhelyezkedése az Alp-Kdrpati régioban (KROLL et al. 1988 és TarI et al. 2020 utdn médositva).
A nyugat-magyarorszdgi Szh-I1 fiirds litosztratigrdfidja a fiiromagok szedimentologiai leirdsa alapjan (PHILLIPS et al. 1992). A magfiirds dltal mintdzott legalso kb. 100

méter részletes kozettani leirdsa a 2. ébran

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

The peculiarity of the Szombathely-1I (abbreviated as
Szh-1IT) 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-
II 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 Réba 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 et al. 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
(TART et al. 1999). The ongoing Pliocene fault activity was
documented in the nearby Torony area (Fig. /a) 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-1I 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 la), 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. 1996a, 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-
quence. This greenchist sequence was described by LELKES-
FELVARTI (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-
quence 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. /a) 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 ) 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-I1 fiirds kornyezetének rétegtani és szerkezeti sajatossagai 2D szeizmikus szelvény alapjan (TARI et al. 1992). A 2. dbra, b helyet vords téglalap jeloli. b)
A fiirds dltal feltart pre-rift aljzat litologidja LELKES-FELVARI (1994) munkdja alapjan, mely mutatja a jelen tanulmdny targyat képezd 14 minta helyzetét (1. tablazat). A 4-
es és 5-0s szamui mintdak pontos helyzete azonban nem egyezik meg a jelen rétegoszlopon dbrdzolt 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 I 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 Ginserndorf, 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 II). 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)

L. tabldzat. Osszefoglald tdbldzat a vizsgdlt mintdk mélységeérdl, litoldgidjardl és a jelen munkdban bemutatott vizsgdlati mod-
szerekrdl. A, Fluid inclusions” jelolés fluidumzarviny petrogrdfiai és Raman-spektroszkapos vizsgdlatok egyiittes 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 III). 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-II 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 II. Bulk mineralogical compositions of the 14 samples from the Szh-II well based on XRD measurements. Values are expressed in weight percent

11. tablazat. Az Szh-11 fiirdsbol szarmazo 14 minta modalis dsszetétele, XRD-vizsgdlatok alapjan. Az értékek tomeg%-ban vannak kifejezve

#Sample |Depth (m)| Albite [Dolomite|Ankerite|Calcite|Quartz [Siderite|Pyrite |Sericite |[Clinochlore[Clinozoisite|Actinolite [Titanite|Anatase| al:)l:t?: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 III. Bulk major and trace element composition of 14 samples from Szh-II well, based on XRF analysis. Values are expressed in weight percent
11I. tablazat. A Szh-1l fiirdsbol szdarmazo 14 minta teljes kizetdsszetétele, XRF-vizsgalatok alapjan. Az értékek tomeg%-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 20757 | 45.89 | 3.79 | 21.32] 0.01 | 12.84 | 0.19 2821 7221481]0.10( 075 ]0.02| 0.20 | 0.02
2 2076.9 | 34791 2.98|16.75] 0.04 | 11.36 | 0.24 434 12624] 1.55 | 1.34 0.06 | 0.20 [ 0.04 | 0.04 | 0.03
3 2080.4 | 9.15 | 0.04( 0.53 [ 0.01 | 1.55 | 0.06 2.47 | 85.58 0.26 0241 0.05 0.06
4 20824 | 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 | 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 | 0.31 | 13.18] 0.15 [ 10.96 | 0.20 [ 0.11 | 24.96 | 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 |1 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 1 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 0.021 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 [ 0.79 | 16.28 | 0.05 | 895 | 0.22 11.28 | 9.58 | 3.85 | 0.10 0.17 1 0.10 | 0.02
14 2145? | 45.07 [ 0.92 | 16.62| 0.05 | 11.79 | 0.17 14141 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 Lordand University (ELTE), Hungary. Raman spectro-
scopy was performed using a Horiba JobinYvon Labram
HRB800 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 pm confocal hole, 10-200 s
acquisition time, 2x accumulations within the spectral range
of 1004250 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,
FrEzzOTTI 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. ). 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-pm-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 II).

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 um 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. 3.
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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-

1000 pm

—

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 II). 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
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Figure 4. Photomicrographs presenting petrographic characteristics of greenschist samples (#4-12) from the Penninic unit in the footwall of the Rechnitz fault (a,
c: cross polarized; b-d: plane polarized; a-d: transmitted light). a) Fibrous-radial actinolite occurring as the major rock-forming mineral in the greenschist samples.
b) Albite and clinozoisite occur as slightly elongated grains embedded in the oriented network made up by actinolite and chlorite. ¢) Chlorite associated with albite
and quartz commonly show signs of ductile deformation as forming shear bands and folds. d) Brittle deformation is represented by cataclastic bands, where
actinolite and albite crystals are partly crushed and associated with younger calcite cemented fractures, which are postdating non-ferroan calcite veins
Abbreviations: Act - actinolite, Chl - chlorite, Qz - quartz, Ab - albite, Czo - clinozoisite

4. dbra. A Rohonci-vetozona talpi blokkjdhoz tartozé Pennini zoldpala mintdk (4-12-es szdmut) fobb petrogrdfiai sajdtossdagai (a, c: +N; b-d: IN; a-d: dtesd fény). a) Tiis-
sugaras aktinolit, mely a mintdk legfobb kozetalkoto dsvanyakeént jelenik meg. Az aktinolit és albit kristdlyok a rideg deformdcio hatdsdra toredezettek, repedezettek. b)
Az aktinolit és klorit irdnyitott hdlozatdban ahhoz illeszkedd orientdcioban enyhén megnyiilt albit- és klinozoisitszemcsék jelennek meg. c) Az albit- és kvarcszemcesékhez
kapcsolodo klorit gvakran nyirdsi szalagokat formal, mely képlékeny deformdcio hatdsdra jott létre. d) A mintdkban a rideg deformacio kataklasztosodott zondk, erek
kialakuldsdt okozta, melyhez vasban gazdag kalcit cementdcios fizis kotodatt. EIobbi eseményeket megeldzéen vasban szegény kalciterek képzddtek

Roviditések: Act - aktinolit, Chl - klorit, Qz - kvarc, Ab - albit, Czo - klinozoisit

« Figure 3. Photomicrographs showing characteristic petrographic features of samples from the Upper Austroalpine unit in the hanging wall (Sample #1-2:
phyllite, Sample #3: catalastic limestone), which is considered as the damage zone of the Rechnitz fault (a, ¢, d, e: plane polarized, b, f: cross polarized, a-f:
transmitted light). a-b) In phyllite albite and quartz grains are embedded in an oriented network of white mica (sericite), chlorite and leucoxene defining the
foliation of the rock. ¢) Typical brittle deformation textures in phyllite showing fragmentation of the foliation and quartz/albite/sheet-silicate/carbonate-rich
domains which is followed by ferroan dolomite cementation. d) Ferroan dolomite then quartz cementation in the studied phyllite occurred after brittle deformation
as shown on image c. ¢) Characteristic texture of cataclastic limestone showing carbonate clasts with angular shape and wide range of grain size embedded in a fine-
grained matrix. f) In cataclastic limestone, brittle deformation was followed by diagenetic events, represented by the following structures in chronological order: 1)
saddle dolomite formation, 2) silica cementation producing quartz precipitation in fractures, 3) poikilotopic ferroan calcite cementation, for details see text
Abbreviations: Ant - anatase (leucoxene), Dol - dolomite, Qz - quartz, Ab - albite, Ser - sericite, Chl - chlorite, Cal - calcite

«— 3. dbra. A Felsé Ausztroalpi egység kozeteinek fobb petrografiai tulajdonsagai ( I-es és 2-es szamii minta: fillit, 3-as szamu minta: mészké kataklazit), melyek a Rohonci-
leukoxénbdl dllo irdnyitott hdlozatban albit- és kvarcszemesék taldlhatok. ¢) Rideg deformdcios mikroszerkezetek fillitben: a kvarcban/albitban/rétegszilikatokban
/karbondtban gazdag egységek feldaraboloddsa, melyet vasban gazdag dolomit cementdcios fazis kovetett. d) A rideg deformdciot vasban gazdag dolomit, majd kvarc
cementdcios fazis kovették. e) A mészkd katakldzit jellegzetes mikroszovete, melyben a szogletes, nagyon valtozo méretii karbondtklasztokat finomszemesés mdtrix veszi
koriil. f) A mészkd katakldzitban a rideg deformdaciot az aldbbi diagenetikus események kovettek, idérendi sorrendben: 1) nyeregdolomit képzidése, 2) kovds cementdcios
fazis, melynek eredményeként a repedésekben kvarc kristdlyosodott, 3) poikilotdpos vasban gazdag kalcit cementdcio (részleteket ld. sziveg)

Roviditések: Ant - anataz (leukoxén), Dol - dolomit, Qz - kvarc, Ab - albit, Ser - szericit, Chl - klorit, Cal - kalcit
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size between 10-500 um (Fig. 4b). Albite and clinozoisite
occur as 50-400-pum-sized isometric, slightly elongated
grains embedded in the oriented network made up by acti-
nolite and chlorite (Fig. 4b—c).

Quartz and calcite/ferroan calcite occur as inter- and in-
tracrystalline fracture fillings. Actinolite and chlorite, defin-
ing the foliation of the rock, commonly show signs of ductile
deformation forming shear bands and folds (Fig. 4c), al-
though mylonitic textures are absent. Our microstructural
analysis showed the lack of dramatic grain size reduction,
(i.e., mylonitization) in the greenschist. Microstructural
analyses confirmed the macroscopic observations as to a
general lack of mylonitic fabric within the greenschists.
Still, we observed a well-developed foliation and moderate
folding that demonstrate ductile deformation prior to brittle
faulting. Brittle deformation is represented by cataclastic
bands, where actinolite and albite crystals are partly crushed
and associated with calcite cemented fractures (Fig. 4d).
Textural analyses showed that, in some samples, a younger
ferroan calcite cement generation is synchronous with cata-
clasis, evidenced by cross-cutting the non-ferroan calcite
cement (Fig. 4d).

Implications based on bulk XRF data
XRF analysis was carried out on all samples to provide

the weight percent of major to trace elements (Table I1]). As
already proved by LELKES-FELVARI (1994), data from XRF

0,14

analysis can be used to prove the Penninic origin of the green-
schists as opposed to being equivalents to the Paleozoic green-
schists occurring in the Graz Paleozoic or the ones outcrop-
ping at Hannersdorf (Fig. /). Among the major elements,
TiO, and P,O,, and the trace elements Ni, Cr and V can be
used for this discrimination (see Fig. 5). The values reported
by LELKES-FELVARI (1994) from the Szh-II well match the
ones obtained in this study from 10 greenschists samples
(Table III). Moreover, the major element variations in SiO,
and CaO, for example, provide additional evidence for the
lithologic discrimination of the UAA phyllites, limestones
and the Penninic greenschists described above (Table I1I).

Core-scale structural observations

The syn-rift conglomerates and fanglomerates (PHILLIPS
et al. 1992) are directly underlain by a significant zone of
brittle deformation showing high fracture density and in-
tense brecciation of various lithologies (Fig. 2b); these are
regarded as a branch of the Rechnitz/Rohonc detachment
system. The main part of this deformation zone, where frac-
ture density is substantial on the hand specimen scale, is ca.
20 m thick and largely consists of cataclastic carbonates
with slate and quartzite lenses (Fig. 6a). At the base of the
deformation zone, the carbonate and slate material is mixed
with the underlying greenschists, forming a purple to green
fault breccia. The carbonate-dominated upper lithology was
interpreted as Paleozoic UAA (correlated by the Graz Paleo-

Legend
0,12 ¢ \:’ Szh-2 (this study)
\ :l Szh-2 (Lelkes-Felvari, 1994)
N . — Eisenberg (Lelkes-Felvari, 1994)
e 010 Penninic B oo )
. hists D Graz Paleozoic (Lelkes-Felvari, 1994)
< 0,08 > greenscnis - Hannersdorf (Lelkes-Felvari, 1994)
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Figure 5. Chemical variation diagram showing TiO, vs. Ni content (in wt.%) in bulk greenschist samples based on XRF analyses. As comparison, bulk rock
compositions described by LELKES-FELVARI (1994) for the same and similar rock types are also indicated. For details see text

5. dbra. A vizsgdlt zoldpala mintdk teljes kdzet dsszetételének TiO, vs. Ni tartalma (1omeg%-ban kifejezve) XRF-mérések alapjdn. A diagramon feltiintetésre keriiltek dssze-
hasonlitdsként LELKES-FELVARI (1994) dltal kozolt, ugyanazen rétegsor egyes elemeire, tovabbi hasonlo kdzetekre vonatkozo mérési eredményei is (részletek a szivegben)
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Figure 6. Core-scale structural characteristics of the studied samples. a) Fault
breccia within the main deformation zone mostly containing carbonate clasts,
exhibiting microfaults and cataclastic deformation (sample #2, flat surface). b)
Penninic greenschist below the fault zone exhibiting a well-developed foliation
and asymmetric folds, implying moderate shearing (sample #12, flat surface).
¢) Penninic greenschist below the fault zone exhibiting foliation-parallel and
fracture-parallel calcite veins (photo of the mantle of the core). Large foliation-
parallel veins imply the creation of significant transient porosity during or after
metamorphism

6. dbra. A vizsgalt mintdk filromagléptékii szerkezeti sajatossdgai. a) A f6 deforma-
cios zondban taldlhato vetdbreccsa (2-es szamii minta), melyben a karbondt
klasztok rideg deformdcio okozta nyirdsi szalagok mentén rendezddtek és kata-
klasztosodtak. b) A nyirozona alatt elhelyezkedd Pennini zoldpala jol fejlett folid-
ciot mutat és aszimmetrikus reddket formal, melyek kizepes nyirds hatdsdra jo-
hettek létre. c) A nyirozona alatt elhelyezkedd Pennini zéldpaldban a folidcio sik-
Javal és a repedésekkel parhuzamosan kalcit erek jelennek meg. A foliacioval par-
huzamos erek fejlidése jelentds dtjarhato porozitds kialakuldsdra utal a metamor-
Jfozis sordn

zoic by LELKES-FELVARI 1994), while the greenschists be-
long to the Penninic unit.

Observations show that the weakly to moderately foliat-
ed Paleozoic rocks of the UAA unit are broken into angular
pieces ranging from sub-mm to several cm (Fig. 6a) over the
entire thickness of the fault zone. This intense cataclastic
deformation only affected the uppermost few meters of the
Penninic greenschist. The greenschist shows a well-devel-
oped foliation (Fig. 6b) below the detachment fault, attest-
ing to ductile fabric formation prior to the localization of the

detachment. The foliation in the greenschist is mainly de-
fined by the oriented growth of actinolite and chlorite (also
defining stretching lineations on some foliation planes) and
subordinately by albite and clinozoisite. The foliation has a
dip angle between 20 and 40 degrees and is affected by
minor to moderate folding. Besides the gentle folding that
causes the slight variance of the foliation dip angle, an open
to tight asymmetric fold population was also observed (Fig.
6b) that consistently indicates a downdip shearing direction
(presumably in agreement with the kinematics of the subse-
quent brittle detachment fault). The greenschists are also af-
fected by significant vein generation. Veins are made up of
calcite and quartz and are mostly oriented parallel with the
main foliation (Fig. 6¢). Veins also grew along post-folia-
tion fractures that are found both parallel with and also at a
high angle with respect to the foliation (Fig. 6¢). Veining in
general shows that the Penninic greenschists have under-
gone alterations (mineral reactions, fracturing) that created
significant transient porosity. This porosity was then used
by fluids focused along the deformation zone and subse-
quent precipitation filled this porosity. The foliation of the
greenschists does not show signs of significant mylonitiza-
tion, such as well-developed shear fabrics or substantial
grain size reduction.

Fluid inclusion characteristics

Three samples (Samples #11, 13 and 14, Fig. 7) from the
Penninic greenschists in the footwall of the Rechnitz fault
were selected for fluid inclusion analysis. Multiple types of
fluid inclusions occur hosted by the different, mostly acces-
sory minerals (oriented apatite and clinozoisite along with
the foliation of the rock) and also in vein-filling minerals
such as quartz and calcite. These veins are almost always
parallel with the foliation of the rocks, although calcite veins
occur with high angle compared to the direction of the folia-
tion (Fig. 7). Calcite veins are up to 3 mm thick, whereas
few-hundred-micron-thick veinlets also occur, the latter most
commonly cross-cutting rock foliation. Fluid inclusions are
hosted by thicker, 1-2-mm-thick veins with similar petro-
graphic characteristics in both the foliation cross-cutting
veins and in the foliation-parallel veins. Vein-forming cal-
cite grains are 5—-100-pum-sized and typically show straight
grain boundaries with granoblastic texture (see Fig. 9b).

Quartz veins are 200-2000 pm thick and show folded
structures parallel with the foliation of the rock. As an alter-
native interpretation, these structures may not be real veins.
Rather, these might be quartz lenses, which were deformed
during metamorphism and related to the metamorphic folia-
tion. Quartz grains and subgrains are 10—100-um-sized and
contain fluid inclusions most commonly along sub-grain
boundaries (Fig. 9g).

In the following, petrographic observations and results
from Raman spectroscopy will be described together.

Type I inclusions are hosted by clinozoisite and form
1-15 um elongated, strained and irregular shaped secondary
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S~ calcite

veins

Figure 7. Scanned images of the thick sections prepared for fluid inclusion analyses of the studied greenschist samples (Sample 11 and 13) showing different vein
textures. a) Calcite veins running parallel and at high angle with the rock foliation. b) Quartz veins parallel with the foliation

7. dbra. A vizsgadlt (11. és 13. szdamii) zéldpalamintakbol, fluidumzdrvdany-vizsgdlatokhoz készitett vastagesiszolatok szkennelt képei, melyeken kiilonbozo értipusok
figyelhetok meg. a) A kalciterek a foliacioval parhuzamosan, illetve attol jelentdsen eltérd szigben jelennek meg. b) Kvarcerek kizdrolag a kdzet irdnyitottsagdval pdarhu-

zamosan hiizodnak

two-phase (liquid and vapor) fluid inclusions at room tem-
perature (Fig. 8a, b). Raman spectroscopy shows CH, in the
vapor phase and H,O in the liquid phase (Fig. 10) together
with accidentally trapped few-micron/submicron-sized sol-
id phases, such as calcite. Phase ratios are generally constant
in this type of fluid inclusions, which indicates homogene-
ous (one-phase) entrapment.

Oriented apatite is rich in fluid inclusions, representing
multiple generations (Type II a—d).

Tubular, 2-3-um-long, highly stretched and most likely
opened primary two-phase (liquid and vapor) inclusions (re-
ferred to as Type Ila inclusions) occur rarely in a cloudy
zone within the core of apatite (Fig. 8c). Water was detected
in the liquid phase along with an indication of CO, in the
vapor phase (Fig. 10).

Slightly elongated, typically negative crystal-shaped,
2-10-um-sized two-phase (liquid and vapor) fluid inclusions
were distinguished along growth zones in apatite, which in-
dicate primary origin. These inclusions are distributed out-
side the core of apatite, and are referred to as Type IIb in-
clusions (Fig. 8c—d). CO, was detected in the vapor phase
and H,O in the liquid phase (Fig. 10). Consistent phase ratios
were observed (one-phase fluid entrapment).

Apatite, showing intergrowth with chlorite and contain-
ing small chlorite and chalcopyrite as inclusions, hosts ran-

domly distributed primary multiphase (solid, liquid and va-
por) fluid inclusions as well (referred to as Type Ilc inclu-
sions). These inclusions are characterized by negative crys-
tal shape and sizes ranging between 2—8 um. Chlorite was
found as an accidentally trapped solid phase within the
inclusions, together with water in the liquid phase and a
CO,+=CH, in the vapor phase (Fig. 10). Fluid compositions
vary as follows: CO,: 93—-100 mol%, CH,: 0-7 mol%. Note
that apatite, hosting multiphase fluid inclusions, is com-
monly rich in intracrystalline cracks filled by brown iron-
oxide-rich material (Fig. Se—f).

Type IId inclusions in apatite are mostly distributed
along healed fractures perpendicular to the elongation of the
host mineral (Fig. 8g, h). These secondary two-phase (liq-
uid and vapor) fluid inclusions have elongated and irregular
shape and 1-15 pm size. Phase ratios vary significantly (from
exclusively vapor containing to almost only liquid con-
taining inclusions) within the same healed fracture. CO, in
the vapor phase and H,O in the liquid phase were detected
(Fig. 10).

Calcite occurs as a common vein-filling mineral within
the analyzed samples and contains abundant two-phase (lig-
uid and vapor) fluid inclusions, referred to as Type III in-
clusions. These fluid inclusions occur either in the core or
randomly within the calcite grains (Fig. 9a, b) thus are pri-

— Figure 8. Photomicrographs showing representative petrographic features of the studied fluid inclusion types in rock-forming minerals of Penninic greenschist
samples from the Szh-II (plane polarized, transmitted light). a-b) Secondary CH,-rich aqueous two-phase fluid inclusions (Type I) occurring in healed fractures in
clinozoisite. c-d) Primary fluid inclusion types (Type Ila and b) trapped in apatite. Type Ila inclusions are located in the core of the host apatite in cloudy zone,
while Type IIb occur along growth zones outside the core. e-f) Primary multiphase fluid inclusions (Type Ilc) hosted by apatite, which has abundant intergranular
cracks filled by iron-oxide-rich fine-grained material. Note that the apatite has an intergrowth with chlorite at the grain boundaries. Furthermore, chlorite also
occurs as crystal inclusions in apatite and as an accidentally trapped solid phase in the fluid inclusions. g-h) Secondary CO,-CH -rich aqueous fluid inclusion (Type
11d) trails in apatite, mostly distributed perpendicular to the elongation of the host mineral. Black rectangles on a), ¢), e) and g) show the location of close-up views
shown on b), d), f) and h) respectively

Abbreviations: Act - actinolite, Chl - chlorite, Qz - quartz, Czo - clinozoisite, Ap - apatite, S - solid phase, L - liquid phase, V - vapor phase

— 8. dbra. A Szh-I1 fiirdsbol szarmazo Pennini zéldpalamintdk kozetalkoto dsvanyaiban megfigyelt fluidumzdrvany tipusok fobb petrogrdfiai sajdtossdgai (IN, dtesé
Jény). a-b) Mdsodlagos CH ;tartalmii vizgazdag kétfazisi fluidumzarvanyok (1. tipus) klinozoisitben, melyek beforrt repedések mentén jelennek meg. c-d) Elsédleges flui-
dumzdrvanyok apatitban, melyek a befogado dsvany magjaban felhdszeriien (ILa tipus), illetve novekedési zondi mentén (I1. b tipus) jelennek meg. e-f) Primer multifdzi-
st fluidumzarvanyok (I1.c tipus) apatitban. A befogado dsviny repedésekkel gazdagon dtjdart, melyeket vas-oxid(ok )ban gazdag, finomszemesds anyag tolt ki. Megdllapit-
hato, hogy a klorit az apatittal parhuzamosan kristdlyosodott, ugyanis klorit figyelhetd meg az apatit zarvianyakeént, illetve a fluidumzdrvanyokban véletlenszeriien csap-
ddzott szildrd fazisként is. g-h) Mdsodlagos CO,-CH jtartalmii vizgazdag (I11.d tipus) fluidumzdrvanyok, melyek apatit beforrt repedései mentén, dltaldban a befogado ds-
vany megnyuldsdra merdlegesen csapddzodtak. Az a), ¢), e) dbrdn jelolt fekete téglalapok rendre a b), d), f) és h) kinagyitott képeinek helyét mutatjdk

Roviditések: Act - aktinolit, Chl - klorit, Qz - kvarc, Czo - klinozoisit, Ap - apatit, S - szildrd fazis, L - folyadékfazis, V - gdzfizis
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Figure 9. Photomicrographs showing characteristic petrographic features of the studied fluid inclusion types in vein-filling minerals of Penninic greenschist
samples from the Szh-IT well (plane polarized, transmitted light). a-b) Type III inclusions, hosted by calcite, have primary origin as they occur in the core or
randomly in the calcite grains and also distributed parallel to the veins. c-d) Type IV secondary two-phase CO,-CH,-N,-rich aqueous fluid inclusions occurring
along subgrain boundaries of vein-forming quartz. Black rectangles on a) and e) show the location of close-up views shown on ¢) and f), respectively

Abbreviations: Act - actinolite, Chl - chlorite, Qz - quartz, Cal - calcite, L - liquid phase, V - vapor phase

9. d@bra. A Szh-1l fiirasbol szarmazo Pennini zoldpalamintdk érkitolto dsvanyaiban megfigyelt fluidumzdrvany tipusok fobb petrogrdfiai sajatossdgai (IN, dtesé fény). a-
b) Elsédleges fluidumzdrvdanyok kalcitban, melyek a szemcsék magjaban vagy véletlenszerii eloszldsban, tovibba az erek lefutasdval parhuzamosan jelennek meg. c-d)
Masodlagos, keétfizisii CO,-CH ~N ytartalmii, vizgazdag fluidumzarvdanyok, melyek érkitoltd kvarc alszemese hatdrai mentén helyezkednek el. Az a), e) abran jelolt fekete
téglalapok rendre a c) és d) kinagyitott képeinek helyét mutatjdk

Roviditések: Act - aktinolit, Chl - klorit, Qz - kvare, Cal - kalcit, L - folyadék fazis, V - goz fazis

mary in origin. Calcite veins less typically host small (< 2-pum-
sized) fluid inclusions with a distribution outlining the di-
rection of the vein without following any straight healed
fracture (Fig. 9c). This textural observation indicates pri-
mary entrapment of the fluid inclusions most likely simulta-
neously with vein formation. Type IIl inclusions are 1-5-um-
sized with elongated-irregular, in some cases nearly nega-
tive crystal shape. Although the inclusions are almost al-
ways two-phase, their phase ratios show strong variations
with one phase liquid or vapor inclusion end members pre-
sent within the same cluster. H,O was detected in the liquid
phase, while CO, in addition to indication of saturated hy-
drocarbons, in the vapor phase (Fig. 10). The presence of
saturated hydrocarbons is indicated by low intensity broad
Raman bands at ~2250 cm™ and ~2945 cm™!, based on L1 et
al. (2023) and ZHANG et al. (2007). Despite the high inten-
sity baseline of the Raman spectra caused by the host calcite
(and thus low signal-to-noise ratio), these two bands were
detected in some of the studied inclusions. This observation
is consistent with the findings of L1 et al. (2023) describing
the main Raman bands of saturated hydrocarbons in the
same host mineral.

Quartz-rich veins, which are less common than calcite-
veins, contain sparse and tiny (typically <I-2 um, very
rarely reaching 5-6 um sized) fluid inclusions, referred to as
Type IV inclusions along quartz subgrains (Fig. 9e—g).
These two-phase (liquid and vapor) inclusions have irregu-

lar shape. The low visibility due to the small size precluded
estimating possible variations of phase ratios. Raman spec-
troscopy revealed the co-existence of CO,, CH, and N, in the
vapor phase and H,O in the liquid phase (Fig. 10). These
inclusions are defined as secondary fluid inclusions encap-
sulating fluids during quartz subgrain formation.

Discussion and outlook for future work

Structural interpretation

In most detachment systems, brittle (cataclastic) defor-
mation during fault slip overprints a high-strain ductile shear
zone made of mylonites. This might be the consequence of
the embrittlement of the shear zone related to extensional
unroofing (exhumation and cooling) or the injection of
fluids into the shear zone (Fig. 6; REYNOLDS & LISTER 1990,
GAUTIER & BRUN 1994, BRUN et al. 1994, SELVERSTONE et al.
2012, WHITNEY et al. 2013, AXEN 2019).

The greenschists in the Szh-II drill core exhibit signs of
minor to moderate ductile shearing under greenschist facies
conditions (Fig. 6b), associated with a downdip stretching
lineation and shear sense based on observed stretching lin-
eations and asymmetric folds. These observations are con-
sistent with earlier findings that describe the youngest,
dominant metamorphic event in the Rechnitz MCC as the
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Figure 10. Representative Raman spectra of the most common fluid components measured in fluid inclusions of greenschist samples. a) Characteristic Raman
spectra of CO, measured in the vapor phase of in Type Ila-d, IIl and IV fluid inclusions. b) Characteristic Raman spectra of CH, and H,O detected in the vapor and
liquid phase of fluid inclusions, respectively. CH, was detected in Type I, Type IIc and Type IV inclusions, whereas liquid H,O in each fluid inclusion type. Raman
spectra with grey color indicate the overlapping OH bands of accidentally trapped chlorite measured in Type Ilc inclusions. ¢) Raman spectra showing the
indication of saturated hydrocarbons detected in calcite-hosted Type 111 fluid inclusions

10. dbra. A zoldpalamintdkban vizsgdlt fluidumzdrvany tipusok legfobb fluidumkomponenseinek jellegzetes Raman-spektrumai. a) A Il.a-d, IL1 és IV. tipusi fluidumzadr-
vanyok gozfazisaban megfigyelhetd CO, Raman-spektruma. b) Az L, IL.c és IV. tipusii tipusii fluidumzdrvanyok gozfazisdban mért CH, és folyadékfdzisaban mért H,0,
mely utobbi az dsszes zdrvanytipusban kimutathato. Megfigyelhetdk tovabba a sziirke szinnel jelzett Raman-spektrumon a H,0 spektrumdval részben dtfedd klorit jelleg-
zetes Raman-savjai, mely utbbi a Il.c tipusban véletlenszeriien befogott szildrd fazisként azonosithato. ¢) Telitett szénhidrogének jelenlétét indikdlo Raman-spektrum,

mely a I1I. tipusii halcit dltal bezdrt fluidumzdrvanyokban mutathato ki

formation of the greenschist fabric, associated with E-NE-
vergent shearing (LELKES-FELVARI 1982, 1994; KuBovics
1983; KOLLER 1985; Cao et al. 2013). While high strain rate
shear zones have been reported from the wider Rechnitz
complex (Cao et al. 2013), mylonites with significant grain
size reduction have not been observed in the samples of the
Szh-II drill core. This suggests that this specific portion of
the Penninic unit was not in proximity (i.e. within a few
hundred meters) of the main ductile shear zone during the
formation of the detachment system (Fig. I/a). Instead,
these samples might represent a distal section of exhumed
rock volume with respect to the main ductile shear zone,
which was crosscut by a younger fault of the detachment
system once already cooled below the limit of ductile de-
formation (Fig. 11b). However, the observed deformation
features (Fig. 6b) still indicate a moderate degree of ductile
deformation that could be related to shearing during initial
exhumation, not directly adjacent to a main shear zone. This
possibility is supported by the overall 20—40° dip of the fo-
liation, which is similar to the low-angle dip of the detach-
ment fault seen on reflection seismic data (Fig. 1b). How-

ever, we note that any robust interpretation would require
oriented samples (allowing to constrain the dip direction as
well), which were not available for the cores of this study.

We emphasize that the above-described deformation
zone directly underlies the syn-rift conglomerates. In this
sense, the SW-Danube Basin may be interpreted genetically
as a supra-detachment basin, and the Paleozoic slivers in the
uppermost 20 meters of the basement might represent an ex-
tensional allochthon that is bounded by different branches
of the main detachment.

Stratigraphic interpretation

Our analysis of the core material from the Szh-II well as-
sociated with Miocene normal faulting highlighted several
interpretational challenges. One of them is the stratigraphic
nature of the various Upper Austroalpine unit lithologies in
the broader damage zone of the Rechnitz fault between
about 2063-2083 m (Figs 2b, 3). LELKES-FELVARI (1994)
likened these lithologies to those in the Graz Paleozoic,
some 150 km to the west. In our view, a more straightforward



292 SPrRANITZ, T. et al.: A preliminary study on fluid migration pathways along the Rechnitz detachment fault — a tribute to Prof. Csaba SzABO

.\

(a) *\ future fault
Brittle crust \ N

.
active fault Sy
.

.
Ductile crust /—i\\\_—:: =
y " weak-mod: shear fabric

Szl; i SW-Danube basin

inactive faults

N
weak-moderate shear fabric \\\\ _

Figure 11. Schematic evolutionary model (rolling-hinge model) of the Rechnitz
detachment system, where the major fault penetrated by the Szh-II well is the
youngest fault of the detachment system. This could explain why the fault is
directly underlain by weakly-moderately sheared Penninic greenschists and not
by well-developed mylonites. a) Initial extension: formation of the first fault(s)
in the brittle crust and a shear zone in the ductile crust. b) Exhumation of the
metamorphic core complex (Rechnitz window) while the active faulting mi-
grates from left to right

11. dbra. A Rohonci nyirézéna sematikus fejlodéstorténeti rekonstrukcidja, mely-
ben a Szh-I1 fiirds a rendszer legfiatalabb vetdjét harantolta. Ez szolgdlhat magya-
rdzatul arra, hogy kozvetleniil a vetd alatt elhelyezkedd Pennini zéldpala csak kis-
kozepes mértékii nyirdst szenvedett, illetve milonitosodds jeleit nem mutatja. a)
Extenzio kezdete: a kéreg ridegen deformdlodo zondjdaban az elsé vetd(k), a képle-
keny also kéregben pedig nyirézona kialakuldsa. b) A metamorf magkomplexum
(Rohonci-ablak) exhumdcidja, melynél az aktiv veték balrol jobbra tevodnek dt

correlation is one with the Devonian units exposed in the
active quarry near Hannersdorf, only about 15 km to the
west (Fig. la). The phyllites and dolomites (Fig. 12) de-
scribed at this location (SCHONLAUB 2000) are very likely
the equivalents of the Olbo Carbonate phyllite and Biik
Dolomite formations documented in the subsurface of the

southwestern Danube Basin (FULOP 1990).

The lack of any Lower and Middle Austroalpine litholo-
gies in the damage zone and in the overlying fault talus high-
lights the large normal offset along the Rechnitz fault dis-

placing about a 10 km thick section of mostly high-grade
metamorphics (TARI 1996b). However, a well-developed my-
lonite zone in the footwall greenschists, which would be ex-
pected to be associated with such a high-strain fault (AXEN
2019), was not found in the Szh-II drill core. In our interpreta-
tion, it is attributed to the brittle overprint of the detachment
faultin a later stage of the extension (Fig. 6b). This portion of
the Penninic unit was likely not in the proximity (i.e., within
few hundred meters) of the main ductile shear zone. In a
map-view sense, the middle Miocene low-angle faults devel-
oped with a dominant down to the SE sense, almost perpen-
dicular to the top to the ENE movement during the early
Miocene MCC style faulting. Therefore, the subsurface
boundary of the Rechnitz Window may be a composite one,
i.e., a combination of high-strain detachment and wide-rift
style low-angle normal fault segments (Fig. /a). Given the
limited subsurface seismic reflection and well control (TARI
et al. 2020), the map which has been strongly modified from
KROLL et al. (1988), remains speculative (Fig. la).
Importantly, during the late Miocene and Pliocene
(12.5-5.5 Ma, Sarmatian—Lower Pannonian) the Rechnitz
fault plane is inferred to have experienced a fault reactiva-
tion period (KovAcs et al. 2015). Therefore, the fault zone
may have recorded at least three distinct faulting episodes.
There are multiple generations of cement seen in the dam-
age zone (Figs 3, 4), but their chronology cannot be tied at
present to the distinct brittle deformation stages along the
Rechnitz fault. A more detailed structural analysis than what
our study offers may result in a more specific chronology of
diagenetic sequence as the function of fault reactivation.

Migration of fluids along the fault zone

The fact that gases occluded in fracture zones of active
faults are characterized by a high concentration of H, and/or
CO, has been known for decades (SucGisakiet al. 1983). The

Figure 12. Outcrop expression of Upper Austroalpine a) slates-phyllites and b) dolomites in an active quarry just south of Hannersdorf (Fig. /a). These Devonian
lithologies are tentatively correlated with the fractured material observed in the inferred damage zone of the Rechnitz fault between 2063-2085 m in the Szh-II well

(Fig. 2b)

12. dbra. A Felsé Ausztroalpi egységek (a: fillit, b: dolomit) feltardsai a Hannersdorfiol (Ausztria, 1. dbra, a) délre taldlhato aktiv kdfejtoben. Ezek a devon iddszaki kozet-
tani egységek pdarhuzamosithatok legjobban a vizsgdlt fiirdsanyag (2. abra, b) leginkabb toredezett, deformalt zondajaban (2063-2085 m) vizsgdlt kozetekkel
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concentration of H, in particular, in active faults associated
with historical earthquakes usually amounts to as high as
several percent at most, whereas the concentration of H,
from Quaternary faults that have not been shown to produce
historical earthquakes is at most 100 ppm.

Upward migration of gases in a fault damage zone re-
quires some porosity and permeability. Neotectonic faults
tend to allow these as diagenetic processes has not had suf-
ficient time yet to plug the pore spaces. Existing brittle fault
evolution models assume a cyclic permeability evolution of
fault zones through geological time (INDREVZR et al. 2014).
With ongoing faulting, movement along a fault causes frac-
turing and cataclasis within the core zone and increases per-
meability. The core zone thereby acts as a fluid conduit (Fig.
13a). However, cementation by precipitation of minerals and
grain growth decreases permeability within the core zone and
forces the gas and fluid flow into the adjacent damage zones
flanking the plugged-up fault (Fig. /13b). Only fault reactiva-
tion could initiate a new fluid flow evolution cycle by opening
up the core fault zone by brittle deformation (PE1 et al. 2015).

Fluid evolution history

Four different types of fluid inclusions representing dif-
ferent fluid migration events were distinguished in the
studied rocks, as follows: Type I: CH,—H,O fluid, Type II:

CO,+CH,-H,0O fluid, Type III: CO,-H,O%hydrocarbon
fluid and Type IV: CH,—CO,-N,-H,O fluid. CH,—CO,-N,
aqueous fluids are common in fluid inclusions trapped dur-
ing retrograde hydration under greenschist facies conditions
and along a retrograde metamorphic path in exhumed rocks
(VAN DEN KERKHOF et al. 1991).

A precise chronological classification for Type I and
Type IId inclusions is challenging to be established as they
occur in healed fractures of rock-forming minerals, thus en-
trapped subsequently to crystallization of the host minerals.
Apatite hosts primary fluid inclusions within its core (Type
IIa inclusions) and along growth zones (Type IIb-c inclu-
sions), thus representing different stages of entrapment.
Original magmatic signatures in the core zone of apatite are
commonly preserved in low-grade metamorphic rocks (HEN-
RICHS et al. 2019), whereas metamorphic overgrowth of ap-
atite forms due to partial dissolution-recrystallization pro-
cesses (SPEAR & PYLE 2002). Type Ila inclusions are thus
most likely representatives of an ancient fluid generation
characterized by primary magmatic origin, although subse-
quently underwent stretching and partial opening/decrepita-
tion over a metamorphic P-T path. Textural evidence indi-
cates that metamorphic apatite crystallization took place in
the presence of chlorite as the latter was found as an ac-
cidentally trapped phase in the inclusions. This suggests that
apatite grew in the presence of a H,0-CO, fluid which was
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Figure 13. Schematic depiction of how gas leakage along a brittle fault could evolve through time, modified from ANNUNZIATELLIS et al. (2008). a) The fault network
configuration results in more open, interconnected gas migration pathways, resulting in higher gas flux rates. b) The mature fault shows the development of a very
low permeability core, bounded by damage zones that could become the actual migration pathways for vapors or liquids until the fault zone reactivates (INDREVER

etal. 2014, Peretal. 2015)

13. d@bra. Fluidumdramlds/gdzszivirgds idobeli fejlidése egy rideg deformdcios zondban, sematikus dbrdzolds ANNUNZIATELLIS et al. (2008) alapjdn. a) A vetérendszer
Jellege nyitottabb, egymdssal kommunikalo fluidum/gdz migrdcios titvonalakat eredményez, ezzel eldsegitve az intenziv dramldast. b) A vetérendszer késibbi fejlodési
szakaszdban annak belsé zéndja impermedbilissa valhat, igy az azt koriilvevd deformalt zondk jelolhetik ki a fluidum felaramldsi iitvonalakat a vetdk reaktivildsdig

(INDREVAR et al. 2014, PEr et al. 2015)
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preserved as primary CO,-bearing aqueous inclusions (Type
IIb). Apatite was crosscut by abundant cracks filled by iron-
oxide-rich fine-grained material, developed probably dur-
ing retrograde evolution. This likely resulted in partial open-
ing of primary fluid inclusions (Type Ilc) which could cause
COH fluid re-speciation via redox reactions (CONOLLY 1993,
CESARE 1995). Such open system fluid compositional modi-
fications causing post-entrapment re-equilibration of inclu-
sions might took place locally that is supported by variations
of the molar volume of CO, and CH, within the same assem-
blage of inclusions occurring close to cracks and fractures.
Re-speciation of the fluid and redox reaction within inclu-
sions can be influenced by H,O leakage or hydrogen dif-
fusion into or out of the inclusion (HuizeNGa 2001). Such
enrichment of CH, can be described by the following reac-
tion:

CO, +4H, = CH, + 2H,0

This reaction takes place typically during serpentiniza-
tion of ultramafic rocks along with continuous production
of H, and decrease of H,O activity (KLEIN et al. 2019).
Serpentinization of ultramafic rocks within the Penninic
unit (DUNKL & DEMENY 1997) could have served as a source
for hydrogen production. However, we have no direct evi-
dence for the presence of the H, in the studied fluid inclu-
sions. Alternatively, the source of various COH fluids (i.e.,
CO, and CH, as found in apatite-hosted fluid inclusions)
could have been organic matter, which likely produced
hydrocarbons, as detected in Type III inclusions.

Textural data showed that Type IId secondary fluid in-
clusions clearly postdate the development of the abovemen-
tioned fluid inclusion generations and are characterized by
heterogeneous trapping and a boiling system during entrap-
ment indicated by varying liquid-vapor ratios within the
same healed fracture.

Based on textural analyses, the entrapment of Type III
and Type IV inclusions are related to the enclosing calcite
and quartz veins, respectively. Type IV carbonic nitrogen-
bearing aqueous inclusions distributed along quartz sub-
grain boundaries are likely to have been trapped during duc-
tile deformation-recrystallization processes (JOHNSON &
HoLLISTER 1995). Type III inclusions with primary origin,
which are included in calcite veins that mostly occur along
post-foliation fractures with high angle with respect to folia-
tion, can be regarded as the latest fluid migration event
recorded by the studied greenschist samples.

As an alternative scenario, necking-down phenomenon
as a possible post-trapping change of fluid inclusions cannot
be excluded in particular for fluid inclusions trapped in soft
minerals, such as calcite. However, a thorough petrographic
analysis of fluid inclusions can help to recognize the pecu-
liarities caused by necking-down, as described by GOLD-
STEIN (2001). Based on these, we did not find such petro-
graphic evidence like i.e., 1) left-over tails or channels or 2)
paired gas-rich and liquid-rich inclusions, rather randomly
distributed inclusions in terms of their phase ratios (GOLD-
STEIN & REYNOLDS 1994). Furthermore, if a typical aqueous

liquid is entrapped homogeneously at higher temperatures,
it is only able to nucleate a vapor bubble upon cooling that
would occupy no more than 15% of the volume of the inclu-
sion (GOLDSTEIN, 2001). Consequently, if within a group of
fluid inclusions, there is more than 15 vol.% vapor, then
heterogeneous entrapment of a gas and liquid phase is likely,
which fits our observations in this study.

Regardless of the fluid inclusions type, all inclusions in-
dicate liquid/vapor phase separation during upward fluid
migration through some channel, i.e., the fault network. A
clear manifestation of this is the co-existence of vapor and
liquid phases within the inclusions during (Type IId and
Type II) or after (Type I, Type Ila—c) fluid entrapment as
inclusions. This can be of particular importance when con-
sidering the migration of the various fluid generations. Com-
position of phases defined by Raman spectroscopy and
phase topology of CO,—H,0 (D1amonD 2001) and CH,~H,O
(DUAN et al. 1992) suggest that during liquid-vapor phase
separation, a H,O-rich liquid and a CO,- or CH,-rich vapor
phase will be immiscible during the upward flow of fluids
(by decreasing pressure and/or temperature). Once the lig-
uid and the vapor rich phases form, they likely physically
separate from each other due to their different physico-
chemical properties and flow abilities. The H,O-rich fluid
will likely play a role in dissolution/precipitation and meta-
somatic processes with their environment (rocks) due to its
high solvation capacity. In contrast, the more inert and low-
density CO, and CH, vapor would probably flow through
the damage zones (see Fig. 13), reaching the shallow sub-
surface region or even the atmosphere.

Our thin section analysis and macroscopic observations
show that the Rechnitz fault is probably “tight” as pre-exist-
ing pore-space created by successive brittle faulting periods
is filled with calcite and/or quartz cement today. There is no
structural evidence for neotectonic activity along the Szh-II
fault (KOROKNAI et al. 2020). Existing earthquake data in the
region do not support recent reactivation of the fault either
(Czeczg et al. 2023). Therefore, the cemented Rechnitz fault
core zone may not be preferentially used by various gases
and fluids to migrate towards the surface at present.

Yet, the three fluid inclusion samples taken from the
footwall of the Rechnitz fault indicate migration of gases,
such CH, or CO,, along the fault in the past. Additional fluid
inclusion work on samples from the broader damage zone
may possibly document the paleo-migration of other gases
and fluids as well.

Conclusions

The fully cored Szh-II well offers an exceptional case
where a major fault zone was penetrated in its entire 15-20-
m-thick damage zone immediately beneath the syn-rift
Miocene basin fill. The highly fragmented Paleozoic slates,
phyllites and carbonates are correlated with Upper Austro-
alpine Devonian lithologies outcropping only about 15 km
to the west near Hannersdorf, Austria. The brittle fault dam-
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age zone may have some extensional allochthons associated
with the high-strain (tens of kilometers) Miocene extension-
al movements along the Rechnitz-Rohonc fault complex.

However, no mylonitic fabric was found corresponding
to the expected mylonitic front in the cores beneath the fault
in its footwall. Instead, it is the Miocene to Pliocene brittle
deformation that dominates the deformation style as re-
vealed by the cores recovered at the well location.

Different diagenetic events were documented in the Up-
per Austroalpine (UAA) Paleozoic and Penninic units; how-
ever, a single paragenetic sequence cannot be formulated at
this time. The pervasive cementation events (silica and car-
bonate) occluded the pore space entirely in all analyzed
samples. Silica cements and silica replacement were found
only in the UAA limestone, interpreted as potentially hy-
drothermal in origin. However, initial porosity that existed
before the cementation was revealed by thin section analy-
sis. This porosity developed due to fracturing within the
detachment zone.

Even though the Rechnitz/Rohonc fault zone is presently
tight due to the cementation episodes, fluid inclusion analy-
sis on three greenschist samples in the footwall of the fault
suggests paleo-migration of gases, including CH, or CO.,.
Four major fluid migration events were distinguished as fol-
lows: Type I: CH,—H, O fluid, Type II: CO,+CH,-H,O fluid,
Type III: CO,—H,O+hydrocarbon fluid and Type IV: CH,—
CO,-N,—H,O fluid. All fluid generations indicate, however,
that liquid-vapor phase separation took place during upward

fluid migration. The separation of fluid components strong-
ly supports the upward flow of low-density vapor (i.e., CO,
or CH,) through damage zones of fault networks.

The relatively low number of samples analyzed in this
study leaves room for a more detailed structural and petro-
graphic study of the fully cored Szh-II well. However, the
preliminary results of this study suggest that this particular
well that penetrates the Rechnitz/Rohonc fault zone may not
serve as a simple generic analogue for other major detach-
ment faults in the broader Pannonian Basin system.
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