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SzABO Csaba koszontése a munkassaga elott tisztelgo
Foldtani Kozlony-kotet megjelenése alkalmabol

A kézettan, a geokémia €s a kornyezettudomany szakteriiletein tevékenykedd hazai, de batran kijelenthetjiik, nemzetko-
zi szakmai k6z6sség kiemelkedd alakja SzZABO Csaba, akinek kivaldsdga el6tt e kotet tiszteletét szeretné kifejezni.

Csaba egyediilallé oktat6, kutato és petrografus. Munkai jelentSs tudoményos értéket képviselnek elsésorban a mélyli-
toszféraban mozgé és kolcsonhaté fluidumok és olvadékok geokémiai viselkedése, a mélylitoszféra lemeztektonikai kap-
csolata, valamint szdmos kornyezetgeokémiai kérdés tekintetében. Munkdssdganak innovativ értéke, tovabba kozvetlen és
kozvetett tarsadalmi hatdsa megkérddjelezhetetlen. Hatékonyan integralja a kiillonb6z6 tudomanydgak megkozelitéseit és
mobdszertanat geoldgiai és kornyezettudomanyi kérdések megvalaszoldsara, sikeresen 6tvozve az analitikai és elméleti
modszereket.

SzaBO Csaba a tudomdnyos oktatds teriiletén is kiemelked6 médon jarul hozza a hallgatdk és kutatok mentordlasahoz,
ami mind a hazai, mind nemzetko6zi szinten érzékelteti hatdsat. Volt hallgatéinak dontd tobbsége szakteriiletiik kivalosaga-
véa vélt az USA-t6l Eurépan at Ausztralidig, és a mai napig aktiv szakmai kapcsolatban vannak volt professzorukkal. Csaba
az Amerikai Egyesiilt Allamokbé] hazatérve 1998-ban alapitotta meg a ma mar nemzetkozi porondon is elismert szakmai
miihelyt, a Litoszféra Fluidum Kutat6 Laboratériumot. A labor, vagy ahogy mindenki hivja, az LRG mindig is hires volt a
mentoraltak nagy szamardl a BSc szinttdl a PhD fokozatszerzésig. Témavezetésével tobb mint 50 TDK- és OTDK-nyertes

‘ e L ) ’ L V. G " -
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Szigliget, 2008. SzaBO Csaba (bal oldalon hatul all) az EURISPET résztvevoivel (foto: FALL Andras)
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dolgozat, 33 foldtudomanyi/kérnyezettudomanyi BSc, 60 MSc, illetve osztatlan képzésben végzett geolégus diploma, vala-
mint 30 PhD-disszertacid talalt gazdara. Nekem is volt szerencsém mindezt személyesen atélni, amit szakmai palyafutdsom
legfontosabb hatdsanak tartok a mai napig.

Huszonkét évvel ezel6tt gy adédott, hogy az egyetemi (geoldgus) tanulmanyaim elkezdéséhez sziikséges szdbeli vizs-
gan SzABO Csaba volt az egyik kérdez6m. Nem is sejtettem, milyen kivételes személyiséggel tilok szemben. A felvételt ko-
vetden, harmadéves koromban kezdtem az éltala oktatott Geokémia-kurzusra jarni. Felejthetetlenek maradtak szamomra
azok az 6rak, amelyeket 6 oktatott. Kordntsem egy frontdlis pedagdgiardl beszélhetiink, hanem az akkor még tittérének sza-
mité interaktiv és a szkratészi irénia retorikai eszkozeit alkalmazé, vegyes kurzusvezetést tapasztaltuk. Csaba a kérdései-
vel tanitott minket ugy, hogy ne csak a szaraz adatokat ismerjiilk meg, hanem a kritikus szakmai gondolkodas képessége
mellett a kérdés megvélaszolasanak vagyat is belénk oltotta anélkiil, hogy ebbdl barmit is tudatosan észrevettiink volna. Ez-
zel alapozta meg benniink a kutatdi hozzaallast. Talan senkit nem lepek meg azzal, hogy révid id6 mulva Csabdhoz fordul-
tam témavezetésért.

Az LRG-be 2005-ben csatlakozva pezsg6 szakmai élettel taldlkozhattam, aminek alfja és omegdja természetesen
Csaba volt. Akkoriban dontéen a xenolit-, a fluidum- és az olvadékkutatas allt a kutatasok kozéppontjaban. Csaba a kopeny-
zarvanyok Pannon-medence 1€ptéki begytijtésén és azok legkorszertibb technikdkkal valé feldolgozasan, valamint a mély-
litoszféra olvadék- és fluidumzarvany-vizsgélatainak hazai meghonositdsan tevékenykedett mindennap (a hétvégét is bele-
értve) a hajnali 6raktdl az éjszaka kozepéig. Korai LRG-s éveimben TOROK Kdlman is az LRG-ben dolgozott, és kivald hall-
gatékbdl all6 csoportot vezetett az alsokéreg-kutatds égisze alatt. Késébb Csaba jelentésen bevonddott, s6t kezdeményezd-
jévé vilt a kornyezetgeokémiai aspektusu kutatdsoknak, ezdltal ,,hard rock” kutatdsainak frontvonala mellett 1) szinekkel
boviilt a labor kézettani és geokémiai kutatdsi palettaja: igy szélesedett a profil radonkutatdsra és az urban geokémidra.

Az LRG kozossége a magas szinvonald kutatds mellett egy olyan dsszetartd csapatot alkotott, ahol a legtermészetesebb
volt az, hogy mindenki segit a masiknak. E koszonté megirdsa arra sarkallt, hogy 6sszegezzem, volt hallgatéként mit ko-
szonhetek/koszonhetiink Csabanak. 1) Nincs kompromisszum szakmai kérdésekben, mindig a lehet legmagasabb belsd
szakmai mércével kell kutatasi céljainkat elérni. 2) Nagy munkabirdsra szoktatds. Mi, hallgaték nem tudtunk elég koran ér-
kezni vagy elég késon tdvozni, hogy Csabat ne az LRG-ben taldljuk. Csaba az dllhatatos munkavégzést 6nmaga példajan
szolgdltatta a hallgatéknak, amelynek tehat természetes folyomanya volt, hogy a hallgatdk is ezt vegyék érvényesnek ma-
gukra nézve. 3) Innovativ gondolkodds — tarsulva az dlland6 miszerfejlesztési torekvéssel. 4) A szakma iranti lelkesedés
hallgatékba vald atoltdsa. A legkisebbnek tind eredmények, a hallgatdk els6 szarnyprobalgatasaibdl eredd barmilyen tu-
domdnyos eldrelépések Csababdl olyan lelkesedést valtottak ki, hogy legtobbszor még a batortalanok és bizonytalanok is
el6bb-utébb fontosnak érezték a rajuk bizott szakmai probléma megvalaszoldsanak felelgsségét. 5) A kozosségélmény és
az egylittmtikodésekre vald nevelés. Az LRG korabbi €s jelenlegi tagjai egy olyan platformot alkotnak, amelyben Csaba a
kohézi6s erd, az alabbi ismert gondolatot vezérld elvként kovetve: ,,Ha gyorsan akarsz menni, menj egyediil! Ha messzire
akarsz jutni, menj egytitt masokkal!” 6) A hallgatékat minél hamarabb megismertetni a hazai és nemzetkozi szakmai kar-
rier elésegitésének lehetSségeivel: palyazatokban valé részvétel (példaul OTKA, TAMOP, GINOP), nemzetkozi és hazai
konferencia-részvétel, konferenciaszervezés (példaul ECROFI XVII), kiilfoldi laborlatogatasok — szamos PhD és poszt-
doktori kutatdsi lehet6ség kiilfoldi egyetemeken €s kutatdintézetekben. Itt kiilon kiemelném az Eurépai Unid tdmogatdsa-
val 1étrejott EURISPET (https://cordis.europa.eu/project/id/46048/reporting) szemindriumokban valé részvételt, ahol ki-
emelt reputdcidju intézetek mellett Csaba részvételével Budapest — azaz az E6tvos Lorand Tudomanyegyetem — is bekap-
csolddott a kdzettan nemzetkozi vérkeringésébe a PhD-hallgatéi tovabbképzéseket illetéen. A szemindrium eredményessé-
gét az azdta szenior kutatokka valo egykori résztvevSk nagyszamd sikeres egyiittmikodése jelzi, amelyben a magyarorsza-
gi résztvevok is rendre fontos szerepet kapnak. Végiil, de nem utolsésorban felsorolni is szinte lehetetlen Csaba nemzetkozi
egylittmikodo partnereit, akik szdmos esetben az 6 szarnyai aldl felnov hallgatok PhD-, illetve posztdoktori kutatasait
tették lehetévé. Alljon itt egy teljesség nélkiili lista: Robert J. BODNAR (USA), Bernardo CESARE, Benedetto DE VIvO (Olasz-
orszag), Carlos GARRIDO (Spanyolorszag), Jean DUBESSY és Virgil RoucHON (Franciaorszdg), YANG Kyounghee (Dél-
Korea), Victor SARIGIN (Oroszorszag).

Kedves Csaba! Fogadd t6liink e kotetet tiszteletiink és hdlank kifejezéseként! Kivanunk tovabbi szakmai sikereket, j6
egészséget és — ahogy te szoktad mondani — tovabbi jé zizast!

Ko6szoniink mindent!

BERKESI Mdrta
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Osszefoglalds

Kdlifoldpdt — hidrogén kolcsonhatds a felszin alatti hidrogéntdrolds 0sszefiiggésében

A geoldgiai rezervodrok, beleértve a homokkétesteket, meghatdrozé szerepet kaphatnak a felszin alatti hidrogéntaro-
lasban. Ennek megvaldsitdsdhoz sziikség van a kézet pérusterében a hidrogéninjektalds hatasara végbemend kémiai
reakcidk megismerésére is. A foldpatok gyakori kézetalkotdk, €s a pH véltozasara konnyen mallanak. Tanulmanyunkban
aztatdsos kisérletekkel és geokémiai modellezéssel vizsgaltuk a nagy nyomdsu hidrogén K-foldpdtra gyakorolt geoké-
miai hatdsat felszin alatti tarol6 koriilmények kozott (100 bar, 105 °C). Az dztatasos kisérletekben az oldatot mintazva ko-
vettiik a kélifoldpat oldédésat. A kisérleti adatok alapjdn a kalifoldpéat — viz — hidrogén rendszerben kismértéki eltérést
tapasztaltunk a referenciakisérlethez képest, amelyekben inert nitrogént haszndltunk. A hidrogén hatdsara kezdetben in-
tenzivebb K- és Na-olddédast tapasztaltunk, mig az Al és Si atlagosan kevesebb a referenciakisérletekhez képest. A kine-
tikus PHREEQC-modellek a kélifldpat hasonl mértékii oldédasat mutatjak mindkét rendszerben. Osszességében el-
mondhatd, hogy a kélifoldpat nem kiilondsebben reaktiv hidrogén jelenlétében. Mindazondltal a rezervodr koriilménye-
ken végzett kisérletek és a végbemend reakciok modellezése egyértelmii elSrelépés a valtozatos dsvanyokbdl 4ll6 iiledé-
kes rezervodr kézetek hidrogéntdrolasi képességének megismerésében.

Targyszavak: kdlifoldpadt, felszin alatti hidrogéntdrolds, geokémiai modellezés, dztatdsos kisérlet

Abstract

Geologic reservoirs, including sandstones, can serve as sites for underground hydrogen storage (UHS). However, for
a successful commercial application, a more detailed knowledge of the rock—pore-water—hydrogen gas (H,) systems is
necessary. In this combined experimental-modeling study, the geochemical impact of H, on K-feldspar was investigated.
Static batch reactor experiments were conducted under pressure and temperature conditions of potential UHS to track the
effect of H, on K-feldspar. The experimental data show a negligible reactivity of K-feldspar. The kinetic PHREEQC
model predicts the dissolution of K-feldspar to a similar extent as suggested by the experimental observations. Findings
of this study show that the K-feldspar—H, interaction is marginal. The results mark clear progress in understanding the
chemical changes in polymineralic reservoir rock matrix during hydrogen injection processes.

Keywords: K-feldspar, underground hydrogen storage, geochemical modeling, batch experiment

Introduction velopment of geothermal energy systems, CO, capture and

storage (CCS), enhanced oil recovery (EOR) techniques

There is growing interest within the energy industry in
utilizing subsurface porous media stemming from various
factors, including the need for efficient storage of energy
resources (e.g., natural gas, compressed air, and hydrogen).
Additionally, advancements in technology, such as the de-

have further fueled interest in understanding and utilizing
subsurface porous media for various energy-related purpos-
es. Hydrogen storage as well as CCS and nuclear waste dis-
posal are imminent technologies that are still facing the
challenge of unpredicted rock-water-gas interactions in
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porous media. Geologic storage of resources, including H,
can be successful only if the geochemical and microbial
interactions between injected gas, host-rock and formation
brines are adequately understood (YEKTA et al. 2018,
HEINEMANN et al. 2021, AL-YASERI et al. 2023). In geologic
formations, the feldspar group minerals have drawn the at-
tention of applied geochemical studies as feldspars are
common minerals that are found both in porous sandstone
formations and clay caprocks (YUAN et al. 2019, ZIVAR et
al. 2021).

Feldspars are substantial constituents of the Earth’s
crust (CHARDON et al. 2006) and are widely distributed on
other planetary bodies of the inner Solar System (BEHRENS
2021). Their high abundance on the Earth is due to their
wide range of stability and various ways of their formation
(e.g., magmatic, volcanic, hydrothermal) (CHARDON et al.
2006). Chemical weathering of feldspars influences the
groundwater flow and chemistry as their dissolution and
precipitation can affect the porosity and permeability of
aquifers (WELCH & ULLMAN 1996). Surface reactions of
feldspars are of particular importance in soil development
(L1u et al. 2017, MANNING et al. 2017) and can have effects
on global climate change by buffering atmospheric CO,
(BERNER 1995). They also have economic importance
since feldspar is used in the construction industry (glass
and ceramic products, cements) for its alumina and alkali
content (FUERTES et al. 2022).

The feldspar group of silicate minerals is characterized
by three-dimensional framework structure, which is able to
accommodate K, Na, Ca in AlO, and SiO, tetrahedral net-
work (RIBBE 1994). Feldspars not only rank as the most
abundant minerals in the Earth’s crust, but also exhibit a
wide range of structural variations, which can be observed
in rocks with diverse cooling histories (BENISEK et al. 2004).
The major elements in feldspars can be expressed as mineral
series with three endmembers — KAISi,O, (K-feldspar) —
NaAlSi, 0, (albite) — CaAl,Si,O4 (anorthite). Solid solutions
between K and Na endmembers exist, similarly between Na
and Ca, however it is very limited between K and Ca (PuTNIS
1992, FUERTES et al. 2022).

In this paper, we investigate feldspar alteration in the
context of subsurface hydrogen storage using the knowl-
edge of previously collected extensive feldspar-related geo-
chemical studies and applying the approach used for an
earlier investigation of calcite reactivity under geologic
storage conditions (GELENCSER et al. 2023). The study of
rock-forming mineral reactivity in the context of hydrogen
storage is a constantly evolving field of applied geochem-
istry. Experiments are necessary to reproduce mineral-H,
interactions in aqueous media, although they carry the dis-
advantage of representing limited time and space. Geo-
chemical models are widely used in geochemistry to simu-
late chemical reactions that occur in natural reservoirs, such
as gas storage in geological formations. The simultaneous
application of experimental and modeling work is one of the
most efficient ways to predict the possible effects of min-
eral-H, interactions under reservoir conditions.

Materials and methods

Starting material

A homogenous feldspar, provided by the Eotvos Mu-
seum of Natural History, Eotvos Lorand University (ID:
BE40767) was used as the substrate of the experimental
study. The purity of the feldspar sample was verified by
optical and scanning electron microscopy (lack of perthite,
rarity of fluid and solid inclusions) and X-ray powder diffrac-
tion. The chemical composition was determined by chemi-
cal analysis. For the experiments, the feldspar was crushed
and powdered, and grains were selected with a particle size
between 100 and 200 um by the use of wet sieving. The pow-
der with corresponding grain size was cleaned ultrasonical-
ly in distilled water, then it was dried and handpicked to
remove any impurities before the experiments.

Thin sections of the sieved feldspar grains were prepared
for physical (optical) and chemical analyses. They were also
coated with carbon for scanning electron microscopic inves-
tigation. A feldspar sample was also prepared for X-ray pow-
der diffraction analysis.

The liquid samples of experiments were filtered through
a 0.2 um syringe filter and were mixed with ca. 5 mL of
1 wt.% HNO, solution. The sealed samples were stored in
scintillation vials until subsequent analysis.

Optical microscopy was applied on the prepared thin
sections to observe differences between treated and un-
treated K-feldspar grains. For this purpose, stereo (Nikon®
SMZ 800) and polarized microscopes (Nikon® Eclipse
E600POL) were used in the Lithosphere Fluid Research Lab
(LRG), E6tvos Lorand University (ELTE), Budapest.

X-ray powder diffraction (XRPD) measurements were
performed on a powdered sample at the Department of
Mineralogy (Eotvos University), using a Siemens D5000
diffractometer, for structural determination of the mineral.
The instrument was operated with the following conditions:
45 kV, 35 mA, Cu Ka-radiation, graphite monochromator,
0.05° 2 step size, 2 sec detection time.

To obtain the major elemental composition of the K-
feldspar, a Hitachi TM4000Plus scanning electron micro-
scope equipped with Oxford AZtec One 30mm? SDD ener-
gy dispersive spectrometer (SEM-EDX) was used at the
Center for Research and Industrial Relations, ELTE, Buda-
pest. The accelerating voltage was set at 15 kV and the beam
current was 200 pA.

Experimental procedure

Two types of experiments were conducted:

Type-1: The K-feldspar—H,O-H, batch experiments were
performed in 160 mL Hastelloy Steel High-pressure Parr®
reactors. The experimental procedure followed the descrip-
tion of GELENCSER et al. (2023) as 2 g cleaned mineral, and
70 mL of distilled water were placed into the reactor fol-
lowed by its pressurization up to 80 bar for both H, and N,
containing experiments. The reaction mixture was then
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Figure 1. The flowchart of the investigation of K-feldspar—H, interaction in this study

1. abra. A Kfoldpdt—H, kolesonhatas vizsgdlatdnak elvi dbrdja

heated up to 105 °C and the total system pressure was set to
100 bar. Stirring was continuous with an RPM of 345 min™!
during the experiments. At certain reaction times (3, 24,
78 hours), ca. 2 mL of liquid samples were taken via a dip
tube for off-line analysis to detect the changes of K*, Na*,
Si**, AI**ion concentrations in the solutions.

Type-2: The same amount of mineral and water was
mixed in the reactor vessel for 10 minutes under ambient
temperature and pressure conditions to study the fast kinetic
processes of mineral dissolution. Since the mixture of Type-
1 (mineral and distilled water) spends ca. 10 minutes under
room temperature and pressure before pressurization and
heating to the reservoir parameters, this experiment was
carried out to track the effect of immersion similarly to STIL-
LINGS et al. (1995). The initial pH and chemical composition
of the solution was measured. Thus, the same amount of
mineral and water as the Type-1 setup were mixed in the
open reactor for 10 minutes. Then the solution was mea-
sured and sampled for pH and chemical analysis, respective-
ly. The concentrations obtained from this pre-pressurization
experiment served as input data of the geochemical models
described below.

For chemical composition analysis of the solution sam-
ples, a HORIBA Jobin Yvon® ULTIMA 2C inductively
coupled plasma - optical emission spectrometer (ICP-OES)
was used at the Supervisory Authority for Regulatory Af-
fairs. The measured concentration values are given as mg/L.
The relative error (10%, 20% and 50%) of the concentra-
tions is dependent on the concentration range, with higher
errors at concentrations closer to the detection limit.

Geochemical modeling

Modeling concept

Geochemical modeling was carried out using the
PHREEQC ver. 3 geochemical software (PARKHURST &
APPELO 2013) designed for simulating geochemical reac-

tions in aqueous media. The software integrates thermody-
namic equilibrium and kinetic reactions for gas-water-rock
interactions. Kinetic dissolution and precipitation equations
of mineral phases have been defined similarly to earlier
works of the authors (SzaBO et al. 2016, 2018). This model-
ing methodology is primarily based on a USGS report of
PALANDRI & KHARAKA (2014).

The thermodynamic data file phreegc.dat was used for
the gas-water-mineral reactions at subsurface reservoir tem-
perature and pressure. With input solution composition us-
ing the chemical results of the pre-pressurization experi-
ment, kinetic models were run to follow the K-feldspar dis-
solution in water at 105 °C and 100 bar H, similar to ex-
perimental conditions (Figure I). The time steps were set for
every eight hours from zero to 72 hours in accordance with
the sampling times of the experiments.

Model input data

The initial solution compositions and pH used in the
models of this study were obtained from the Type-2 experi-
ments. The mixture of K-feldspar and distilled water under
room temperature and pressure conditions was sampled for
analysis by ICP-OES in order to determine the initial ion
concentrations in distilled water before the heating and pres-
surization experiments. The input solution concentrations
of the model are summarized in Table 1.

Three minerals were defined in the models. The K-
feldspar used as experimental substrate was defined as a
mixture of sanidine (KAISi,Oy) and albite (NaAlSi,O;) in a
ratio of 87:13, following the results of SEM-EDX measure-
ment. Furthermore, gibbsite (Al(OH),) was selected as sec-
ondary mineral phase, which may precipitate during the ex-
periments (Table II). Specific surface area values of the min-
erals were manually adjusted based on the data of GAo et al.
(2017) and NEBELUNG & BRENDLER (2010) for the feldspar,
and BENEZETH et al. (2008) for gibbsite.



270 GELENCSER, O. et al.: K-feldspar — H, interaction in the context of underground hydrogen storage

Table I. Initial temperature, pH and solution
composition of the kinetic models that were
obtained from pre-pressurization experiments

1. tablazat. A modellekben definidlt oldat bemend

Table II. Equilibrium constants, specific surface area (m?/g) of minerals, and relevant chemical reactions used
in the geochemical models of this study

I1. tablazat. A modellezésben haszndlt dsvanyok listdja, azok fajlagos feliilete (m’/g) és egyensiilyi dllandoik

parameéterei (homérséklet, pH és a kémiai dsszeté-

tel), amelyek a rovid, nyomds ald helyezés elotti ki- '\P/lri]r;ifl Reaction SSA Log K
sérlet oldatosszetétele alapjdn lettek meghatdrozva K-feldspar KAIS1:05 + 8 Ho0 = K + AI(OH)" + 3 HeSi0s 0.09 2057
Temperature (°C) 105 Albite NaAlSizOg + 8 H20 = Na* + AI(OH)* + 3 H4SiO4 0.15 -18.00
oH 66 Gibbsite AI(OH)s + 3 H* = AI*® + 3 H20 1 5.80
K (mg/L) 1.13 after 3 h show variations in K concentration from 0.6 to 6.9
Na (mg/L) 0.06 mg/L and from 0.7 to 1.4 mg/L in H,- and N,-treated runs,
Al (mg/l) 003 respectively. The K* content of solutions after 76 hours of H,
exposure varies from 1.77 to 10.68 mg/L with an average of
Results 6.2 mg/L while it ranges between 1.77 and 8.12 mg/L with

Chemical and structural observations on K-
feldspar used in experiments

The powdered K-feldspar grains (100-200 m in size)
show uniform extinction and birefringence under optical
microscope. Similar homogeneity was observed in SEM
backscattered images. The mineral composition, obtained
by EDX measurements, revealed 87% K-feldspar and 13%
albite average composition (Figure 2). Since no sign of
perthite was observed, and no albite was identified by
XRPD, the K-feldspar is interpreted to have formed at ele-
vated temperatures, and at relatively rapid cooling rates.
According to the best fit to the XRPD pattern and the
chemical data, the K-feldspar is a C2/m high temperature
disordered sanidine.

Experimental results

The changes in solution composition during the experi-
ments dominantly indicate continuous dissolution of the K-
feldspar grains (Figure 3). The solution aliquots collected

an average of 4.8 mg/L in the N, experiments. The concen-
tration changes show a slight but consistent increase in the
measured ions throughout most of the experiments. The
average concentration of K* and Na* is higher in the H,-
treated samples while the average Si** and AI** are higher in
N, treated sample solutions (Table III). Some precipitates
were observed by optical microscopy on the surface of the
K-feldspar grains in both the H, and N, experiments. These
precipitates can be characterized as rectangular translucent
grains ranging from 1 to 5 m in size.

Geochemical modeling results

The model predicts very similar K-feldspar dissolution
paths under both H, and N, pressure. After 72 h, the mod-
eled K* concentration in solution reaches 3.2 mg/L with a
steep slope (Figure 3, Table 1V). The concentration of Si
rises the steepest among the tested ions. Overall the N,-run
resulted in increased concentrations of all investigated ele-
ments (K, Na, Si, Al) compared to the H,-run. The maxi-
mum difference (2.3 mg/L) appears at the end of the runs

HITACHI TM4000 15kV 10.5mm x150 BSE H

backscattered electron image

Or

Ab An

Figure 2. Backscattered electron image and chemical composition of K-feldspar used in experiments. The result of EDS measurements gives a range between

Ab, -Ab , content with an average of Ab,,

2. dbra. A kisérletben hasznalt kalifoldpat kémiai dsszetétele energiadiszperziv spektrometriai elemzések alapjan. A kalifoldpdt albitkomponense Ab ,-Ab  kizott valtozik,

dtlagosan Ab ;
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Ion concentrations in the solution
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Figure 3. Changes in various ion concentrations (K', Na’, Si** AI*") in experiments and in kinetic models
3. dbra. A kiilonbozo ionok koncentrdcidjanak (K, Na', Si* AI*) vdltozdsa a kisérletekben és a modellekben

and in the Si concentration (7able IV). The model estimates
0.01 wt.% gibbsite precipitation after 72 hours.

Discussion

Discussion of experimental and modeling results

A wealth of data gained from experimental, theoretical,
and case studies about the mechanisms of feldspar dissolution
(e.g., WOLLAST & CHOU 1992, STILLINGS & BRANTLEY 1995),
processes and kinetics (WOLLAST 1967), organic and inorganic
reaction paths (CAROTHERS & KHARAKA 1978), have provided
a solid base for understanding rock-water interactions (YUAN
et al. 2019). However, there is a lack of experimental study
about K-feldspar dissolution that are relevant for the pressure
and temperature conditions of subsurface hydrogen storage.
HEINRICH et al. (1978) carried out mineral-H, reactions with

silicates, including feldspars, which resulted in the removal of
contaminating Fe from the crystal structure. However, since
they did not use water in their experiments, their findings are
less applicable to underground hydrogen storage studies.

Our results show higher concentrations of K and Na in
the fluid samples of the H,-treated experiments in compari-
son with the N,-bearing reference experiments where Si and
Al have more elevated concentrations. Kinetic studies have
demonstrated that the rate of dissolution of feldspars is pro-
moted by hydrogen ions, and the rate of the dissolution in-
creases as the hydrogen ion concentration increases (e.g.,
WOLLAST 1967, SHOTYK & NESBITT 1992).

The ICP-OES results indicate a subtle increase in K and
Na dissolution induced by H,, compared to the outcomes of
N, experiments (Figure 3). Since some precipitates were
detected on the samples, a recrystallization process is ex-
pected, producing an Al-bearing phase. These results are
consistent with those of solution analysis (Figure 3) and in-
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Table III. ICP-OES results on solution compositions of experiments with H, and N,. The results are grouped by
elements and concentrations with error (+/-) given in mg/L. The sampling times are given in hours measured from the
beginning of the experiments

II1. tiblazat. A kisérletek sordn vett oldatmintdk kémiai osszetétele az ICP-OES-mérések alapjan. Az elemek
koncentrdcidja és a mérési relativ hiba mg/L-ben, mig a kisérlet inditdsdtol szamitott mintdzdsi idd ordaban van megadva

VON ENGELHARDT (1938) and
described later by several stud-
ies (WoLLAST 1967, CHOU &
WOLLAST 1984, LASAGA 1984).

The so-called “preferential
Element | Time | H2_1 "('f,—; H2_2 "('fl—)z H_3 "('fl—f N2_1 Tf,—; N2_2 r:+zl_)2 N2_3 '(‘f,—f leaching-diffusion controlled
3 | 057 028 690 069 375 038 097 049 137 069 070 035 mechanism”is characterized by
K 27 | 128 064 779 078 585 059 251 050 242 048 1.18 059 a parabolic curved concentra-
75 | 1.77 088 10.68 110 6.30 0.63 453 045 303 030 177 088 tion pattern of Al and Si versus
time (Figure 4). However, ZHU
3 /069 034 166 033 110 022 063 031 078 039 040 020 (2005)proposed that the crystal-
Na 271094 047 184 018 139 028 115 023 435 043 042 021 jjtes in the K-feldspar powder
75 |093 047 251 025 100 020 141 028 088 018 102 051 |40 have defects produced by
grinding, which may result in

3 | 058 029 102 051 090 045 086 043 182 036 163 0.16 > . .
Si | 27 | 209 042 210 042 223 045 255 051 331 033 313 031 non-stoichiometric alterations.
75 | 255 051 320 064 318 032 472 047 380 038 464 04¢ urthermore, our conclusions
are limited by the fact that the
3 1005 002 024 012 035 017 008 004 046 023 035 017 Cclement concentrations, espe-
Al 27 1025 0412 006 003 047 024 063 032 038 019 031 016 cially that of Na and Al, are
75 | 021 011 045 007 072 036 143 029 039 020 010 005 close to the detection limit of

the used analytical technique.

dicate that H, has limited effect on K-feldspar dissolution
compared to the reference (N,) experiments at the tested
pressures and temperatures.

Moreover, in our experiments non-stochiometric dissolu-
tion of the K-feldspar was observed. The dissolution rate is
most likely controlled by the development and evolution of a
leached layer, built at the surface of the K-feldspar. Reactants
and dissolution products can diffuse through this layer, but as
the leached layer grows, the diffusion of the leachable
species becomes slower, thus, the dissolution rate is slowing
down. This phenomenon was first introduced by CORRENS &

Table IV. Variation in ion concentrations (K', Na', Si** AI"") in mg/L of the
solutions of the geochemical models with time (h). Results are shown for both
hydrogen and nitrogen modeling
1V, tablizat. Elemdsszetételek (mg/L) idobeliviltozdsai a geokémiai modellekben
- mind hidrogénnel és nitrogénnel

time pH K Na Si Al
8 7.35 1.21 0.44 0.55 0.05
16 7.47 1.51 0.55 1.33 0.23
S| 24 7.51 1.73 0.63 2.18 0.38
| 32 7.55 1.90 0.70 3.08 0.47
-i 40 7.61 2.07 0.76 4.03 0.52
T | 48 7.68 2.29 0.84 5.06 0.54
56 7.76 2.57 0.94 6.19 0.58
64 7.83 2.91 1.06 7.43 0.62
72 7.89 3.28 1.20 8.78 0.68
8 7.35 1.31 0.48 0.77 0.10
16 7.47 1.64 0.60 1.76 0.32
24 7.51 1.87 0.69 2.81 0.48
§’ 32 7.55 2.08 0.76 3.92 0.57
o | 40 7.61 2.33 0.85 5.12 0.63
= | 48 7.68 2.64 0.97 6.42 0.68
56 7.76 3.03 1.1 7.85 0.75
64 7.83 3.46 1.27 9.40 0.83
72 7.89 3.94 1.44 11.08 0.91

Based on the experiments the following steps are ex-
pected to take place according to OELKERS et al. (2008) and
OELKERS & SCHOTT (1995):

1) Relatively rapid exchange of hydrogen and alkali ions
near the mineral surface causing elevated K and Na concen-
trations in H,-treated experiments compared to the reference
material.

2) Exchange reaction between three hydrogen atoms from
the solution with one aluminum atom of the mineral struc-
ture, resulting in the breaking of Al-O bonds, coupled with
the formation of a rate-controlling Si-rich precursor complex.

3) Hydrolysis of Si-O bonds. The removal of Si still re-
quires the breaking of Si-O bond and thus the overall alkali
feldspar dissolution rate is controlled by the decomposition
of a silica-rich surface precursor in geochemical systems at
far from equilibrium conditions.

Comparison of modeling and
laboratory observations

The geochemical modeling shows less pronounced
variation in ion concentrations (K, Na, Al, Si) between the
H, and reference runs (7able 1V). The modeling predictions
for solution concentration curves are close to experimental
averages, except in the case of dissolved Si (Figure 3). The
models do not consider any retention on the surface of the
minerals. Although gibbsite was allowed to precipitate as
secondary mineral phase, the layered nature of dissolution
mechanism was not considered in the modeling. Therefore,
the Si concentration does not reach a plateau, like in the ex-
periments, rather it tends to increase linearly. These dis-
crepancies could originate from the thermodynamic data-
base used in this modeling study. It is known that thermo-
dynamic properties of minerals derived from calorimetric
and phase equilibrium experiments rarely predict experi-
mental solubility results accurately (SVERJENSKY et al.
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1991). ZHU & LU (2009) concluded that deriving proper rate
laws from experiments is still difficult for feldspar-water
systems especially to describe the precipitation rates of
secondary phases. However, our results seem to be appli-
cable for further more intricate hydrogen storage simula-
tions where bulk rock composition and formation water are
considered.

Relevance of results in underground
hydrogen storage and the way forward to
more complex systems

Feldspar alteration can result in various diagenetic miner-
al assemblages under different physicochemical conditions
(YUAN et al. 2019). If a new reactive gas phase (H,, CO,) in-
trudes into the pore space it can cause further feldspar-related
chemical reactions (HENKEL et al. 2014, TutoLO et al. 2015).

The low-temperature dissolution of natural K-feldspars
in aqueous media is extremely slow (LASAGA 1984, Liu &
ZHA12021). However, the chemical reaction time is sharply
shortened (to a few hours or tens of hours) for K-feldspar
under extreme hydrothermal conditions (LU et al. 2015).
The effect of H, on reservoir rocks containing K-feldspar
has already been studied experimentally and these authors
concluded that no or abiotic interactions take place with H,

(YEKTA et al. 2018, HASSANPOURYOUZBAND et al. 2022,
FLEscH et al. 2018). However, these experimental studies are
based on whole rock samples with complex mineralogical
compositions, hence it is difficult to directly apply their con-
clusions.

K-feldspar promoted illitization in interbedded mud-
stones by supplying K* is also observed in diagenetic envi-
ronments (YUAN et al. 2019). Considering increased K* and
Na* dissolution compared to N,-bearing experiments, it can
be assumed that H, addition into the solution will decrease
the pH and therefore the dissolution of feldspar will be more
intense. Accordingly, in the abundance of H* ions, the min-
eral surface reactions can be enhanced. In a polymineralic
rock under diagenetic conditions, the K* released from
feldspar can enter the illite structure thus causing pore clog-
ging. Moreover, the experiments demonstrated that the Al
released from the K-feldspar immediately forms a solid
phase and does not prefer the solution indicating that Al,
dissolved from K-feldspar, is a source of aluminosilicate
secondary phases, which can cause further pore clogging.
Consequently, the newly forming aluminosilicates can re-
duce the porosity and permeability of the reservoir. The pos-
sible decline of these latter two parameters may adversely
affect both the void space and the injectivity of the sub-
surface storage unit.
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Figure 4. Change in element concentrations (in mol/kg) during experiments. The filled symbols denote Al concentrations, while open symbols show Si/3

concentrations of experiments with H, (red) and N, (green)

4. dbra. Oldatmintdink aluminium- és szilicium/3-tartalmanak (mol/kg) valtozdsa a kisérletekben. Teli szimbolumok jelolik az Al-koncentrdciot, mig az iiresek a Si/3-

koncentrdciot az egyes kisérletekben
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Conclusion

This combined experimental-modeling study focused
on the geochemical impact of hydrogen on K-feldspar under
subsurface hydrogen storage conditions (105 °C and 100
bar). Our experimental data show a limited effect of hydro-
gen on K-feldspar compared to reference experiments with
nitrogen. The kinetic PHREEQC model predicts the disso-
lution of K-feldspar to a similar extent as suggested by the
experimental observations. Findings of this study show that
the K-feldspar-hydrogen interaction results in an increased
release of K and Na and the formation of an Al-bearing
mineral phase. In the context of a complex subsurface reser-
voir environment, the results may suggest that hydrogen
injection can slightly increase K-feldspar dissolution, hence
supplying ions for secondary mineral precipitation.

Itis worth noting that our experiments are oversimplified,
while the bulk rock experiments are too short-lived to yield
far-reaching conclusions, given the intricate nature of the
system. As a next step, the experiments should be made more
complex via introducing a new mineral phase or using solu-
tion compositions that are more similar to reservoir fluids.
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Appendix
Appendix S1. Detailed description of the mineral amount conversion from mol/kgW (PHREEQC model output) to wt.%.
The calculation derived from SzABO et al. (2018) as follows:

mol
Cmineral [kg_W * Mmineral [%] * VOl%water

Cminerat[Wt. %] = g
10 * Prock [cm—3] * 170l%rock

where ¢, ;... is the concentration of the mineral, M, ; ..., is the molar mass of the mineral in g/mol, the density (p) of the rock is in g/cm?®,
the rock-water ratio is in vol%.
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Figure S1. Diffractogram (black) of the mineral used in this study collected by X-ray powder diffraction (XRPD) method and the
standard sanidine peak positions (blue) is also shown for comparison

S1. abra. Diffraktogram (fekete) a kisérletben hasznalt dsvanyrol rontgen pordiffrakcios (XRPD) technikdval, tovabbd szanidin standard
csticespozicioi (kek) vannak feltiintetve dsszehasonlitdsképpen

Figure S2. Photomicrographs of K-feldspar grain surfaces. a. K-feldspar grain surface before the experiment. b. K-feldspar grain surface
after N2 experiment. Rectangular translucent precipitates showed up on the K-feldspar surface with a size between 1 and 5 um

82. dbra. Optikai mikroszkdpos felvétel foldpatszemesékril. a) foldpdtszemese felszine kisérlet elott. b) foldpdtszemese felszine kisérlet
utdn. A foldpat felszinén dttetszo szogletes kristdlyok ldthatok, amelyek meérete [ és 5 um kozott valtozik
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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-

Z .z

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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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




Foldtani Kozlony 154/3 (2024) 283
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)
Z 0.06 | Paleozoic
| \ greenschists
0,04 <o/
‘7 \
0,02 / .
0,00 \7 ‘;{; ('V:;ié‘—f::li:: :17 - §2 /—;—ii:iij: 7:/—97 77777::?;)
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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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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
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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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Abstract

Complex geological study of the quartz vein of the Osi Hill, Pdkozd

The NW Hungarian Velence Mts. is found in the ALpine-CArpathian-PAnnonian (ALCAPA) Megaunit, north of the
Periadriatic—Balaton Lineament. The major constituent of the mountains is the Permian S—A-type Velence Granite, which
intruded into the Ordovician—Devonian Lovas Slate. Besides, magmatic rocks of the Paleogene Nadap Andesite and the
Cretaceous Sukoré Lamprophyre are also found in the mountains. The granite is cut by dykes (granite porphyry, aplite,
andesite and alkaline magmatite) as well as hydrothermal (quartz dominated) veins. The origin of the latter was disputed
for decades, however, recent studies shed light to their genesis: the quartz-molybdenite-pyrite veins are related to the
granite magmatism, the quartz-sphalerite-galenite-fluorite veins as well as the illite-kaolinite-smectite alterations are
results of a Triassic regional fluid-flow event, while the Cu-porphyry and epithermal alterations, veins and quartz-barite
as well as silicified hydrothermal breccia veins and related APS-mineral bearing alterations are connected to the Paleogene
magmatism. The present study has dealt with an approx. 0.5-0.8 m thick, more, than 100 m long exposed quartz vein and
its surroundings in the Osi Hill at Pakozd (western part of Velence Mts). Though the vein was described 70 years ago, no
detailed modern research was carried out in the area. Therefore, a complex geological survey aiming to obtain detailed
mineralogical, petrological, ore and soil geological characterisation was performed throughout the hill. Field work,
representative sampling, transmitted and reflected light microscopy, X-Ray powder diffraction, SEM-EDS, EPMA, soil-
and sand laboratorial analyses were carried out to prepare a detailed documentation as well as to better understand the
hydrothermal processes. Two vein infill types were identified: a vuggy quartz infill, and a massive quartz-dominated infill
with strongly altered microbrecciated granite clasts. Besides, the latter contained disseminated Ti-oxides, pyrite and
chalcopyrite, together with some monazite, cheralite and goyazite. The often euhedral cheralite and goyazite are connected
to the monazite and can be found either in the altered granite or in the vein-filling quartz. This implies that they occur not
only as granite-related accessory minerals, but they might form as a result of P and HFS element rich hydrothermal
remobilisation. The alteration halo of the quartz vein can be traced up to 4-5 m far from the vein and is characterised by
illitisation, sericitisation and a selective decomposition of K-feldspar and plagioclase. The observed zonation can be the
result of buffering effect of the originally slightly acidic hydrothermal fluid with relatively high dissolved ion content due
to fluid-rock interaction processes. The reconstructed parameters were suitable for transporting metals by the hydro-
thermal fluid. The soil formed above the vein clearly reflects the hydrothermal alterations, while the mineral and rock frag-
ments of the sand found at the foot of the hill also bear marks of the hydrothermal process. The characteristics of the hydro-
thermal minerals’ parent fluid are similar to the ones forming the nearby quartz + fluorite, suphide veins. Trace element
composition of the disseminated pyrite (its As, Pb and Cu content as well as the lack of detectable Au) is also similar to the
ones occurring in the nearby Patka quartz-fluorite veins. The location as well as the mineralogical characteristics are both
suggesting that the formation of quartz vein at Osi Hill is related to the Triassic regional fluid flow event.

Keywords: Velence Granite, quartz vein, host rock alterations, soil mineralogy, covering sand

Osszefoglalds

Az ALCAPA f6egység dunéntili részén, a Periadriai-Balaton-vonaltol északra elhelyezkedd Velencei-hegység 6
tomegét a perm id6szaki, S—A tipusii Velencei Granit alkotja. A granitban EK-DNY, illetve E-D csapésirdnyi hidro-
termds telérek és agyagasvanyos dtalakuldsi zondk is ismertek, melyek eredete sokdig kérdéses volt, de az tjabb kutata-
sok segitettek sok el6fordulds foldtani folyamathoz kotésében; nemcsak a granit magmatizmushoz kapcsol6dd, hanem
egy tridsz id6szaki, regiondlis fluiddramldsi rendszer 1étrejottéhez kot6dd és a térséget érintd paleogén magmatizmushoz
kapcsol6dé hidrotermas eseményt is dokumentéltak. A pakozdi Osi-hegyen egy 0,5-0,8 m széles, ~100 m hosszan kovet-
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het6 kvarctelér ismert, melynek komplex dsvanytani, kézettani, teleptani és talajtani vizsgdlatdnak eredményeit mutatjuk
be. A telér kétféle kifejlodését azonositottuk (sejtes és tomor, mikrobreccsdsodott granitot tartalmazd), és meghatdroztuk
az osszetételét (domindns kvarc, erdsen atalakult granitklasztok, monacit, keralit, aldrendelt Ti-oxidok, hintett pirit és
kalkopirit, illetve ezek dtalakuldsi termékeként goethit). Az dtalakult granitban és a telérkvarcban megjelend monacithoz
szorosan kotddd, sajdtalaku keralit és goyazit is megfigyelhetd, ami alapjan a foszfor és a nagy térerejii elemek hidroter-
mas remobilizcidjara kovetkeztethetiink. A telér atalakuldsi udvardban a foldpatok illitesedése, szericitesedése figyel-
het6 meg, ami az eredetileg feltehetGen gyengén savas, oldott anyagokban gazdag hidrotermds fluidum k&zettel valé kol-
csOnhatdsa révén bekovetkezd pufferoléddsdnak lehet eredménye. A rekonstrudlt paraméterek idedlisak lehettek a szines-
fémek oldatban val¢ széllitdsahoz. A telér folott kifejlodott kézethatdsu talaj is tikrozi a kGzetatalakuldst, mig a tdvolabb
megjelend, fiatal homok k&zetalkotdi is utalnak a hidrotermds eseményre. A telér hidrotermds dsvanyainak anyaoldat-
jellemz&i a kornyez6 kvarc + fluorit, szulfid tartalmu telérekével mutat jelentSs hasonlésagot, és a megjelend pirit nyom-
elem osszetétele (Cu-, Pb-, As-tartalma és a mérhetd Au hidnya) is hasonld a patkai kvarc-fluorittelér piritjének dsszeté-
teléhez. A telér elhelyezkedése, valamint d4svanytani jellemz&i miatt feltételezziik, hogy képz6dése a tridsz id6szaki re-

giondlis fluiddramldsi eseményhez kothetd.

Tdargyszavak: Velencei Grdnit, kvarctelér, kdzetdtalakuldsok, talajasvdnytan, fedd homok

Bevezetés

A Velencei-hegység f6 tomegét alkotd granitot tobb, kii-
16nb6z6 eredetti hidrotermds esemény is érte, melyek ered-
ményeként hidrotermds dsvanyokkal kitoltott telérek és ata-
lakuldsi zondk jottek 1étre (MOLNAR 1997, BENKO et al. 2014,
KovAcs et al. 2019). Egy ilyen a pakozdi Osi-hegyen nyo-
mozhat6 kvarctelér, melyet 4-5 m-ig kovethetS atalakuldsi
udvar vesz koriil. A telér jelenlétét az 1950-60-as években
dokumentaltdk (JANTSKY 1957, MIKO 1964), de azéta atfo-
26, részletes modern kutatds nem késziilt erre a teriiletre f6-
kuszalva. Nemcsak az alkalmazhaté mddszerek tarhdza szé-
lesebb azdta, de az (érc)dsvanyképzéb rendszerekkel kapcso-
latos szakmai ismereteink is jelentSsen fejlédtek, és a térsé-
get ér6 hidrotermas folyamatok megértése is jelentSs hala-
dason ment keresztiil az utGbbi évtizedekben. Ezért az Osi-
hegy egy komplex dsvanytani, kézettani, teleptani és talaj-
tani kutatds kivalé célpontjava vélt, melyet az ELTE TTK
FFI Geol6gus MSc hallgatéival végeztiink el egy vélaszt-
hat6 kurzus keretében. A munka célja egyrészt egy modern
szemléletl alapvetd dokumentédcié készitése, masrészt a
vizsgdlt el6fordulds beillesztése a teriiletrdl alkotott, ma is-
mert foldtani képbe.

Foldtani hattér

A Velencei-hegység az ALCAPA-f6egység dunantili ré-
szén, a Periadriai—Balaton-vonaltél északra helyezkedik el.
F6 tomegét a variszkuszi tektonikai ciklus sordn képzddott,
perm id6szaki, S—A tipusu, posztorogén vagy riftesedéshez
kot6do Velencei Granit Komplexum (BENKO 2023 és a ben-
ne taldlhat6 hivatkozdsok) alkotja, mely az ordovicium—de-
von id6szaki Lovasi Agyagpaldba nyomult be. A hegység
keleti részén azonban a Nadapi Andezit eocén—oligocén
magmads kozetei is megjelennek (/. dbra). A granittestben
kis méretd, kréta id6szaki, alkali ultrabazisos (lamprofir jel-
legti) kozettestek (Sukoréi Lamprofir) és a paleogén mag-
matizmus eredményeként intermedier magmads kézettestek
(Nadapi Andezit) is el6fordulnak. A felszinen tovdbba a
Kallai Kavics és a Tihanyi Formacid pannon iiledékes k&ze-

tei, illetve egyéb pleisztocén—holocén iiledékek is megje-
lennek (GYALOG & HORVATH 2004). A granitban pegmatitos
és miarolitos iiregek, valamint a Pdkozdi Granitporfir telérei
kozé sorolhaté mikrogranit, aplit és granitporfir telérek is
megtaldlhatéak, mig a granit—palakopeny hataron
kontaktmetamorf jelenségként turmalinosodds nyomozhat6
(JANTSKY 1957, GYALOG & HORVATH 2004, BENKO 2023).

A grénitban tobbnyire EK-DNY, illetve helyenként E-D
csapasiranyba fordul6 hidrotermas telérek és agyagasvanyos
atalakulasi z6ndk is ismertek, melyek eredete sokdig kérdé-
ses volt (JANTSKY 1957, GYALOG & HORVATH 2004), de az
djabb kutatdsok segitettek sok el6fordulds foldtani folya-
mathoz kotésében (MOLNAR 1997, BENKO et al. 2014, Ko-
VACS et al. 2019). Eszerint a kvarc-molibdenit-pirit erezések
a granithoz kot6dé hidrotermds folyamatok eredményei
(MOLNAR 1997), a kvarc-szfalerit-galenit-fluorit telérek, il-
letve az illit-kaolinit-szmektit atalakuldsi zéndk legvaldszi-
niibben egy tridsz id&szaki, regiondlis fluiddaramlasi ese-
ményhez (BENKO et al. 2014), mig a Cu-porfiros jellegt at-
alakulasi zonak, erezések, illetve a kvarc-barit erezések, va-
lamint a kovas hidrotermds breccsatelérek és agyagasva-
nyos-APS dsvanyos atalakuldsok a paleogén magmatizmus
rézporfiros—epitermds rendszeréhez (MOLNAR 2004, BENKO
et al. 2012, KovAcs et al. 2019) kapcsolédnak.

A jelen munka sordn vizsgélt Osi-hegyen (/. dbra) JANTS-
KY (1957) mar leirta a granitbeli ,,sejtes kvarctelért”, mely a
hegy 1abanal a szant6fold tormelékében, mig a hegy maga-
sabb részein szdlban nyomozhat6. A telérrdl, annak kiligo-
zottsagardl és alacsony érctartalmarél késébbi munkajaban
MIKO (1964) is emlitést tesz. EK felé haladva a telér szétsepri-
z6dik, majd ,.fiatal homok™ fedi. JANTSKY (1957) tovabba leirja
atelér kvarca mellett megjelend malachitfoltokat, valamint —a
kornyez6 telérek osszetétele alapjan — feltételezi, hogy a sejtes
megjelenés kioldodott galenit miatt lehetséges. A telér pakoz-
di legel6kon nyomozhaté, EK-i folytatdsdban fentiek mellett
fluoritnyomokat is azonositottak (JANTSKY 1957). Bar BENKO
etal. (2014) emlitést tettek egyes kornyékbeli telérekrdl és ata-
lakulasi zénakrol (melyek képz&dését a tridsz id6szaki, regio-
nélis fluidaramlési eseményhez kotik), az utdbbi évtizedekben
megjelent kozlemények nem foglalkoztak a jelen munkahoz
hasonlé részletességgel az 6si-hegyi el6fordulassal.
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1. abra. A Velencei-hegység elhelyezkedése Magyarorszagon (), a Velencei-hegység vazlatos foldtani térképe (GYALOG & HORVATH 2004 alapjan), jelolve a vizsga-
lati teriilet elhelyezkedését (b) és a jelen tanulmanyban érintett Osi-hegy foldtani térképe, jelolve a mintavételi helyeket (c)

Figure 1. The location of the Velence Mis. in Hungary (a), the geological skeich map of the Velence Mts. (based on G4L0G & HORVATH 2004) showing the location of the
study area (b) and the geological map of the studied Osi Hill, showing the sampling points (c)

Moédszerek

A munka kezdetekor részletes terepi megfigyeléseket tet-
tiink, reprezentativ mintazas tortént a kibukkané telér kii-
16nb6z6 megjelenési formdibol, a kozvetlen €s tdvolabbi
mellékkdzetbs]l (minimum kézipéldany méretben), a hegy
EK-i részén megjelend fiatal homokbdl (0,5-1 kg/minta),
valamint talajmintat vettiink a telér kozvetlen kornyezetébsl
és attdl tavolabbrdl (0,51 kg/minta). Az 6sszesen 13 darab
minta szarmazasi helyét az /. dbra mutatja. A mintdk mak-
roszkdpos jellemzése, fotddokumentacidja utan laboratéri-
umi vizsgalatokat végeztiink. A talajmintak el6készitése so-
rdn szdritast, szervesanyag-eltavolitast, reprezentativ kavi-
csok kivalogatdsat, vibracids szitalast alkalmaztunk, majd
elvégeztiik a gyurdprébat, €s meghataroztuk a mintak szinét
nedves és légszaraz allapotban a Munsell-skdla szerint. A
homokmintak el6készitése soran szaraz szitalast, a karbonat-
tartalom eltdvolitdsara 10%-os sésavval vald kioldast alkal-
maztunk. A sztereomikroszképos megfigyeléseket STM45b
zoom €s Zeiss Stemi DV4 tipusu mikroszképpal végeztiik.
A telér és a befogado kdzet polarizaciés mikroszképos meg-
figyeléseit atesd és raesd fényben, Nikon Alphaphot, Nikon
OptiPhot2-pol és Zeiss Axioplan tipust mikroszképpal vé-
geztiik, a mikroszképos fotézast Nikon CoolPix DS-Fil és

Zeiss Axiocam 208 tipust kamerarendszerrel, a fényképek
kezelését NIS-Elements BR és Zeiss Zen szoftver segitségé-
vel végeztiik el. A pasztazé elektronmikroszképos megfi-
gyeléseket Amray 18301 tipusu késziilékkel, PV9800 EDS
detektorral, 20 kV gyorsito fesziiltség, 1 nA sugdrdram mé-

;;;;;;

miiszer kalibrdldsit természetes €s mesterséges dsvanyszten-
derdek segitségével végezték, a kimutatdsi hatdra az 4lta-
lunk vizsgélt elemekre ~0,1 t%. Tovdbbi megfigyeléseket
egy ThermoScientific Phenom XL késziilékkel tettiink
20 kV gyorsitofesziiltség és 15 nA sugdrdram mérési koriil-
mények mellett. A pirit kvantitativ, hullimhosszdiszperziv
elektronmikorszondds (EPMA) mérése egy Jeol JXA-8530F
tipust késziilékkel 20 kV gyorsité fesziiltség, 15 nA sugar-
dram és 1 um sugdrdtmérd mérési koriilmények mellett 10—
20 s cstics €s 5—-10 s hittér mérési iddvel késziilt a vizsgalt
elemtdl fiiggden. A miiszer kalibralasat természetes és mes-
terséges dsvanysztenderdek segitségével végezték, a kimu-
tatdsi hatart a vizsgélt elemekre a relevans tdbldzat tartal-
mazza. Az 4talakult mellékkézet, a talajmintdk és a homok
Osszetételének meghatdrozasdra rontgen-pordiffrakcios vizs-
gélatokat is végeztiink Siemens D5000 tipust miszerrel, a
mérés soran 1,54 A hulldmhosszi Cu-Ka sugarat haszndl-
tak, a mérés 2 masodpercenként 0,05°-0s 1épéskozzel tor-
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tént, 2°-65° 20 értékek kozott. A laboratériumi vizsgalato-
kat az elektronmikroszondds mérések kivételével az ELTE
TTK FFI Asvanytani, valamint K&zettani és Geokémiai
Tanszékein végeztiik el Budapesten, mig a mikroszondas
mérésekre a Szlovak Tudomanyos Akadémia Foldtudoma-
nyi Kutatéintézetében keriilt sor, Besztercebanyan.

Eredmények

Terepi megfigyeléseink alapjan (6sszhangban a GYALOG
& HORVATH 2004 4ltal publikalt térképpel) az Osi-hegy nagy
részét a Velencei Granit Komplexum kézetei alkotjak, mig a
hegy E-EK oldala fel6] a gréanitot a pannéniai Kéllai Kavics
homokos kifejlédése Gvezi. A hegy gerincén EK-DNY csa-
pasiranyd, 0,5-0,8 m szélességii, kb. 100 m hosszan egyér-
telmtien kovethetd, kozel fiiggbleges d6lést, a kornyezé ké-
zetekbdl kimagasod6 kvarctelért azonositottunk (2. dbra). A
telér mentén a granitban kézetatalakulas figyelheté meg.

A telér haromféle kifejlédésben jelenik meg: (1) sejtes,
kioldott, (2) tomor és (3) vas-oxi/hidroxidokkal jelentsen
atjart formaban. A sejtes megjelenésti teléranyag (6sszete-
v6ként csak kvarc ismerhet6 fel) esetében az iiregek tablas,
akar ikerkristalyos foldpat negativ kristaly alakiak (3 A dbra),

2. abra. A vizsgalt telér az Osi-hegy gerincén
Figure 2. The studied vein at Osi Hill

méretiik dltalaban 0,2-2 cm kozotti. A tomor tipusban szte-
reomikroszképos megfigyeléseink sordn a kvarcon kiviil
egy kézipéldanyban <lmm-es fluoritszemcsék jelenlétét
feltételeztiik, amit polarizaciés mikroszképos vizsgalataink
sordn nem sikeriilt megerdsiteni. A mikroszképos vizsgala-
tok alapjan azonban megallapithatjuk, hogy a teléranyag va-
16jaban egy kvarccal igen intenziven atjart, erésen atalakult,
mikrobreccsdsoddson dtesett granit. A jellemzéen 2—10 mm-
es, szogletes granitklasztokban a kézetalkoté dsvanyok ko-
ziil 1-3 mme-es kvarc, tobbnyire 1, de akar 2-3 mme-es,
agyagasvanyosodo kalifoldpat, hintetten megjelend, altala-
ban 10-30 pm-es cirkon és maradék térkitolts, hintetten
megjelend, akar 50 um-es szemcseaggregatumokat formald
monacit ismerhet6 fel, melyeket matrixként nagy mennyisé-
gl durvakristdlyos (akar 5 mm-es) kvarc és kisebb mennyi-
ségt illit csoportba sorolhaté agyagasvany, illetve sajatala-
kua Ti-oxid dsvany vesz koriil (3 C, D dbra). A monacittal
(mely Ce, Nd, La-t is tartalmaz) szoros kapcsolatban, szo-
veti jellemz6i alapjan azt kdvetSen eu- és szubhedralis, tobb-
nyire 10-20 pm-es keralitot (CaTh(PO,),) (magas Th tartal-
ma mellett U és Ce mérhetd) azonositottunk (3 C, D dbra),
tovabba a fenti dsvanyokat koriiloleld, kiszorité formdban
késobbi dtalakuldsi termékként goyazit (SrAL(PO,)(PO,OH)
(OH),) is megfigyelhet6 volt. A vas-oxi/hidroxidokkal 4tjart
véltozat mikroszképosan a tomor tipushoz hasonlit. Ez
utébbi tipusban az XRD-vizsgélatok alapjan goethit és ala-
rendelt mennyiségben kaolinit csoportba sorolhaté agyag-
dsvany azonosithat6, mig a tobbi tipusban a goethit csak
hintetten (<1%) jelenik meg. Fentieken til, a tomor tipusban
hintetten 10 pm-nél kisebb pirit és kalkopirit is megfigyel-
het6 (3 C dbra). Mikroszondds mérés alapjan a pirit Co:Ni
ardnya 9,7, valamint As, Cu és Pb tartalma 0,13-0,27 t% ko-
zotti (1. tdbldzat). Megjegyzend azonban, hogy a szemcsék
igen kis mérete miatt tobb prébalkozas ellenére is csak egy
megbizhaté adatsor all rendelkezésre, igy az eredmények
tajékoztato jellegtlinek tekinthetSk.

Mikroszképos megfigyeléseink alapjan a telér befogadé
kézete 30-40% idiomorf, tablas, fehér plagioklaszt (0,5-4 mm),
30-40% xenomorf, izometrikus, sziirke kvarcot (2—5 mm)
és 20-30% hipidiomorf, tablds, r6zsaszin ortoklaszt
(1-1,5 cm) tartalmaz alarendelt csillamtartalommal, tehat a
Streckeisen-rendszer alapjan monzogranit. A telértdl tdvo-
lodva z6nds atalakulds figyelhet6 meg. A telér kozvetlen
kornyezetében 1-5 mm vastag, hintett piritet tartalmazé
kvarcerezettel stirtin 4tjart, atalakult granit figyelheté meg
(3 B dbra), melyben a k6zetalkoté kalifoldpat enyhén, a pla-
gioklasz pedig erésen atalakult (szericitesedés, illitesed€s),
illetve a k6zetben finomszemcsés kvarc is megfigyelhets. A
telért6l 4-5 m-re a k6zetben mar kvarcereket ritkdbban la-
tunk, de a foldpatok kisebb mértéki szericitesedése és agyag-
asvanyosodasa még megfigyelhetd. A telért6l 40 m-re atala-
kulds mar nem jellemz8, maximum nagyon kis mérték sze-
ricitesedés figyelheté meg. A telér kozelében megjelend
kvarcerek szimmetrikus kitoltéstiek; a szegélyiikon sa-
jatalakud, apré fluidzarvanyoktdl szivacsos megjelenést,
0,5-1 mm-es kvarc figyelheté meg, mig belsejében ezek
tovdbbnovekedéseként viztiszta, sajatalaki durvakristilyos
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3. abra. A: a sejtes kvarctelér egy darabja. B: szimmetrikus, savos kvarcérkitoltés atalakult granitban, kozel a f6 telérhez. Az ér falan szivacsos kvarc lathato, amin
tovabbnovekedésként viztiszta, félig sajatalaku kvarc lathato (polarizacios mikroszkdpos foto, +N). C: monacittal szoros kapcsolatban levo, sajatalaku keralit, vala-
mint hintett kalkopirit szemcse kvarcban (visszaszort elektron kép). D: monacittal szoros kapcsolatban levo, féligsajatalaku keralit, illetve azt koriilvevo kvarc,

atalakult kalifoldpat és félig/sajatalaku Ti-oxid asvany (visszaszort elektron kép)

Figure 3. A: typical appearance of the vuggy quartz vein. B: symmetrical banded quartz vein in the altered granite, close to the main vein. Along the wall of the vein, spongy
quartz is found due to the abundance of fluid inclusions, then eu/subhedral transparent quartz overgrowth is found in the center of the vein (microphotograph, +N). C:
euhedral cheralite in close contact with monazite and disseminated chalcopyrite in quartz (back-scattered electron image). D: subhedral cheralite in close contact with
monazite, surrounded by quartz, altered K-feldspar and eu/subhedral Ti-oxide mineral (back-scattered electron image)

(akar 2-3 mm-es) kvarcszemcsék lathatok (3 B dbra). Az
emlitett, jellemz&en ~2 um-es fluidzarvanyok a kristalyok
magjaban, 3D zarvanyfelhSben jelennek meg, igy elsddle-
gesként azonosithatdk, jellemzden szogletes alakdak, két-
fazisdak (folyadék, g6z), folyadékdisak (90-95%), allan-
d6 fazisardnyuk alapjan homogén anyaoldatb6l csapda-

1. tablazat. A telér hintett piritjének
osszetétele EPMA-elemzés alapjan.
Table 1. Composition of the disseminat-
ed pyrite based on EPMA analyses.

det. lim. pirit/pyrite
Fe 0,013 45,53
S 0,013 56,642
As 0,072 0,272
Cu 0,017 0,133
Ni 0,013 0,036
Co 0,012 0,348
Pb 0,028 0,132

z6dhattak. (Mikrotermometriai vizsgalatuk nem volt jelen
munka célja.)

A kvarctelér talajosodott felszinérdl, 0-5 cm mélység-
bdl, valamint 100-150 m-el tdvolabb, az iide granit felett
kialakult talaj felsé 0-5 és 5—10 cm-bdl vettiink mintat ta-
lajasvanytani vizsgdlatokra. A mintavételezés mindkét eset-
ben ranker tipusu (k6zethatdsi) talajbdl tortént. A kvarcte-
1ér feletti talaj er6zidnak, deflacionak erésen kitett, a vékony
A szintben 5-7% mennyiségben el6fordulnak a talajképzé
kézet tormelékei. A Munsell-szinskdla alapjan 1égszaraz
szine 10YR3/3, nedves szine 10YR2/2. A tdvolabbi granit
felett kialakult talaj kissé vastagabb, az R réteg (granit)
10 cm alatt jelenik meg, helyzete alapjan er6ziénak enyhéb-
ben kitett. A genetikai A szintjébdl két mintdt vettiink. A
fels6 0-5 cm-€bdl vett minta 1€gszdraz szine 10YRS5/4, ned-
ves szine 10YR3/3. Ugyaninnen a felsé 5-10 cm-bdl vett
minta légszdraz szine 10YRS5/3, nedves szine 10YR3/2.
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Valamennyi mintdra igaz, hogy a gytir6préba alapjan valyog
texturdjuak. A talajban kézettormelékként granit litoklasz-
tokat, kvarc- és foldpatszemcsék toredékeit azonositottunk.
XRD-vizsgalattal a granit f6 kdzetalkot6 dsvanyain tdl kii-
1onboz6 rétegszilikatok (illit, vermikulit, klorit, kaolinit)
jelenlétét igazoltuk. Ez utdbbiak, illetve a kvarc a telértsl
szarmazé mintdban gyakoribbak, mig a plagiokldszok ott
valamivel kisebb mennyiségben fordulnak el6 a gréanit felett
kialakult talajhoz képest.

Az Osi-hegyet koriilvev, Kallai Kavicsba sorolhaté pan-
non homokbdl is vettiink mintat. A szdraz szitdlds alapjan a
homok legjellemz&bb szemcsemérete a 125-250 um-es tar-
tomany. XRD-vizsgélat alapjan tilnyomo6részt kvarcbol, kal-
citbdl, illit-csoportba tartoz6 asvanybdl és dolomitbdl all. A
250-500 pm-es mérettartomany oldasi maradékat is vizsgal-
tuk a kis mennyiségben jelen levd dsvanyok azonositdsa vé-
gett; a granit kézetalkotd asvanyai koziil kalifoldpatot, pla-
gioklaszt, biotitot, muszkovitot és kvarcot is megfigyeltiink,
valamint cirkont, apatitot, tovabbi kvarcvaltozatokat (viz-
tiszta és kevésbé atlatszo, rézsaszini és limonitos kéregt6l
narancsos darnyalatd), valamint magnetitet is azonositottunk.

Diszkusszio

A jelen munka sordn vizsgalt 6si-hegyi telér a kisfalud-
Osi-hegyi telérraj része, melyt6l északra hizédik az tiveg-
hegy-suhogé-pakozdi telérraj (JANTSKY 1957). A korabbi
szakirodalom sejtes kvarctelér jelenlétérdl ir, munkénk so-
ran nemcsak ezt, hanem tomor, mikrobreccsasodott granitot
tartalmaz6 telérkitoltés-valtozatot is leirtunk. Megfigyelé-
seink alapjan a sejtes kvarctelér iiregei feltehetSen kioldo-
dott foldpatok utani alakot mutatnak a kordbban feltételezett
galeniteredet helyett. Mindezt az tiregek tablas alakja és a
kornyez6 granitban megjelend foldpathoz hasonlé méret-
tartomanya (lasd fentebb) is aldtdmasztani latszik. Galenitet
és a JANTSKY (1957) éltal ,.,a hegy alatti tombokben” leirt
masodlagos rézasvanyokat nem figyeltiink meg (a fedé ta-
lajban és a kornyezd fiatal homokban sem), de hintett piritet
és kalkopiritet, valamint feltehetGen egykori szulfidasva-
nyok utani atalakuldsi termék goethitet igen.

A kvarctelér elhelyezkedése alapjan beilleszthetd a BEN-
KO et al. (2014) altal azonositott, tridsz idészaki, regiondlis
fluidaramlasi eseményhez kot6dden 1étrejott telérek sordba.
Bér dsvanyparagenezise — a vizsgalt kibukkandsban — azok-
ndl kevesebb tagot szdmlal, a korabbi szakirodalom (JANTS-
KY 1957) legalébbis a fluorit jelenlétét itt is leirja (mely as-
vany jelenlétét egy esetben mintdinkban is feltételeztiik).
Ezt a rokonsagot megerdsiteni latszik tovabba a pirit nyom-
elemtartalma, bar megjegyzendd, hogy az alacsony mérés-
szam miatt az eredmény csak tdjékoztatd jellegiinek fogad-
haté el. A patkai fluorittelér piritjiének mindenesetre az Osi-
hegyen mért pirithez hasonlé az As (akar 0,121 t%), Pb
(atlag 0,171 t%) tartalma, illetve Co:Ni ardnya (atlag 11), és
altalaban nincs EPMA-val kimutathaté mennyiségti Au-tar-
talma (sajat, eddig publikdlatlan EPMA-adatbazis alapjén,
mely méréseket ugyanazon a miiszeren végeztiink). A kap-

csolat egyértelmiibb bizonyitdsahoz a kvarc altalunk is do-
kumentalt fluidzarvanyai nydjthatnak segitséget, melyek
petrogréfiai jellemz6i a BENKO (2008) és a BENKO et al.
(2014) altal a hegység nyugati felének mas, hasonl6 parage-
nezisi telérjeiben megfigyeltekkel mutatnak hasonlésagot.
Bar jelen munka célja nem volt ennek részletes vizsgalata,
BENKO (2008) doktori kutatdsa sordn vizsgélt e telérbdl is
mintat, és megallapitotta, hogy a kvarc fluidzarvanyainak
homogenizaciés hdmérséklete 70-140 °C kozotti, a zarvany-
fluidum CaCl, dominancidju és ~15-20% CaCl, ekv. s%
sétartalmu (n=14). Ezek az eredmények egyértelm{ hason-
16sdgot mutatnak a tridsz id6szaki, regionalis fluidaramlési
esemény oldatdnak jellemzdivel (BENKO et al. 2014, MOLNAR
et al. 2021), és eltérnek a hegységet ért tobbi hidrotermas
esemény fluidjellemz6itSl (BENKO et al. 2014, MOLNAR 1997).
A képzbdési folyamat pontosabb modellezéséhez tovébbi,
részletes fluidzarvany-vizsgélatok volnanak sziikségesek.

A telért 1étrehoz6 hidrotermads folyamat kiterjedt voltat
j6l mutatja a befogad6 kdzetben dokumentalt zonds kdzet-
atalakulds, mely részben a Iétrejott talaj Osszetételében is
megmutatkozik. Mig a telérhez kozel a kvarc dominancidja,
valamint az ,,iide” granithoz képest kevesebb kalifoldpat és
jelent6sen kevesebb plagiokldsz a jellemzd, addig tdvolodva
a kvarc mennyiségének csokkenése, illetve a foldpatok
mennyiségének novekedése dokumentalhaté. Szericitese-
dés és illitesedés is a telér atalakuldsi udvardhoz kotédéen
jelenik meg, legintenzivebben a kovdsoddssal mar kevésbé
érintett, de a foldpatok hidnyaval/atalakuldsaval jellemzett
zénaban. Mindez fizikai-kémiai paraméterek fluid-kézet
kolcsonhatas soran bekovetkezo valtozdsanak lehet koszon-
hetd. Mig a telérben és kozvetlen szomszédsdgaban valame-
lyest savas kornyezetet feltételezhetiink (1asd kvarc, kaolinit
és Ti-oxid dsvanyok jelenléte, illetve a plagiokldsz hidnya),
addig att6l tavolodva pufferolédhatott a rendszer, és mar
semlegeshez kozeli (pH 5,5-7) kornyezetben szericit, illit
vélhatott a jellemzé hidrotermds dsvannya (HEDENQUIST et
al. 2000, FuLiGNATI 2020). Ezt az elméletet tdmasztja ald a
foldpatok megfigyelt zondcidja is; mivel a kalifoldpat vala-
melyest stabilabb savasabb kornyezetben (cf. YUAN et al.
2019 és a benne taldlhat6 hivatkozdsok), igy a telér granit-
klasztjaiban megdrz&dhetett, mig a plagiokldsz ott mar tel-
jesen atalakult. Ahogy azonban tadvolodunk a telért6l, a mel-
1ékkdzetben a pH semlegesitédésével mar plagioklasz is
megorzddhetett, illetve egyre inkabb novekszik mindkét
foldpat mennyisége, bar a plagioklasz — annak rosszabb el-
lenélloképessége miatt —jellemzden atalakultabb (cf. YUAN
et al. 2019 és a benne taldlhato hivatkozasok). A fluorit hia-
nya/alarendelt megjelenése a (gyengén) savas pH tartésabb
fennéllasara enged kovetkeztetni, illetve feltételezi az oldat
magasabb oldott sétartalméat (C1') (RICHARDSON & HOLLAND
1979). Utébbit a BENKO (2008) altal mért fluidzarvanyada-
tok is alatdmasztjak. A rekonstrudlt koriilmények ideélisak
lehettek egyes fémek (pl. Cu, Zn, Pb) hidrotermas oldatban
torténd szallitasdhoz (FONTBOTE et al. 2017), ugyanakkor a
nagy mennyiségben val6 kivaldshoz sziikséges hirtelen pa-
ramétervaltozas ezen a lelShelyen valdszintileg nem kovet-
kezett be. Ezért csak hintetten taldlunk ércasvanyokat, és igy
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Osszességében az dsvanyegylittes a hegység mds pontjain
ismert, tridsz telérekhez képest szegényebb.

Asvényos Gsszetétele alapjan a homok j6l reprezentélja a
tertileten megjelend kézettipusokat, hiszen nemcsak a gra-
nit, hanem a kvarctelér anyaga is megtaldlhat6 benne (pl.
tobbféle, akar limonitbevonatd kvarc). A telér folott, illetve
att6l valamelyest tdvolabb Iétrejott, k6zethatdsu talajbol le-
vélogatott kézettoredékek dsvanyos dsszetétele, valamint az
elébb emlitett fed6 homok vizsgalati eredményei alata-
masztjak a telérhez kapcsolddd, intenziv hidrotermas kézet-
atalakuldast, ugyanakkor egyik sem tartalmaz jelentSs meny-
nyiségli ércasvany jelenlétére utalé paragenezist. Ez egy-
részt aldtdmasztja azt a feltevésiinket, hogy a sejtes megje-
lenést valtozat mélyebben elhelyezked6 példanyaiban sem
szamitunk nagy mennyiségl galenitre (tehat nem az old6-
dott ki bel6le), masrészt igazolja MIKO (1964) kovetkezteté-
sét a telér gazdasagi vonatkozdsair6l.

A tomor, mikrobreccsdsodott granitot tartalmazé kvarc-
telérben el6fordult tovabbd maradék térkitolté monacit és
azzal szoros kapcsolatban 4ll6, am az iiregekben akar mar
benn-nétt, sajatalaku formdban megjelend keralit is. Ezek
az asvanyok és koztiik szamos kémiai Osszetétell koztes tag
a granit jellemzd akcesszoérikus elegyrészei (pl. Buba &
NAGY 1995), igy megjelenésiik a mikrobreccsdsodott grani-
tot tartalmazo6 telérben tobbnyire magyarazhaté a granithoz
kotddo eredettel. A keralit olykor sajatalakd formadja, vala-
mint a goyazit egyértelmten kiszorité jellege ugyanakkor
magyarazatra szorul. A monacit-keralit egyiittes megjele-
nésér6l SZAKALL et al. (2014) is irnak, 4m nem az altalunk
megfigyelt kézetekben és szoveti jellemzSkkel. Ok munka-
jukban a granitoidok koziil az aplitra és a pegmatitra kon-
centraltak, és azokban dokumentaltak a fenti 4svanyok meg-
jelenését. Igy bir teljeskdzet kémiai elemzéseik a patkai és
pakozdi fluoritos telérekbdl is rendelkezésre dllnak, szoveti-
dsvanytani jellemzést azon mintdk ritkaelem-ddsuldst hor-
doz6 dsvanyairél nem dokumentéltak a fenti publikacidban.
Megfigyeléseink alapjan felvethetd, hogy a teléreket 1étre-
hoz6, granitot is atjard fluidum foszforban és nagy térerejii
elemekben (ritkafoldfémek, U, Th) is ddsult, igy ez az
esemény lehet felelSs a sajatalakd, illetve kiszorité szovettel
megjelend foszfatok (pl. egyes keralit- €s goyazitszemcsék)
megjelenéséért (BROSkA & PETRIK 2008). Ezt a feltételezést
MOLNAR (2019) eredményei is aldtdmasztjak, hiszen 6 a —
fentiek alapjan az 6si-hegyivel rokonithaté — pakozdi fluo-
ritban ritkafoldfém ddsuldst (maximum 499 ppm teljes
ritkafoldfém-tartalom) dokumentdlt. Igy tehét a fent vazolt
feltevés magyarazhatnd a SZAKALL et al. (2014) 4ltal megfi-
gyelt, a fluoritos telérekben olykor a granitoidokat is meg-
haladé ritkaelem-tartalmat is.

Kovetkeztetések

A pikozdi Osi-hegy gerincén megjelens, EK-DNY csa-
pasirdnyd, 0,5-0,8 m szélességt, kb. 100 m hosszan kovet-
het6 kvarctelér és kornyezetének komplex geoldgiai vizsga-
lata a térségben egyediildlld, eredményei j6l beilleszthetSk a
Velencei-hegységet ért hidrotermds folyamatok modern
szemléletd vizsgdlatainak sordba (pl. MOLNAR 1997, 2004;
BENKO et al. 2012, 2014; KovAcs et al. 2019). Munkénk egy-
részr6l hidnypd6tlé alapvetd dokumenticid, de a telér képzo-
dési koriilményeir6l, jellemzoirdl és foldtani folyamathoz
kotésérdl is értekeziink. Eredményeink alapjan feltételez-
ziik, hogy az 8si-hegyi kvarctelér keletkezése a tridsz id6-
szaki, regiondlis fluiddramldsi eseményhez kothetd, mely a
kornyez6 hasonlé anyaoldat-paraméterekkel jellemezhetd
kvarc (+fluorit, galenit, szfalerit, fakéérc...) teléreket is 1ét-
rehozta. A savas pH-ji, magas oldottanyag-tartalmu flui-
dum idedlis lehetett bizonyos fémek oldatban val6 szallita-
sdhoz. Bar a vizsgalt 6si-hegyi el6fordulds dsvanyparagene-
zise szegényebb a rokonithat6 velencei-hegységi telérekhez
képest, erre magyardzat a hidrotermds fluidum lokalis jel-
lemzdiben keresendd. A granitot is atjard, regiondlis fluid-
dramldsi esemény sordn az oldat akdr foszforban és nagy
térerejli nyomelemekben is ddsulhatott, melynek eredmé-
nyeként a telérekben sajatalakd, illetve kiszoritd szovettel
megjelend foszfatasvanyok is el6fordulnak.
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Osszefoglalds

Also-Ausztridban fiirt, also kréta bazalt teleptelérek elozetes vizsgdlata —
tisztelgés S7zABO Csaba professzor munkdssdga elott

Két kutatéfiirds révén az 1960-as évek eleje 6ta ismert szamos teleptelér el6forduldsa a Molasse-medencében (Auszt-
ria északkeleti részén). A feltételezett dogger (Porrau-2) és felsé paleozoikumi (Roggendorf-1) iiledékes rétegsorban
megjelend, er6sen dtalakult metadoleritek a kordbbi értelmezések szerint is intruziv jellegliek, a telérek kora, valamint
azok tdgabb rétegtani és tektonikai vonatkozdsai azonban nem kellGen tisztazottak.

Mintegy 60 év elteltével, ebben a munkdban kiilonbdz6 modern analitikai médszerek alkalmazdsdval az intruzivu-
mok tj értelmezését javasoljuk. Eredetileg a metadoleritek korat jura kortnak tekintették. Uj, de még el6zetes eredmé-
nyeink azonban kora kréta kort (136—141 Ma) intruziv vulkanizmust jeleznek, amelyre nemcsak a K-Ar kormeghatarozas
eredménye utal, hanem a teleptelérek regiondlis analdgidi is. A Porrau-2 furds also, feltételezett dogger szekvencidjabol
szdrmaz6 egyetlen ddcitmintat egy régebbi intruziv elemként értelmeztiink, mivel a K-Ar kormeghatdrozds (283-284
Ma) alsé perm korra utal. Tehat a kit mélyebb részén feltart rétegek nem lehetnek dogger kortiak, hanem a fels6 paleo-
zoikumba tartoznak (perm). Ezért a Porrau-2 és Roggendorf-1 kutakban taldlhat6 alluvidlis-fluvidlis tiledékek egy része
a csehorszagi Mordvia karbon—perm Boskovice-medencének a felszin alatti, délnyugati folytatasat képviseli Also-
Ausztriaban.

Regiondlis 1éptékben a vizsgalt magmads kézetek petrografidja hasonlonak tlinik a jol ismert alsé kréta alkéli vulkdni
k6zetekkel (Ilamprofir, bazanit, fonolit), amelyek a morva-sziléziai Beszkidek teriiletén, az Eszakkelet-Csehorszagban és
Dél-Lengyelorszagban, valamint a dél-magyarorszdgi Mecseki Zéndban fordulnak el6. Mig mindezek a vulkani egysé-
gek jelenleg az eredeti paleogeogréfiai helyzetiikbdl elmozdult, alpesi allochthon 6vekben helyezkednek el, addig a ta-
nulményunkban szerepld alsé kréta teleptelérek az autochton eurdpai lemezben taldlhatdk. Ezért fontos, dj timpontot
nydjtanak a kora kréta kori, regiondlis rift zona palinspasztikus rekonstrukciéjdhoz a mezozoikumi eurdpai lemez déli
peremén.

Tdargyszavak: diabdz(bazalt), teleptelér, kora kréta, Ausztria, Magyarorszdg, Tisza mega-egység, riftesedés

Abstract

The occurrences of numerous sills penetrated in two exploration wells drilled in the Molasse Basin in NE Austria
were known since the early 1960s. Although the initial analysis of these strongly altered metadolerite units intercepted in
an apparently Dogger (Porrau-2) and Upper Paleozoic (Roggendorf-1) clastic sequence correctly concluded about their
intrusive character, the age relationships and the broader stratigraphic and tectonic implications remained poorly
constrained.

After about 60 years, using various modern analytical methods, a new understanding of these intrusives is outlined
in this contribution. Originally, the age of the metadolerites was considered as Jurassic. However, our new, preliminary
results provided an Early Cretaceous age (136—141 Ma) for the intrusive volcanism not only indicated by K-Ar age
determination but also by regional analogues for the sills. A single dacite sill from the lower, supposedly Dogger se-
quence of the Porrau-2 well is interpreted as an older intrusive unit and its K-Ar date (283-284 Ma) suggests an Early
Permian age. Hence the sequence drilled in the deeper part of this well cannot be Dogger in age but instead it is Upper
Paleozoic (Permian). Therefore, some of the alluvial-fluvial clastics in the Porrau-2 and Roggendorf-1 wells represent
the subsurface southwestern continuation of the Carboniferous—Permian Boskovice Trough from Moravia into Lower
Austria.


https://doi.org/10.23928/foldt.kozl.2024.154.3.307

308 TARI, G. et al.: Preliminary analysis of Lower Cretaceous metadolerites drilled in Lower Austria — a tribute to Prof. Csaba SzABO

On a regional scale, the petrography of the studied sills appears to be similar to the well-studied Lower Cretaceous
alkaline igneous rocks (lamprophyres, basanites, phonolites) occurring in the Moravian-Silesian Beskidy area in north-
east Czech Republic and southern Poland and in the Mecsek Zone of southern Hungary. Although all these volcanic units
are presently located in Alpine thrust-fold belts displaced from their original paleogeographic position, the sills in our
study are anchored within the autochthonous European plate. Therefore, they provide an important new constraint for the
palinspastic reconstruction of the regional-scale Early Cretaceous rift zone along the southern margin of the Mesozoic

European plate.

Keywords: diabase/basalt, sill, Early Cretaceous, Austria, Hungary, Tisza Mega-unit, rifting

Introduction

Among the many wells drilled in the foreland region of
the Eastern Alps in Austria (Figure 1), there are only two
which penetrated unusual and highly altered volcanics with
a basaltic composition. These diabase (former name of the
altered basaltic sills) units were found within Dogger and
upper Paleozoic sedimentary units in the Porrau-2 and Rog-
gendorf-1 wells (Figures 2 & 3), respectively (WIESENEDER

1965, WIESENEDER et al. 1976, WESSELY 2006, ROETZEL et
al. 2009). These magmatic rocks were described as Jurassic
sills which intruded into the Mesozoic-Paleozoic cover se-
quence above the crystalline basement of the Bohemian
Massif. An apparent difficulty of the age assignment stems
from the fact that lithologically, the coarse-grained clastics
of the Middle Jurassic and the Permian—Carboniferous se-
quences are very similar. Besides the poorly constrained age
relationships between the sills and the host rocks, the struc-
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Figure 1. Location of the study area in NE Austria in the framework of the autochthonous cover and basement of the European margin (modified from TARI 2005)
1. d@bra. A vizsgdlt teriilet elhelyezkedése Eszakkelet-Ausztridban az eurdpai perem autochton feddjének és aljzatdnak a kontextusaban (TR 2005) alapjdn
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Figure 2. Sub-regional setting of the Porrau-2 and Roggendorf-1 wells drilled in Lower Austria in the eastern Molasse Basin
2. dbra. A Porrau-2 és Roggendorf-1 fiirdsok szubregionalis elhelyezkedése Also-Ausztridban, a keleti Molassz-medencében

tural context of the Porrau-2 well was left open-ended due to
the lack of seismic reflection data across this well. Existing
illustrations of the Porrau-2 depict either a fault-related near-
vertical metadolerite body (ROETZEL et al. 2009; Figure 3)
or a steep folded feature (Figure 4) with dips meant to ex-
plain the near-vertical Dogger sedimentary layers observed
in the cores of the well (WESSELY 2006). The main aim of
this contribution is to document new data on both the intru-
sives and the sediments of the Porrau-2 well. These data clari-
fied some of the ambiguous aspects of the existing inter-
pretations in a preliminary fashion and highlighted the need
for more analytical work to firm up the interpretations in this
paper.

The results of the present study also provided a new, large-
scale perspective on the Lower Cretaceous intrusives pene-
trated in the Porrau-2 and Roggendorf-1 wells. Contempo-
raneous volcanic-magmatic rocks (Berriasian to Valangini-
an) with broadly similar lithological characteristics are
known in the External Carpathians (Silesian Beskid Mts.)
and the Western Carpathians of Poland and Slovakia, (SpI-
$1aK 2002, HARANGI et al. 2003, SPISIAK et al. 2011, SzoPA et
al. 2014, MaDzIN et al. 2014, CsiBRri et al. 2020). Lower Cre-

taceous volcanics were also documented in the Ukrainian
Outer Carpathians, close to the Polish border (HNYLKO et al.
2015, KroBickI et al. 2015).

On an even larger scale, the Early Cretaceous alkaline
basalt magmatism is one of the most characteristic features
of the Mecsek Unit in southern Hungary (HARANGI & ARVA-
So6s 1993; HARANGI 1994; HARANGI et al. 1996, 2003).
Products of this rifting-related magmatism outcrop in the
Mecsek Mts. and can also be traced in the subsurface in oth-
er parts of southern Hungary beneath the Pannonian Basin
(Haas & PERO 2004). The main phase of the volcanism in
southern Hungary occurred during the Early Cretaceous,
mainly in the Valanginian, although it extended into the
Hauterivian (Mecsekjanos Basalt Complex). In the western
Mecsek Mts. basaltic and trachytic small intrusions and
dikes are typical, whereas in the eastern part rocks of basalt—
tephrite—phonolite series and alkalitrachyte occur in various
proportions (KuBoviICS et al. 1990). The presence of pillow
lavas, lava breccias, and hyaloclastites indicate submarine
volcanism. Dikes, sills, and subvolcanic bodies are also
common. The geochemical, mineralogical and petrographic
features of the Mecsek volcanic-magmatic rocks suggest
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continental rift-type volcanism (KUBovICS & BILLIK 1984,
HARANGI et al. 1996).

The secondary aim of this work is to highlight the impor-
tance of the autochthonous nature of the Lower Cretaceous
metadolerites of Lower Austria emplaced within the Euro-
pean margin. They provide an important new map-view
constraint for the palinspastic reconstruction of the large
Early Cretaceous rift zone along the southern margin of the
Mesozoic European plate. Large mega-units, such as the
Tisza and West Carpathians were separated from Europe
along this rift zone.

Regional setting of the studied wells
in NE Austria

The crystalline basement of the Molasse zone in Eastern
Austria (Figure 1) is covered by Mesozoic and Paleozoic
sediments (WESSELY 2006). Within Dogger clastic sedi-
ments, the Porrau-2 well, drilled in 1960/61 to a final depth
of 2503.0 m by OMYV, penetrated numerous layers of dia-
bases (Figures I, 4 & 5) classified and described by WIE-
SENEDER (1965). His work was focused on the sequence dril-
led between 1700-2000 m depth where at least 11 metado-
lerite units were documented in cores. It was suggested that
the strongly altered metadolerites (or diabases) in the well
were intruded as sills during the Jurassic (WIESENEDER 1965).

Based on the core description of the deeper part of the
borehole no more metadolerite was found below 2000 m,
however, there are conglomerates with volcanic clasts em-
bedded in them. The apparent reworking of the volcanic

material into the sedimentary units in between contradicts
the intrusive character of the metadolerites but instead
would imply the presence of extrusive units, such as lavas.
Also, a tuffite layer was reported by WIESENEDER (1965) at
about 1814 m depth which we could not locate in the core
material. Instead, our work indicated potential tuffs at about
1895-1897 and at 1960 m. The presence of tuff and tuffite
also implies extrusive volcanic activity.

In a second drill hole, Roggendorf-1, drilled in 1962 to a
final depth of 1342.0 m by OMYV, sedimentary rocks of
Paleozoic age were found below about 1000 m (Figure 5).
These siliciclastic rocks contain intercalations of quartz
porphyrites, metadiabases, igneous breccias, rhyolitic tuf-
fites and tuffs (WIESENEDER et al. 1976). Upper Paleozoic
(Carboniferous, Permian) sediments described in the sub-
surface of the region are typically grey, partly greenish
quartz arenites alternating not only with dark, partly reddish
violet claystones, but also with quartz/feldspar breccias. In
the Upper Carboniferous sediments, coal seams often occur
(BRIX & GOTZINGER 1964, Brix 1993). However, coal seams
have been also reported from the Permian succession.

Structurally, two very large fault zones define the syn-
rift architecture of the study area (Figure 3), the Mailberger
and the Absdorf-East faults (KROLL & WESSELY 2001).
Along the Mailberger fault, the normal offset is as large as
700 m. The fault was still active during the Cenozoic, but its
main activity was during the Dogger (WESSELY 2006) and
quite possibly even during the Permian with large syn-sedi-
mentary displacement. Similarly, the Absdorf-East Fault is
a reactivated syn-rift fault which has a considerable offset
especially within the Dogger sequence (Figure 3). Syn-rift

PORRAU-2 STRONEGG-1
HOLLABRUNN-1 ALTENMARKT-1 (PROJ.) KLEMENT-1 THOMASL-1
Nw flattened on top Mesozoic! SE
UPPER QUARTZARENITE UNIT AMEIS FORMATION
LOWER SHALE UNIT A
7] ~ KURDEJOV
LOWER QUARTZARENITE UNIT . e, ARENITE FORMATION
DIABASE COMPLEX
OF PORRAU
MIKULOV MARL
FORMATION
PALEOZOIC
(PERMIAN TO FALKENSTEIN FORMATION
UPPER CARBONIFEROUS) VRANOVICE FORMATION
HOFLEIN FORMATION
UPPER SHALE UNIT
CRYSTALLINE BASEMENT >
(BOHEMIAN MASSIF) UPPER QUARZARENITE UNIT o} g
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Figure 4. Sub-regional scale section across the Porrau-2 well (redrawn from WESSELY 2006). Note that the section is flattened on top of the Mesozoic sequence.

Vertical exaggeration is 8

4. dbra. A Porrau-2 kit szubregiondlis léptékii szelvénye (WESSELY 2006) alapjan). Megjegyzendd, hogy a szelvény a mezozoikus szekvencia tetején van kiegyenlitve. A

fiiggdleges tilmagasitds 8%
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Figure 5. Simplified lithologic columns of the a) Porrau-2 and b) Roggendorf-1 wells in their deeper
segments where subvolcanic rocks (shown in dark green) were penetrated (modified from WIESEN-
EDER 1965). Location of the samples for thin section characterization, K-Ar dating, and detrital
zircon dating are also shown. Note that based on our new results, there is an alternative age
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assignment for a large part of the section in the Porrau-2 well

5. dbra. Az a) Porrau-2 és b) Roggendorf-1 fitrdsok egyszeriisitett litologiai oszlopai a mélyebb szakasza-
ikban, ahol szubvulkdni kdzeteket (sitétzold szinnel jelilve) fiirtak (WIESENEDER 1965 alapjdn mddosit-
va). A vékonycsiszolatos jellemzéshez, K-Ar kormeghatdrozdshoz és detritdlis cirkon kormeghatdrozds-
hoz haszndlt mintdk elhelyezkedése is lathato. Megjegyzendd, hogy az ij eredményeink alapjan a

Porrau-2 fiirds esetében iij geokronologiai értelmezéseket kozliink

UPPER

faulting is responsible for the formation of
all the asymmetrical half-grabens in the
broader area, such as those east of Mail-
berg, east of Hagenberg and of Stockerau
(Figure 2).

Another fault zone, striking perpendicu-
lar to the above mentioned major syn-rift
master faults must be responsible for the
termination of the Paleozoic and Mesozoic
units towards the southwest near Hollabrunn
(Figure 2). This transpressive cross-fault-
ing was assumed to cause the steepness of
the Dogger sequence (Figures 3, 4), with
the metadolerite embedded in it, in the case
of the Porrau-2 borehole (WESSELY 2006,
ROETZEL et al. 2009).

The sub-regional scale section across
the Porrau-2 and some other wells illustrate
the architecture of the Mesozoic and Paleo-
zoic sequences beneath the molasse basin
fill (Figure 3). Note that the section is flat-
tened on top of the Mesozoic sequence with
a vertical exaggeration of 8x. The Porrau
“diabase complex” is shown in a simplified
manner associated with a folded structure
which may be seen as a positively inverted
flank of a Jurassic half-graben (Figure 2).
The progressive truncation of the Jurassic
and Cretaceous units beneath the base mo-
lasse unconformity (Figure 3) indeed sug-
gests an inversional episode with consider-
able strata (up to 1-2 km?) eroded between
the Cretaceous and the Late Oligocene
(Egerian) over the Altenmarkt half-graben.

Data and methodology used

The present study was focused on the
Porrau-2 well as it had a relatively large
number of cores in the inferred Mesozoic
part of it (Figure 3) with generally very
good (>90%) recovery rates. As an illustra-
tion of this, the photos of two of the core
boxes here (Figure 6) show examples of the
metadolerite and dacite which were the fo-
cus of our analysis.

For the study, 12 core samples were se-
lected at OMV’s core facility in Gidnsendorf
(Table I). These samples were selected to
represent both the intrusive subvolcanic
rocks and the siliciclastic host rocks. How-
ever, the present paper focuses on the mag-
matics and the results on the clastic rocks
will be published elsewhere.

The 12 samples from the well Porrau-2
were investigated by means of petrographic,
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PORRAU 002 Core 33: 1930.6-1937m 6 Boxes

PORRAU 002 Core 29: 1849.5-1855.5m 6 Boxes
3 Box: 6 5 4 K] 2 1

Box: 6 5 4 3 2 1

Figure 6. Cores of the metadolerite of Sample 2 (left) and dacite of Sample 5 (right) in the Porrau-2 well drilled by OMV in Lower Austria in 1960/61. Note the
generally very good (>90%) recovery of the core material. The core boxes are 1 m long, the deepest part of the core at the upper right-hand corner in Box #1

6. dbra. Az OMYV dltal 1960/61-ben Alsé-Ausztridban, a Porrau-2 kiitban fiirt metabazalt (2. minta, balra) és dacit (5. minta, jobbra) magjai. A magkihozatal dltaldban
>90%-o0s volt. A magladdk 1 m hossziiak, a mag legmélyebb része a jobb felsd sarokban, az I. dobozban taldlhato

XRD, and XRF analyses. In this contribution we included In addition to the petrographic analysis, three samples
only the description of the subvolcanic rocks. Below is the  were selected for K-Ar dating which was carried out at the
list of the selected samples from well Porrau-2 (marked in  Institute for Nuclear Research (ATOMKI), Hungary. One
red). For a description of both the XRD and XRF analysis sample was selected for detrital zircon (U-Th)/He and U-Pb
methodology used in this study, please see SPRANITZ et al.  geochronology analysis which was performed by the Uni-
(this issue). versity of Ottawa, Canada. A brief description of all the age

- ) , dating methods is given below.
Table I. Sample listing of the Porrau-2 well. Note the different type of rocks acquired. The current

study focuses on the subvolcanic intervals and a follow-up study will integrate the sandstone

petrology as well Geochemistry based on XRD and XRF
L. tablazat. A Porrau-2 kit mintdinak listaja. A mintdzds soran szubvulkani és iiledékes kizeteket is (X-ray Fluorescence Analysis)
vettiink, amelyek kiziil jelen munka csak a szubvulkdni kézetekre fokuszal. Az iiledékes kizeteket

egy késobbi tanulmdnyban dolgozzuk fel .
X-ray fluorescence (XRF) is a method of

Sample # | Top depth (m) | Bottom depth (m)| Core# | Box # | lithology X-ray spectroscopy used for qualitative and
1 1816.6 18214 27 1 volcanic especially for the'quantltatlve det’errr.unatlon
of elements. By using the method, liquid, pow-

2 18498 1855.5 29 6 volcanic der, or compact samples can be measured. It
3 1870,2 1875,6 30 3 sandstone works non-destructively and is largely inde-
4 1891 1898 31 4 volcanic pendent of the bonding state of the elements.
5 1930.6 1937 3 N volcanic The elemental analysis is determined using a
Panalytical EPSILON 3 XL Energy-disper-

6 1973.6 1980,5 35 6 sandstone sive X-ray fluorescence spectrometer (Ag
7 1973,6 1980,5 35 3 volcanic radiation with software-controlled maximum
8 19923 1998.5 36 1 sandstone 50kV, maximum 3 mA and 15 W tube power).
9 1758.6 1762.4 ” | sandstone The 'Ep.silon 3 softw'are.program is used f(?r
qualitative and quantitative analyses, and this

10 1772 1774,35 24 1 volcanic include Omnian software module for standard-
11 1805.3 1312,3 26 6 volcanic less and fingerprint applications. Geochemi-
12 1805,3 1812,3 26 2 sandstone cal investigation of volcanic rocks is a power-
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ful tool supporting petrographic observations and enables to
classify volcanic rocks based on elementary composition.

K-Ar age dating

The radiometric geochronology analysis, using the Cas-
signol-Gillot K/Ar dating method, was carried out in Geo-
chronology Lab of the HUN-REN ATOMK]I, at the Institute
for Nuclear Research in Debrecen, Hungary. Based on the
petrography, samples were crushed and sieved to typically
63-125 and 125-250 um. The selected grain size fraction
was washed with deionized water and a 10 V/V % acetic acid
solution was used to remove the carbonate content of the
samples. The magnetic fraction was separated by a Frantz
magnetic separator. Heavy liquid (sodium poly-tungstate:
SPT) set to 2.72 and 2.88 g/cm? was used to isolate ground-
mass and minerals fractions (e.g., plagioclase, biotite).

The separated fractions were analysed by the non-spiked
K-Ar method (CassiGNOL & GILLOT 1982, GILLOT & COR-
NETTE 1986) following the procedure of the Geochronology
Lab of the Institute for Nuclear Research, Debrecen. The
potassium content was measured on 50 mg sample aliquots,
after dissolution by HF and HNO3, with a Sherwood-400-
type flame spectra-photometer with accuracy better than
+1.5%. Separated mineral sample splits were subjected to
heating at 100 °C for 24 h under vacuum to remove atmo-
spheric Ar contamination that was adsorbed on the surface
of the mineral particles during sample preparation. Argon
was extracted from the minerals by fusing the samples with
high-frequency induction heating at 1300° C. Released gas-
es were cleaned in two steps in a low-blank vacuum system
by hot (350° and 250° C) St-101 and St-707 SAES getters
operated at room temperature. Isotopic composition of the
Ar was measured by a MAP-215-50 noble gas mass spectro-
meter, following the non-spiked method of GILLOT & COR-
NETTE (1986), and corrected for the atmospheric “°Ar/*°Ar
ratios. The calibration of our “°Ar signal is checked routinely
using analyses of the HD-B1 (Hess & LippoLT 1994,
ScHWARZ & TRIELOFF 2007), GL-O (ODIN et al. 1982) inter-
national standards. During this study, analyses of HD-B1
yielded an age of 24.29+0.34 Ma, which compares well with
the recommended values of 24.21+0.32Ma. Standard GL-O
yielded 95.26+1.35Ma, which differs only insignificantly
from the reported age (95.03+1.11 Ma). Decay constants
recommended by STEIGER & JAGER (1977) were used for the
age calculation, with an overall error of +1%. An error of the
samples was calculated using the equation of QUIDELLEUR et
al. (2001).

Detrital zircon U-Pb geochronology

After crushing of a coarse-grained sandstone from 1819
m depth, the 63-250 um size fraction was rinsed through a
decantation process, and heavy mineral separation was then
conducted using methylene iodide (SG: 3.0 g/cm?) in order
to obtain a more concentrated fraction of zircon. The heavy
mineral separates were then individually passed through a

Frantz magnetic mineral separator as needed to further iso-
late zircon. Individual zircon grains were then picked using
tweezers under a binocular microscope.

Zircon for laser ablation inductively coupled plasma mass
spectrometry (LA ICP-MS) U-Pb analysis were mounted in
epoxy and polished for imaging. A JEOL 6610LV Scanning
Electron Microscope (SEM; University of Ottawa, Canada)
was used to characterize the zircon and to identify the inter-
nal structure of the mineral or rim overgrowths on the zircon
using cathodoluminescence imaging. A Resonetics M-50
193 nm ArF Excimer laser ablation system coupled to an
Agilent 7700x quadrupole ICP-MS system (University of
Ottawa, Canada) was utilized for the zircon U-Pb analyses,
following the protocol of MCFARLANE & Luo (2012) and the
common lead correction of ANDERSEN (2002). Single spot
analyses were completed with the laser operated at a repeti-
tion rate of 6 Hz, spot size of 32 um, and pulse energy of 4.72
J/em?. Reference material 91500 zircon (U-Pb: 1065.4+0.3
Ma; WIEDENBECK et al. 1995) was analyzed as a standard
under the same conditions as the unknowns. A secondary
standard, PleSovice zircon (U-Pb: 337.1+0.4 Ma; SLAMA et
al. 2008), was also used to correct for analytical drift. All
data was reduced, and drift corrected using Glitter v4.4.4,
with reference material uncertainty calibrated to 1%. The
final corrected data were plotted using IsoplotR (VER-
MEESCH 2018).

Detrital zircon (U-Th)/He geochronology

The analytical portion of the (U-Th)/He experiments
was conducted at the TRalL (Thermochronology Research
and Instrumentation Laboratory) facility at the University of
Colorado (Boulder, USA). Individual mineral grains are
placed into small Nb tubes that are then crimped on both
ends. This Nb packet is then loaded into an AST Alphachron
He extraction and measurement line. The packet is placed in
the UHV extraction line (~3x10® torr) and heated with a
diode laser to ~800-1100 °C for 5 to 10 m to extract the
radiogenic *He. The degassed “He is then spiked with ap-
proximately 13 ncc of pure *He, cleaned via interaction with
two SAES getters, and analyzed on a Balzers PrismaPlus
QME 220 quadrupole mass spectrometer. Degassed grains
are then removed from the line and taken to a Class 10 clean
lab for dissolution. Zircon are dissolved using Parr large-
capacity dissolution vessels in a multi-step acid-vapor dis-
solution process. Grains (including the Nb tube) are placed
in Ludwig-style Savillex vials, spiked with a 2U->*Th
tracer, and mixed with 200 pl of Optima grade HF. The vials
are then capped, stacked in a 125 mL Teflon liner, placed in
a Parr dissolution vessel, and baked at 220°C for 72 h. After
cooling, the vials are uncapped and dried down on a 90 °C
hot plate until dry. The vials then undergo a second round of
acid-vapor dissolution, this time with 200 ul of Optima
grade HCl in each vial that is baked at 200 °C for 24 h. Vials
are then dried down a second time on a hot plate. Once dry,
200 pl of a 7:1 HNO,:HF mixture is added to each vial, the
vial is capped, and cooked on the hot plate at 90 °C for 4 h.
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Once the minerals are dissolved, regardless of the dissolu-
tion process, they are diluted with 1 to 3 mL of doubly-
deionized water, and taken to the ICP-MS lab for analysis.
Mineral standards of Durango apatite (31.5 Ma) and Fish
Canyon Tuff zircon (28.2 Ma) are routinely analyzed (de-
gassed and dissolved) in conjunction with the samples with
each run to ensure data integrity. Sample solutions, along
with standards and blanks, are analyzed for U, Th, and Sm
content using a Thermo Element 2 magnetic sector mass
spectrometer. Once the U, Th, and Sm contents have been
measured, He dates and all associated data are calculated on
a custom spreadsheet made by TRalL staff.

Analytical results on the volcanic samples

The methods described above derived several new re-
sults to formulate a new, but still preliminary interpretation
of the sills penetrated in the Porrau-2 well. Six of the seven
volcanic samples were classified as metadolerites based on
petrographic observations (see below) supplemented by
XRD and XRF data (Tables II and III). The metadolerite
samples are highly altered based on macroscopic and micro-
scopic observations (Figures 6, 7, 8), as are all the other sills
in the Porrau-2 hole (Figure 5). Primary minerals such as
plagioclase and mafic minerals have been intensely re-
placed by secondary minerals such as chlorite, epidote and
calcite. However, some of the moderately altered samples
retained some amphiboles and biotite and therefore were
selected for K-Ar dating (see below). One of the samples
(#5) is a more acidic volcanic rock type compared to the
metadolerites and it is classified as a dacite (Figure 8).

Metadolerite

The textures of the suite are variable, but most of the
rocks have characteristics of mafic subvolcanic sills (Fig-
ures 7, 8). Porphyritic texture is visible both macroscopical-
ly and microscopically on some of the samples. Phenocrysts
are dominated by plagioclase and rarely by chlorite pseudo-
morphs after pyroxene. Although no pyroxene was found in
the samples, the outlines of the chlorite pseudomorphs sug-
gest pyroxene precursors. The plagioclase laths in the ground-
mass are mostly in contact and the interstitial space is filled
with either chlorite or opaque minerals, showing the inter-
granular texture. The plagioclase is in some cases partially
enveloped by chlorite pseudomorphs, which is characteris-
tic for the subophitic texture. The change from intergranular
to subophitic to ophitic textures in basaltic rocks results
from slower cooling and slower crystallization rates. This
textural sequence is typically found from the margins to-
wards the center in doleritic rocks (basaltic dikes). Corres-
pondingly, the crystal size increases from the margins to-
wards the center.

Plagioclase phenocrysts are medium to coarse grained.
The plagioclase in the groundmass is mostly fine to rarely
medium grained. Crystals are euhedral and phenocrysts are

often zoned. Chlorite usually occurs as pseudomorphs after
pyroxene. It often replaces some or all of the biotite and
hornblende. Opaque minerals are the primary minerals of
dolerites and are dominated by ilmenite and minor mag-
netite. The ilmenites are often rimmed by leucoxene, which
allows ilmenite to be distinguished from magnetite and oth-
er iron-titanium oxides. Unaltered ilmenite and rare mag-
netite form euhedral crystals that are 30 to 100 um in size.
Ilmenite in some samples is completely altered to leuco-
xene, a fine-grained alteration product of titanium minerals.
Occasionally titanite was observed. Leucoxene occurs main-
ly either as an alteration product of ilmenite or associated
with chlorite pseudomorphs after pyroxene. Apatite is a sec-
ondary mineral that forms acicular prisms between 3 and 13
um in diameter. The basal sections are hexagonal in shape.
The apatite crystals are mainly found as inclusions in other
minerals. Biotite is a secondary mineral occurring in the
groundmass as euhedral platelets. Hornblende occurs in the
groundmass as euhedral prisms. The basal sections show
characteristic 124-56° cleavage intersections. The hornblende
is partly replaced by chlorite. Epidote is a common to rare
secondary replacement mineral, occurring in association
with chlorite pseudomorphs or replacing the host rock in
general. Rare clinozoisite has also been observed. The de-
gree of epidotization varies from intense in some samples to
virtually absent in others.

Rarely, epidote also heals fractures. Epidote also occurs
as inclusions in plagioclase and results from saussiritiza-
tion. Quartz is a secondary mineral that occurs as idiomor-
phic megaquartz. Quartz is found exclusively in dissolution
vuggy pores. The idiomorphic quartz crystals are surround-
ed by blocky calcite, indicating that the latter is post-dating
the former. Quartz also occurs in rounded patches, or ocelli,
in which there has been progressive crystallization from the
margins towards the center. Calcite is a secondary alteration
mineral that occurs mostly as a pore-filling blocky cement.
The calcite is found in certain samples within vuggy pores
together with euhedral megaquartz, which is post-dating the
latter. The vuggy pores are indicative of dissolution of the
groundmass and phenocrysts. The calcite sometimes occurs
within the chlorite pseudomorphs after pyroxene, replacing
the chlorite. This suggests chlorite dissolution. Crosscutting
fractures in the host rock are mainly cemented by blocky
calcite.

Dacite

Importantly, one of the samples (#5) is a more acidic
subvolcanic/magmatic rock type than metadolerite and is
classified as a dacite (Figure 8). The texture is porphyritic,
characterized by large plagioclase phenocrysts, quartz pheno-
crysts with characteristic embayment and ghosts of former
mafic phenocrysts. The phenocrysts are up to 1.3 mm in
size. The groundmass is composed of fine-grained plagio-
clase laths, quartz, and secondary replacement minerals.
The plagioclase in the groundmass and in the phenocrysts
is extensively replaced by sericite, chlorite and calcite.
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Figure 7. Thin section photomicrographs of different sub-volcanic levels in the Porrau-2 borehole. a) Fine-grained metadolerite with fine-grained plagioclase
phenocrysts and intergranular texture. Sample 1. b) Close-up of sample 1: intergranular texture with a former vug filled with idiomorphic megaquartz followed by
pore-filling blocky calcite cement. ¢) Fine- to medium-grained porphyritic metadolerite with partly subophitic texture. The plagioclase is brownish due to abundant
inclusions. Greenish chlorite pseudomorphs replace mafic minerals. Sample 2. d) Close-up of sample 2: the core of this amphibole has not been consumed by
chloritisation. ¢) Fine-grained porphyritic dolerite with intergranular texture. The large phenocrysts are chlorite and calcite pseudomorphs after mafic minerals
and plagioclase. The white dots represent the quartz ocelli. Sample 4. f) Enlarged view of sample 4: in the centre brownish biotite with chloritised rims

7. dbra. A Porrau-2 fiirds kiilonbozd szubvulkani szintjeinek vékonycsiszolatos mikroszkdpos felvételei. a) Finomszemesés metadolerit, finomszemcsés plagiokldsz

fenokristalyokkal és intergranuldris textiirdval. 1. minta. b) Az 1. minta nagyobb nagyitdsban: intergranuldris szovet egy idiomorf megakvarccal kitoltott, korabbi iireggel,
amelyet porustolto, tombos kalcitcement kovet. c) Finom- és kozépszemesés porfirites metadolerit részben szubofitos szovettel. A plagiokldsz a sok zdarvany miatt barnds
szinii. A mafikus dsvanyokat zoldes szinii kloritpszeudomorfok helyettesitik. 2. minta. d) A 2. Minta nagyobb nagyitdsban: ennek az amfibolnak a magjdt nem emésztette
fel a kloritizdcio. e) Finomszemcsés porfirites dolerit intergranuldris textiirdval. A nagy fenokristalyok mafikus dsvdnyok, valamint plagiokldsz utdn klorit és kalcit
pszeudomorfok. A fehér pottyok a kvarc-ocellumokat jeldlik. 4. minta. f) A 4. minta nagyitott nézete: kozépen barnds biotit kloritosodott peremmel
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Figure 8. Thin section photomicrographs of different subvolcanic levels in the Porrau-2 borehole. a) Porphyritic dacite with large plagioclase phenocrysts.
Sample 5. b) Close-up of sample 5: in the centre is a basal section of an amphibole. ¢) Fine- to medium-grained porphyritic metadolerite with plagioclase
phenocrysts. The sample is strongly chloritised and calcitised. Sample 7. d) Close-up of sample 7: plagioclase is almost completely replaced by epidote
(yellowish). e) Heavily altered metadolerite with subophitic texture. The plagioclase is brownish due to abundant inclusions. Sample 10. f) Subophitic
texture: plagioclase laths are partly enclosed by pseudomorphs after pyroxene. The pseudomorphs consist of chlorite, calcite, leucoxene and epidote.
Sample 11. Note that all the thin-sections analysed show a consistent subvolcanic signature

8. dbra. A Porrau-2 fiirds kiilonbozo szubvulkani szintjeinek vékonycsiszolatos mikroszkdpos felvételei. a) Porfirites ddcit nagy plagioklasz fenokristalyokkal. Az
5. minta. b) Az 5. minta nagyitdsa: kozépen egy amfibol bazdlis metszete. c) Finom- és kozépszemcsés porfirites metadolerit plagiokldsz fenokristdlyokkal. A minta
erdsen kloritosodott és kalcitosodott. A 7. minta. d) A 7. minta nagyitasa: a plagioklaszt szinte teljesen felvdltotta az epidot (sdrgds). e) Erdsen modosult metadolerit
szubofitos szovettel. A plagioklasz a sok zdrvany miatt barnds szinii. 10. minta. f) Szubofitos szovet: a plagioklasz léceket részben piroxén utdni pszeudomorfok
veszik koriil. A pszeudomorfok kloritbol, kalcitbol, leukoxénbdl és epidotbol allnak. 11. minta. Megjegyzendo, hogy az dsszes elemzett vékonycsiszolat kovetkezetes
szubvulkdni jellegzetességet mutat
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Chlorite is present as small crystals in the groundmass. The
host minerals were fine-grained mafic minerals as part of
the groundmass. Ghosts of mafic phenocrysts are also
completely replaced by chlorite and calcite pseudomorphs.
Some of these have hexagonal basal sections, suggesting
that the phenocrysts were amphiboles. Apatite forms aci-
cular prisms. The euhedral opaque minerals range in size
from 50 to 100 um. They have been completely replaced by
granular leucoxene, suggesting an ilmenite host mineral.
Blocky calcite cement replaces groundmass, plagioclase
phenocrysts and forms pseudomorphs with chlorite after
mafic phenocrysts. Calcite also heals micro-fractures. There
is no evidence for devitrification of volcanic glass, therefore
we suggest that the dacite is also intrusive in character.

Autometamorphic processes based on
thin-section analysis

The subvolcanic rocks in Porrau-2 well are intensively
replaced by secondary minerals. As noted by WIESENEDER
(1965), the country rock shows no signs of metamorphism,
so the only way the secondary minerals could have formed
in the intrusion is by autometamorphism. The autometa-
morphic processes are more common in plutonic or sub-
volcanic rocks because they remain at elevated temperatures
for a longer time than purely extrusive volcanic rocks, mak-
ing the subvolcanic rocks more susceptible to autometamor-
phic alteration. The reactions are deuteric and involve water
as the rock cools.

The hornblende is present in a single sample of coarser
crystal size from a more central part of the intrusion. We
consider hornblende to be a secondary alteration mineral
from trough uralitization of primary pyroxenes. Biotite
also most likely resulted from alteration of pyroxene or
amphibole. Both alteration processes occurred relatively
early at higher temperatures compared to later processes
discussed below.

Chloritization is the most widespread alteration pro-
cess, affecting all samples examined. Chlorite mainly
replaced the mafic suite of minerals. The pyroxenes were
all lost and even the hornblende and biotite were partially
replaced. Chloritization is not restricted to the mafic min-
erals as it also partially replaced plagioclase. The latter has
also been replaced by several other minerals. Sericitization
is one of the most common alterations of plagioclase,
where very fine-grained white mica (muscovite or parago-
nite), commonly known as sericite, replaces the plagio-
clase host rock. Epidote is also present in a few samples
and replaces plagioclase. We attribute its formation to
saussiritization. A very common process is the alteration
of ilmenite to leucoxene.

Quartz is characterized by euhedral crystal faces and is
surrounded by calcite cement, indicating that it precipitated
in an open pore space prior to calcite cement. Calcite re-
placement is interpreted to be the final stage of the alteration
process, in which all primary minerals are partially re-
placed. The host rock is fractured, and the fractures cement-

ed by calcite, indicating that precipitation occurred in the
brittle regime after the intrusion had solidified.

Geochemistry based on XRD and XRF
(X-ray Fluorescence Analysis)

Based on the XRF results (Table II) we used the Total
Alkali-Silica (TAS) diagram (LE BAs et al. 1986) for clas-
sification of volcanic rocks (Figure 9a). X-axis represents
the silica contents whereas Y-axis shows the value of alka-
line components. The TAS diagram of the studied seven
volcanic samples shows six of the seven measured samples
have low silica contents and plot in the basalt and trachy-
basalt field (Figure 9a). Interestingly, there is an outlier
sample which is a dacite based on its composition (Sample 5).

The AFM diagram (Figure 9b) adopted from VERMEESCH
& PEASE (2021) shows the same overall grouping of all the
igneous samples in the basalt domain except for a dacite
sample. Also, all the samples plot closer to the calc-alkaline
Bowen trend than to the tholeiitic Fenner trend.

The XRF results (Table II) were also used to determine
the igneous series of the subvolcanic rocks. The AFM diag-
ram was used to plot the Fe,O,, MgO and K,0+Na,O con-
tents of the samples. The diagram (Figure 9b) shows that the
samples fall into the calc-alkaline trend. Calc-alkaline rocks
are typically found in volcanic arcs above subduction zones,
often in island arcs, and especially in arcs developed over
continental crust.

K-Ar age results

The dated samples included (with their OMV/ATOMKI
sample numbers) two metadolerite (sample 1/9034, from
1816—-1821 m; sample 2/9035, from 1849—1855 m) and a
dacite (sample 5/9036, from 1930-1937 m).

The analytical data and calculated ages are summarized
in Table 1V and Figure 10. The amount of radiogenic Ar of
the samples was very high, “Ar, , (%) was between 73% and
95%. The two biotite-rich fractions from No. 9034 sample
have high potassium content (3.0-3.9%) and have younger,
Hauterivian to Valanginian ages (135.9+2.4 and 141.242.5
Ma). The light groundmass fraction yielded a much older
age (231.8+4.0 Ma). The sample No. 9035 is characterized
by lower potassium (0.5-2.2%) and older age population
(243.8+4.8 —268.4+5.2 Ma; Triassic—Permian), respectively.

The dacite sample (No. 9036), provided the oldest ages
(283.2+5.1 Ma—284.4 +5.0 Ma).

Discussion

For geologic age data interpretation, we relied on three
separate methods such as K-Ar, detrital zircon U-Pb and (U-
Th)/He geochronology. A tentative interpretation of all
these data sets is summarized below highlighting the need
for additional analysis.
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Table II. X-ray fluorescence spectrometry results only of the subvolcanic samples in the Porrau-2 well

I1. tabldzat. A Porrau-2 fiirds szubvulkdni mintdin végzett rontgenfluoreszcens spektrometrids vizsgdlatok eredmeénye

Sample ID 1 2 4 5 7 10 11
Comp. (wt.%) / Depth (m)| 1816.6-1821.4 | 1849.8-1855.5 | 1891.0-1898.0 | 1930.6-1937.0 | 1973.6-1980.5 | 1772.0-1774.35 | 1805.3-1812.3
Na,O 1,92 3,98 2,46 4,54 2,73 3,59 3,80
MgO 6,28 8,97 6,88 1,13 8,86 12,28 7,93
ALO; 16,73 16,93 19,90 18,40 16,82 18,24 17,95
SiO, 46,64 49,51 47.80 65,69 45,46 45,99 46,84
P,0s 0,00 0,00 0,660 0,00 0,00 0,60 0,48
K,O 3,05 1,36 1,00 2,03 1,34 0,32 0,96
S0, 0,06 0,10 0,36 0,02 0,12 0,01 0,11
CaO 14,78 9,13 8,23 4,26 14,20 4,04 9,38
MnO 0,16 0,11 0,16 0,06 0,16 0,17 0,11
Fe,0; 9,23 8,95 11,17 3,44 9,20 13,12 11,10
Cl 0,10 0,11 0,09 0,11 0,10 0,16 0,08
Ti 0,85 0,67 1,14 0,24 0,78 1,32 1,01
Cr 0,01 0,03 0,02 0,03 0,02 0,01 0,02
Ni 0,00 0,01 0,01 0,01 0,01 0,01 0,01
Zn 0,01 0,01 0,01 0,01 0,01 0,02 0,02
Sr 0,07 0,06 0,04 0,02 0,09 0,07 0,11
Zr 0,02 0,02 0,03 0,02 0,02 0,02 0,02
\% 0,02 0,02 0,02 0,00 0,02 0,03 0,03
Ba 0,07 0,03 0,02 0,00 0,06 0,00 0,04

Interpretation of the K-Ar age determination
results

Our study is providing the first radiometric age dating of
the various subvolcanic units encountered in the Porrau-2
well. A mafic mineral and two groundmass mineral frac-
tions separated from the metadolerite (no. 9035) taken from
lower level of the magmatic sequence yielded discordant
Triassic and Permian ages (mafic: 9035a 243.8+4.8 Ma; gm
9035¢ 254.89+4.8 Ma; 9035d 268.4+5.2 Ma). Based on the
geological data available for the emplacement of this meta-

dolerite, a much younger, Late Jurassic (c. 165-145 Ma) age
was expected for the intrusives emplaced in a Middle Juras-
sic sequence (WIESENEDER 1965). There are various options
for the interpretation of these analytical data:

(1) These ages can be considered as “mixing ages” — due
to the incorporation of excess Ar. Sources of excess Ar can
be: (a) Xenoliths or xenocrysts from the footwall, incorpo-
rated in the sample. It is unlikely, however, as the samples
were carefully selected and treated. (b) Hydrothermal over-
print of the samples during a hydrothermal or tectonother-
mal event. All the samples have oriented texture and many of

Table III. XRD bulk mineralogy analysis results on all 12 core samples in the Porrau-2 well

111. tablizat. A Porrau-2 fiirds mind a 12 magmintdjanak XRD dsvanytani elemzési eredményei

Nr. Well Depth (m) Quartz | Albite | Anorthite | Calcite | Ankerite | Microcline | Anhydrite | Orthoclase | Chlorite | Hornblende | Chamosite | Epidote | Clay Tot+Mica
1 |Porrau 2 1816,6-1821,4 9,78 4,64 23,88 15,62 13,19 29,32 3,57
2 |Porrau 2 1849,8-1855,5 5,67 31,5 5,89 12,78 21,11 5,57 15,62 1,86
3 |Porrau 2 1870,2-1875,6 5547 | 22,01 4,64 1,71 16,12 0,05
4 |Porrau 2 1891,0-1898,0 11,53 | 13,33 23,47 12,76 36,3 2,61
5 |Porrau 2 1930,6-1937,0 30,41 | 33,13 5,85 10,67 19,94
6 |Porrau 2 1973,6-1980,5 58,33 | 14,27 0,19 6,7 20,51
7 |Porrau 2 1973,6-1980,5 12,13 | 31,37 7,59 0,28 37.43 11,2
8 |Porrau 2 1992,3-1998,5 22,68 | 20,67 8,59 7,78 40,28
9 |Porrau 2 1758,6-1762,4 61,87 | 23,11 14,96 0,06
10 | Porrau 2 1772,0-1774,35 7,69 | 54,43 5,87 15,5 16,51
11 |Porrau 2 1805,3-1812,3 8,57 | 32,66 9.43 39,53 9.81
12 |Porrau 2 1805,3-1812,3 69,01 | 17,22 13,72 0,05
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Figure 9. a) Total Alkali-Silica (TAS) diagram (LE Bas et al. 1986) of the analyzed seven volcanic rocks. b) AFM diagram
(VERMEESCH & PEASE 2021) with discrimination boundaries between the tholeiitic (following the Fenner trend) and calc-alkaline

(following the Bowen trend) igneous suites

9. dabra. a) A 7 vizsgalt vulkani kozet dsszalkdli- és SiO2 (TAS) diagramja (LE Bas et al. 1986). b) AFM-diagram (VERMEESCH & PEASE
2021) a tholeiites (a Fenner-trendet kovetd) és a mészalkali (a Bowen-trendet kovetd) vulkdni sorozatok kozotti megkiilonbiztetd hatd-

rokkal

the minerals are altered, indicating that the samples were
affected by secondary processes. These thermal events
could have opened the lattice of the minerals and disturb the
radiometric clock of the samples. (c) Diffusion of Ar from
the Carboniferous footwall lithology (Figures 3, 4) into the
sills. Diffusion of Ar depends on the temperature, but it is

spatially very limited (typically a few meters), therefore the
footwall must be proximal to the volcanics. Given that meta-
dolerites are characteristically thin, i.e. on the order of a few
meters, this scenario is highly probable. The diffusion mod-
el is further supported by the ages of the various mineral
fractions: biotite, that has the highest closure temperature
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Table IV. K-Ar analytical data obtained on dacite and metadolerite samples
1V, tablazat. Ddcit és metabazalt mintdkon kapott K-Ar analitikai adatok

Sample # |Lab codcl Sample | K [%] | “Ar,, [ccSTP[g] | “Ar., [%] | Age [Ma] | o [Ma]
Porrau-2 1816-1821 m metadolerite

1 9034a | gm 1 (biotite rich) p>2.72 3.91 2.230E-05 955 | 141.21 2.47

2 9034b | gm 2 (feldspar rich) p<2.72 2.06 1.981E-05 96.4 | 231.78 4.04

3 9034c¢ | gm 2 (biotite rich) p>2.72 2.99 1.640E-05 96.6 1359 2.37
Porrau-2 1849-1855 m metadolerite

4 9035a | mafic p>2.88 0.54 5.458-06 73.2 | 243.76 4,76

5 9035c¢ | gm (light) p<2.72 1.05 1.182E-05 75.0 | 268.38 5.20

6 9035d | gm (heavy) p>2.72 1.80 1.922E-05 80.4 | 254.89 4.78

Porrau-2 1930-1937 m dacite
7 9036a | feldspar (plagioclase) | p<2.72 1.32 1.577E-05 87.8 | 283.21 5.11
8 9036b | mafic (amphibole) p>2.88 2.23 2.670E-05 96.1 | 284.37 497

(250-350 °C) approaches the expected age. Plagioclase,
with a lower closure temperature (150-250 °C) is much
more sensitive to secondary processes and, therefore, it
provided older, probably mixed ages.

(2) The older Permian geological age of the metadolerite
is impossible to explain, if these sills were indeed emplaced
in a Jurassic sequence.

The radiometric ages 283.2+5.1 Ma and 284.4+5.0 Ma
measured on different mineral fractions of the dacite are with-
in error and indicate an Early Permian age. If the rock is indeed
a sill with dacitic composition, these identical dates may re-
present the geological age of the rock emplaced in a pre-Per-
mian rock. It should be also noted, that post-Variscan, Permian
acidic intrusions intruding Carboniferous shales with similar
radiometric ages are well known from the broader region (e.g.,
Velence Mts., Transdanubian Range, UHER & ONDREJKA 2009;
Tatra Mts., Hungarian Pannonian Basin, SZEMEREDI et al.
2020; Western Carpathians, VILLASENOR et al. 2021).

3) Yet another alternative interpretation is that the dacite
sample is in fact an extrusive rock providing a direct
Permian stratigraphic age for the clastic sequence at 1930-
1937 m depth in the Porrau-2 well.
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The most probable age of the metadolerite sampled at
18161821 m depth is the age of the biotite rich sample
(135.9+£2.4 Ma). The other, older age imply that the K/Ar
dating technique occasionally produces anomalously old
ages attributed to excess argon in the case of altered rock
samples. The excess argon in fluids being introduced into
minerals or removed from minerals as grain boundary fluids
during flow through a rock and is often concentrated in in-
clusions within minerals. The verification of this idea re-
quires more detailed petrographic and analytical (geochem-
istry, geochronology) studies.

The radiometric ages measured on the dacite samples
(ca. 283 Ma) are probably true geological ages and suggests
that the lower part of the assumed Dogger sequence is ac-
tually Early Permian or Carboniferous in age. We indicated
our new age assignments on Figure 3. This new age
assignment for the lower part of the Porrau-2 well is con-
sistent with the presence of the Permian and Upper Car-
boniferous clastics within the Boskovice Trough (NEHYBA et
al. 2012), which extends from the Czech Republic south-
wards to our area as depicted by the regional transect
(Figure 3).
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Figure 10. a) Age (Ma) vs. K (%) plot of the samples and b) 40Arrad vs. K (%) plot of the samples
10. dbra. a) A mintdk kora (Ma) vs. K (%) diagramja és b) a mintdk 40Arrad vs. K (%) diagramja



322 TARI, G. et al.: Preliminary analysis of Lower Cretaceous metadolerites drilled in Lower Austria — a tribute to Prof. Csaba SzABO

Detrital zircon U-Pb and (U-Th)/He
geochronology

A single coarse-grained sandstone sample was chosen
for LA-ICP-MS detrital zircon U-Pb geochronology (Table
V, see online digital supplement) from 1819 m depth (Figure
5). The relative probability distribution curve of U-Pb dates
measured on 123 zircons display the characteristics of many
other Dogger sandstones in the area (Figure 11, Table V),
based on OMV’s unpublished data sets.

Several prominent age populations were identified in the
of the zircon data. These include, among others, “Variscan”,
that is c. 330-350 Ma components, and an older, broader
zircon population with ages between 540 and 640 Ma which
is interpreted as “Cadomian” (Figure 11). The most domi-
nant signal among the samples is the presence of a Variscan
(Hercynian) peak with a 320-340 Ma age range interpreted
to be derived from granitic plutons well known in the Bo-
hemian Massif (KOSLER et al. 2014). At least two recycling
stages of the Variscan zircons are assumed: first to the
Permian clastic sequence of the Boskovice Trough (Figure
3), and then to the Middle Jurassic sands. This recycling
process could explain the relatively high quartz content of
the Dogger sandstones (Table III). In particular, the sample
analyzed shows the largest peak from Variscan zircons and
could indicate the proximity of the to the Carboniferous
Thaya pluton nearby (NEHYBA et al. 2012).

The second most prominent population is a Cadomian
peak, clustering around 600 Ma (Ediacaran). The multi-
stage recycling process of the zircons from the Cadomian
and Caledonian units, like those of the Variscan ones, could
have been a very prevalent process to provide such large
proportion of zircons into the Dogger sequence.

The five youngest U-Pb dates are highlighted in Figure
11, which are dispersed between the Middle Triassic and the
Upper Carboniferous (245-310 Ma). The single Middle
Triassic zircon grain (245 Ma) is important as it excludes the
Permian depositional age for this sandstone interval in the
Porrau-2 well.

The five zircon (U-Th)/He dates (Table VI) from the
same coarse-grained sandstone sample are between 214—
303 Ma. The nominal closure temperature of the zircon (U-
Th)/He system is ~180 °C, indicating that the zircon grains
in this Middle Jurassic sandstone are likely recording Late
Triassic cooling (below 200 °C) in the source region. Also,
the data indicate that the sandstone sample probably never
experienced temperature >180 °C since its deposition, which
is consistent with detrital zircon fission track data from Late
Cretaceous to Middle Miocene sediments from other wells
drilled within the Vienna Basin (TacaMi et al. 1996).

We indicated our new age assignments of the Porrau-2
well on Figure 5. The K-Ar dates on two biotite-rich frac-
tions of the metadolerite in Sample #1 at 1816 m depth
provided Hauterivian to Valanginian ages (135.9+2.4 Ma
and 141.2+£2.5 Ma). We consider these as true geologic age
determinations as opposed to the one made on feldspar-rich
separate from the same sample with a 231.78+4.04 Ma re-

sult. The latter age is interpreted to be affected by secondary
processes. Similarly, the analytical ages obtained on Sample
#2 with its apparent older age population and large disper-
sion between the three separates (243.8+4.8 Ma to 268.4+
5.2 Ma; Middle Triassic-Middle Permian) must be the re-
flection of mixed dates. Alternatively, if these ages are
geological then the sequence at the depth of 1855 m is not
Dogger in age but at least as old as Permian to host a sill in it
(Figure 5).

The very important dacite Sample #5 from 1937 m depth
is interpreted as an older, Lower Permian sill (or lava unit?)
based on the K-Ar dating (283.21+5.11 Ma and 284.37+4.97
Ma). However, this supposedly Dogger sequence of the Por-
rau-2 well (WIESENEDER 1965) cannot host a Permian age
sill (Figure 5). Therefore, this part of the Porrau-2 well must
be older than Lower Permian (Artinskian). In our view,
some of the alluvial-fluvial clastics in the Porrau-2 and
Roggendorf-1 wells represent the subsurface southwestern
continuation of the Carboniferous—Permian Boskovice
Trough from Moravia into Lower Austria (Figure 3). Also
considering the detrital zircon geochronology (Figure 11),
indirectly constraining the Dogger age at 1819 m depth, an
important unconformity must exist between the Middle Ju-
rassic and the Upper Paleozoic sequence in the Porrau-2
well (Figure 5). The location of this unconformity is some-
where between 1819-1937 m. Only with additional analysis
and future data sets can the position of the unconformity be
better constrained.

Outlook for future work

Our preliminary results highlight the need for additional
work, on both the volcanics and the sediments in both the
Porrau-2 and Roggendorf-1 well. Considering that only one
dacitic sample was dated, this age result should be con-
sidered as preliminary. The highly altered volcanics are
obviously not ideal at all for K/Ar age dating, however, there
are no alternatives for sampling unaltered rocks in these two
wells. With additional K/Ar analyses on additional mineral
fractions separated from representative dacitic core samples
of drillhole Porrau-2 a more precise age control of the
dacitic magmatism could be achieved. Also, in a dacitic
rock, there is a chance to find zircons, which could give a
much more robust age by U-Pb dating.

To establish a more specific comparison between the
volcanics in Lower Austria and those known in the External
Carpathians (Silesian Beskid Mts.) and the Western Carpathi-
ans of Poland and Slovakia, trace element geochemistry
should be used. This approach should focus on highfield-
strength elements (HFSE) since these are less affected by
alteration. HFSE include all trivalent and tetravalent ions
including the rare earth elements, the platinum group ele-
ments, uranium and thorium.

Additional petrographic analysis is required on the core
materials of the Porrau-2 well with sandstone and conglo-
merate units (Figure 5). At some intervals, the metadolerites
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Figure 11. U-Pb Concordia diagram of detrital zircon analyses (n: 123) from sandstone Sample #1 at 1819 m. Note the presence of various populations,
i.e. “Variscan” (330-350 Ma) age components and an older, broader zircon population with ages between 540 and 640 Ma which is interpreted as
“Cadomian”. The five youngest dates are 245-310 Ma

11. dbra. Cirkon U-Pb koradatok az 1819 m-rél szdrmazo #1 homokkdémintdn 123 egyedi szemcse elemzésével. Vegyiik észre a kiilonbozé populdciok jelenlétet,
azaz a ,variszkuszi”, (330-350 Ma) korii és egy iddsebb, szélesebb cirkonpopulaciot 540 és 640 Ma kozotti koradatokkal, amelyet ,kadomiai” koriinak értel-
meziink. Az ot legfiatalabb koradat az 245-310 Ma
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Table VI. Uranium-Thorium/Helium age dating of 5 single grain zircons, Porrau-2 well, NE Austria. “Ft” is fraction of alphas retained, “corrected date” is corrected

for this effect

VI. tiblizat. Urdn-torium/hélium koreredmények 5 egyedi cirkonkristdlyon, Porrau-2 fiirds, EK-Ausztria. ,Ft” a megtartott alfik toredéke, a ,korrigdlt kor” erre a hatdsra

korrigalt

Full Sample 4He + |U@pm| + |Thppm| = U |aHeme)| + |Re()|Ump| = |Thap| « [mu Raw Date N Ft Corrected Date | Analytic
Name (nmol/g) It (Ma) (It) (Ma) Une. (Ma)2s

POR2_z01 722,966 | 2,404 635,88 8,42 113,55 |2,38|662,6| 51,215 |0,170( 100,0 |2,0098]0,027] 0,3589 |0,008(0,179| 198,88 |2,54(0,737 268,14 6,94

POR2 702 500,920 | 1,770 363,67 |8,15| 100,17 |3,73(387,2| 74,204 (0,262| 100,0 |2,4036|0,054] 0,6621 |0,025]10,275| 235,02 [4,89]|0,811 288,21 12,04

POR2_z03 250,816 (0,945] 201,64 [6,02| 93,49 [1,991223,6] 7,341 |0,028( 100,0 |0,263310,008] 0,1221 0,003 (0,464 | 204,38 |5,40|0,666 303,90 16,14

POR2 704 221,301 10,952 228,53 13,06 95,70 |1,00(251,3| 14,438 [0,062| 100,0 |0,6652(0,009] 0,27860,00310,419| 161,25 (2,030,748 214,51 541

POR2_z05 659,972 12,280 651,37 |7,.91| 122,05 |1,33|680,4| 101,202 (0,350| 100,0 |4,4563|0,054] 0,83500,009]0,187| 177,24 (2,090,793 222,67 5.31

are overlain by sandstones-conglomerates, which have vol-
canic components in them. If the basaltic material has been
indeed reworked by the sandstones that would indicate the
presence of at least some lavas in the sequence instead of
only sills, which would hold to constrain the age relation-
ships.

Similarly, the tuffs and tuffites reported from both the
Porrau-2 and Roggendorf-1 wells suggest the presence of
extrusive volcanism. We are not aware of Middle Jurassic
volcanism anywhere close to our study area; however, Per-
mian volcanism is known in the broader region (NEHYBA et
al. 2012).

As to the future detailed analysis of the sandstones, their
petrographic composition should be different for the Middle
Jurassic versus Permian or Carboniferous units. Additional
detrital zircon analysis beyond the singular sample (Figure
11) used in this study could be used as a discriminating tool.
Also, the multiple coal and coaly shale intervals described
in the Porrau-2 well should be analyzed as their character-
istics might be different for Middle Jurassic versus Carboni-
ferous coals described in the broader region.

Finally, our efforts focused solely on the Porrau-2 well,
but the volcanic materials in the Roggendorf-1 well cores
should be also revisited after the pioneering early study by
WIESENEDER (1965). The intense alteration of the volcanics
observed in the Porrau-2 well which complicated the use of
the K-Ar age dating, may not be present in the Roggendorf-
1 well.

Regional implications

The recognition of Lower Cretaceous sills in NE Austria
has some large-scale paleogeographic and geodynamic im-
plications. It is not only the age, but also the overall petro-
graphic nature of the Porrau-2 sills that is similar to the well-
known Lower Cretaceous alkaline igneous rocks (lampro-
phyres, basanites, phonolites) occurring in the Moravian-
Silesian Beskidy area in NE Czech Republic, southern
Poland and in the Mecsek Zone of southern Hungary.

The Early Cretaceous continental mafic alkaline rift-
type volcanic activity and extension ultimately led to the
opening of Penninic oceanic rift arms (HARANGI et al. 1996).
During the post-breakup extension phases did the slow-
spreading oceanic ridges develop, which are characterized

by the MORB-type basaltic volcanism. Alkaline volcanic
provinces have a linear character and were envisioned to
follow the passive continental margins of the Penninic
oceanic basins (HARANGI et al. 1996, SPISIAK et al. 2011).

Continental rift-type alkali basalt volcanism in the Hun-
garian part of the Tisza Mega-unit reached its paroxysm dur-
ing the Early Cretaceous. The volcanic centers were located
in the Mecsek Mts. and the Szolnok Unit based on sub-
surface data sets (SZEPESHAZY 1977, MOLNAR 1985, BERCZI-
Makk 1986, HaAs et al. 2010), but its traces were also en-
countered in the Villany—Bihor Unit (HaAs & PERO 2004).
The main period of volcanism at about 130 Ma roughly co-
incides with a major change reflected in the palacomagnetic
declinations in the Mecsek Mts. (MARTON 2000) marking
the CCW rotation of the Tisza Mega-unit relative to stable
Europe.

TARI (2018) suggested that in a paleogeographic sense
Tisza had to be located to the west or southwest of the Bo-
hemian Spur prior to its separation from the European
margin during the Early Cretaceous (Figure 12). While
there is an ongoing debate on the paleo-position of Tisza in
relation to stable Europe, the studied two wells in Lower
Austria provide a fixed position for at least a segment of the
Early Cretaceous rift system involving several mega-units in
the broader Alpine—Carpathian—Pannonian realm (cf. SpI-
S1AK et al. 2011).

Conclusions

The occurrences of numerous sills penetrated in two deep
exploration wells drilled in the Molasse Basin in northeast
Austria were known since the early 1960s. Although the ini-
tial analysis of these metadolerite units intercepted in a sup-
posedly Dogger (Porrau-2) and Upper Paleozoic (Roggen-
dorf-1) clastic sequence correctly concluded their intrusive
character, the age relationships and the broader stratigraphic
and tectonic implications remained poorly constrained.

After about 60 years, using various modern analytical
methods, a new understanding of these intrusives is outlined
in this contribution. Originally, the age of the various meta-
dolerites was considered as Jurassic. However, our new re-
sults provided an Early Cretaceous age (136—141 Ma) for the
intrusive volcanism not only indicated by K-Ar age determi-
nation and but also by regional analogues for the sills.
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On a regional scale, the
petrography of the studied
sills is similar to the charac-
teristics of the well-studied
Lower Cretaceous alkaline ig-
neous rocks (lamprophyres,
basanites, phonolites) occur-
ring in the Moravian-Silesian
Beskidy area in northeastern
Czech Republic and southern
Poland and also in the Me-
csek Zone of southern Hun-
gary. Although all these vol-
canic units are presently lo-
cated in Alpine thrust-fold
belts displaced from their ori-
ginal paleogeographic posi-
tion, the metadolerite sills in
our study are anchored within
the autochthonous European
plate. Therefore, they provide
an important new constraint
for the palinspastic recon-
struction of the regional-scale
Early Cretaceous rift zone
along the southern margin of
the Mesozoic European plate.

.BUDAPEST

TISZA

{early Cretaceous)

BALKANS

Figure 12. Cartoon model of the Early Cretaceous rifting along the southern edge of the European margin with
implications for the Tisza Mega-unit (modified from TARI 2018). Not drawn to scale, TTZ, Teisseyre-Tornquist Zone.
Other intra-Carpathian units, such as ALCAPA and Dacia, are ommitted for clarity. The documented CCW rotation of
Tisza during the Early Cretaceous (MARTON 2000) coincided with the continental rifting along its northern perimeter.
The along-strike, northeastern continuation of the rift zone is interpreted to extend to our study area on the
autochthonous eastern flank of the Bohemian Massif (Figure 1).

12. dbra. Az eurdpai perem déli peremén végbement kora kréta kori riftesedés rajzos modellje a Tisza mega-egységre vonatko-
20 kovetkezményekkel (TarI 2018 alapjan modositva). Nem méretardanyosan rajzolva, TTZ, Teisseyre-Tornquist zona. Mds
Kdrpatokon beliili egységek, mint az ALCAPA és a Ddcia, az dttekinthetdség kedvéért kihagyva. A Tisza mega-egység oramu-
tato jdrdsdval ellentétes irdanyii forgdsa a korai kréta idején (MARTON 2000) egybeesett az északi peremén végbement konti-
nentdlis riftesedéssel. A riftmedence csapdsmenti, EK-i folytatdsdt igy értelmezziik, hogy az a mi vizsgdlati teriiletiinkre is ki-
terjed a bohemiai masszivum autochton keleti szdrnydn (1. dbra).

A single dacite sill from the lower, supposedly Dogger se-
quence of the Porrau-2 well is interpreted as an older intrusive
unit and its K-Ar dating (283-284 Ma) suggests a Early Permi-
an age. Hence the sequence penetrated in the deeper part of this
well cannot be Dogger in age but instead, it is Upper Paleozoic
(Permian). Therefore, some of the alluvial-fluvial clastics in
the Porrau-2 and Roggendorf-1 wells represent the south-
western continuation of the Carboniferous—Permian Boskovi-
ce Trough from Moravia into Lower Austria (Figure 3).
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Klaszteranalizis a Nograd—Gomor Vulkdni Teriiletrél (észak Pannon-medence) szdrmazo
felsokopeny xenolit sorozaton

Osszefoglalds

A No6grad—Gomor Vulkani Teriilet feltehetSen a legalaposabban kutatott fels6kopeny xenolit lelShely a Kérpat—Pannon
régidban. A kutatdk a begyijtott fels6kopeny xenolitok tucatjait szdmos nézSpont alapjan vizsgaltdk az elmuilt évtizedek-
ben. Jelen tanulmanyhoz kapcsoléddan a teriiletrdl elérhetd tudomanyos kozleményeket éttekintettiik, és a benniik kozolt,
xenolitokra vonatkoz6 féelemgeokémiai adatokat kigyjtottiik egy adatbdzis felépitésének a céljabdl. A 1étrehozott adatba-
zis 112 xenolit kdzetalkotd dsvanyainak a geokémiai adatait tartalmazza. Ezt kdvetSen az 6sszegy(jtott adatokon klaszter-
analizist hajtottunk végre a CluStress algoritmus alkalmazdsaval, amely 2 f6csoport (I és II) és azokon beliil tovabbi 17
csoport elkiilonitését eredményezte. Az I-es f6csoport két alegységre oszthatd I/a és I/b f6csoportok). Az I/a f6csoporthoz
tartoz6 xenolitok nagy ortopiroxén/klinopiroxén dsvanyos Osszetétel arannyal (tobbnyire >1,5) és olivin Mg-szamokkal
(uralkod6an >0,89) jellemezhetSk. Ezzel szemben az I/b fécsoportba sorolt xenolitok kis ortopiroxén/klinopiroxén dsva-
nyos 0sszetétel hanyadossal (tobbnyire <1) és olivin Mg-szamokkal (uralkod6an <0,89) birnak. A legtobb xenolit (a besorolt
xenolitok ~50%-a) az I/a f6csoporton beliili 1-es csoportba keriilt, amely N6grad—Gomor majdnem minden xenolit lelShe-
lyénel6fordul. Az 1-es csoport xenolitjai a f6elem-geokémidjuk vonatkozdsdban sziik tartomdnyban véltoznak. Ezeket aks-
zeteket az el6forduldsi gyakorisdguk és térbeli elterjedésiik okdn a teriilet alatti dtlagos (hattér) litoszferikus kopenyként
azonositottuk. A tobbi csoport fejlédéstorténetét geokémiai tulajdonsdgaiknak koszonhetSen tobbnyire képesek voltunk
meghatdrozni. A megkiilonboztetett 17 csoporton beliil legaldbb 11 csoport xenolitjai esetén (a besorolt xenolitok ~35%-a)
feltételezhetd, hogy kialakuldsuk szorosan kapcsolddik a neogén alkali bazaltos vulkanizmushoz. Ez azt sugallja, hogy a
Karpéat—Pannon régié vulkéni teriileteinek preneogén gyokérzondja jelentdsen atalakulhatott a felfelé mozgd bazaltos olva-
dékok és a falkézet intenziv kolesonhatdsdnak az eredményeként az utébbi ~10 milli6 évben.

Tdargyszavak: Nograd—Gomor Vulkdni Teriilet, felsGkopeny xenolitok, féelem-geokémia, klaszteranalizis

Abstract

The N6grad—Gomor Volcanic Field is one of the most thoroughly studied upper mantle xenolith-bearing localities in the
Carpathian—Pannonian region. Dozens of upper mantle xenoliths collected there have been investigated from various aspects
in the past decades. Major element compositions of upper mantle xenoliths available in scientific papers on the Nograd—
Gomor xenoliths were extracted to build a database. This database includes the geochemical composition of the rock-forming
minerals (olivine, pyroxenes, spinel) of 112 upper mantle xenoliths. Using the data compiled in this database, we applied the
CluStress algorithm to perform cluster analysis. The results led to the division of 2 supergroups (I and II) and 17 groups within
them. Supergroup I was split into two subgroups (Supergroup I/a and I/b). The xenoliths of Supergroup I/a and I/b are
distinguished by their orthopyroxene/clinopyroxene modal composition ratios (mainly >1.5 and <1, respectively) as well as
their olivine Mg-numbers (dominantly >0.89 and <0.89, respectively). Most of the xenoliths (~50% of all classified xenoliths)
were sorted into Group 1 within Supergroup I/a, and they appear at almost all xenolith-bearing localities in the Nograd—
Gomor. The Group 1 xenoliths exhibit narrow compositional ranges regarding their major element relationships. Due to their
common occurence and spatial distribution, these rocks were considered to represent an ambient lithospheric mantle under-
neath the study area. The geochemical characteristics of the other groups allowed their linking to different events described in
former scientific works. Atleast 11 out of the 17 distinguished groups (i.e. ~35% of the classified xenoliths) are strongly related
to the Neogene alkali basaltic volcanism. This suggests that the pre-Neogene rootzones of volcanic fields in the Carpathian—
Pannonian region were significantly modified by intensive melt-rock reactions between upward migrating basaltic melts and
wall rocks, which took place in the last ~10 million years.

Keywords: Nograd—Gomor Volcanic Field, upper mantle xenoliths, major element geochemistry, cluster analysis
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Introduction

In science, similar to other areas of life, increasing
amounts of data are being accumulated. Geology is no ex-
ception, although gathering data is often challenging (e.g.,
requires time-consuming field or lab work). The wide appli-
cation of analytical techniques led to a compilation of geo-
logical databases consisting of rock and mineral composi-
tions [PetDB (http://www.earthchem.org/petdb) and GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/)], geochrono-
logical data [Geochron (https://www.geochron.org/)], pa-
leomagnetic and partition coefficient values [Earth Refer-
ence Data and Models (https://earthref.org/)], spectral charac-
teristics of nominally anhydrous minerals [PULI (http://puli.
mfgi.hu/)], etc. Such compilations help with finding rele-
vant references comparable to our results and making re-
gional to global inferences. Despite their easy accessibility,
databases are hard to overview and relationships, which are
too complex to be extracted by descriptive statistics, may
remain hidden.

In this situation, machine learning (ML), a branch of ar-
tificial intelligence, can help as it is capable of exploiting
information stored in large datasets. ML is a set of algo-
rithms and techniques that can automatically explore rela-
tions in the data to make predictions or decisions (MURPHY
2012). The major application fields of machine learning are
classification, clustering, regression, dimensionality reduc-
tion and preprocessing (PEDREGOSA et al. 2011). Clustering
is an unsupervised ML method aimed at grouping similar
instances into sets known as clusters. In various branches of
geology, such as geochemistry (DAWSON & STEPHENS 1975),
volcanology (CORTES et al. 2007, GLEESON et al. 2021, Bos-
CHETTY et al. 2022, HENCZ et al. 2023), sedimentology (Bo-
ROVEC 1996, KALKREUTH et al. 2010, Kim et al. 2013), miner-
alogy (JERRAM & CHEADLE 2000, LACH-HAB et al. 2010) and
exploration geology (JANSSON et al. 2022, GONCALVES et al.
2024, SADEGHI et al. 2024), the use of various clustering
methods is prevalent. These prior examples demonstrate
that although geological databases are often limited in size,
clustering is a useful tool to answer questions in the diverse
field of geology.

Hundreds of upper mantle xenoliths hosted by wide-
spread Neogene alkali basalts in the Carpathian—Pannonian
region (CPR) (Figure 1, a) have been intensively studied in
the last decades (EMBEY-IszTIN et al. 1989, BAL1 et al. 2007,
FaLus et al. 2008, HipAsS et al. 2010, BERKESI et al. 2012,
ARADI et al. 2017). Most of these studies include detailed
major and trace element analyses of the rock-forming min-
erals such as olivine, orthopyroxene, clinopyroxene and
spinel. Additionally, data are also available on accessory
phases including amphibole, apatite, ilmenite, zircon and
rutile (ZANETTI et al. 1995, VASELLI et al. 1995, COLTORTI et
al. 2007, BALI et al. 2018, LANGE et al. 2023). Therefore, a
robust geochemical knowledge of upper mantle xenoliths is
available in the literature, scattered in many publications.
Probably the most investigated locality among the xenolith-
bearing Neogene basalts in the CPR is the N6grad—Gomor

Volcanic Field (NGVF) (Figure 1, b). In the NGVF, the
number of both the studied xenoliths and the applied tech-
nics is large, including various geochemical (HOVORKA &
FEIDI 1980, SZABO & TAYLOR 1994, SZABO & BODNAR 1995,
SzABO et al. 1996, KONECNY et al. 1999, Liptal et al. 2017,
PATKO et al. 2020) and geophysical approaches (KLEBESZ et
al. 2015, Liptar et al. 2019, PATKO et al. 2021a).

This study focuses on 112 upper mantle xenoliths (with
114 lithologies due to composite xenoliths) collected in the
NGVF. Our principal goals were to 1) build a uniform geo-
chemical database including the major element composi-
tions of the rock-forming minerals based on former publica-
tions, and 2) implement cluster analysis on the assembled
database in order to reveal the geochemically, and thus
likely genetically different mantle volumes underneath the
study area.

Geological background

The Pannonian Basin is situated in Central Europe sur-
rounded by the Alpine, Carpathian and Dinaric orogenic
belts (Figure I, a). Understanding the complex tectonic evolu-
tion of this extensional back-arc basin has been the focus of
many studies (ROYDEN et al. 1982, FODOR et al. 1999, HOR-
VATH et al. 2006, KovAcs et al. 2012, BALAZS et al. 2016). The
Pannonian Basin consists of two tectonic mega-units with
different affinities, referred to as ALCAPA in the northwest
and Tisza—Dacia in the southeast (CSONTOS & VOROS 2004),
divided by the Mid-Hungarian shear zone (CSONTOS &
NAGYMAROSY 1998) (Figure I, a). The juxtaposition of the

— Figure 1. (a) Simplified geological map of the Carpathian-Pannonian region
(after CsoNTOS & VOROs 2004) with the assumed ALCAPA - Tisza-Dacia
microplate boundary (after CSONTOS & NAGYMAROSY 1998). Xenolith-bearing
Neogene alkali basalt localities (SzABO et al. 2004) are depicted using abbrevia-
tions: SBVF: Styrian Basin Volcanic Field; LHPVF: Little Hungarian Plain Vol-
canic Field; BBHVF: Bakony-Balaton Highland Volcanic Field; NGVF: Nog-
rad-Gomor Volcanic Field; PMVF: Persani Mountains Volcanic Field. (b) Al-
kali basalt outcrops and xenolith sampling locations in the Nograd-Gomor
Volcanic Field (modified after Jugovics 1971); quarries or outcrops from NW
to SE can be divided into three parts as follows: northern segment: Podrecany
[Patakalja] (NPY), Maskova [Maskofalva] (NMS), Jelsovec [Jelséc] (NJS);
central segment: Fil'akovo-Kercik [Fiilek-Kercsik-tetd] (NFL), Trebel'ovce
[Terbeléd] (NTB), Fil'akovské Kovace [Fiilekkovacsi] (NFK), Ratka [Ratka]
(NFR), Macacia [Macskaké] (NMC), Magyarbanya (NMM), Eresztvény
(NME), Nagy-Salgdé (NNS) and southern segment: Barna-Nagyké (NBN),
Barna-Kisk6 (NBK)

— L dbra (a) A Kdrpat-Pannon régio egyszeriisitett foldtani térképe (CSONTOS &
Voros 2004 alapjdn) az ALCAPA és a Tisza-Ddcia mikrolemezek feltételezett ha-
tardval (CSONTOS & NAGYMAROSY 1998 alapjan). A neogén korii, xenolitot tartalma-
20 alkdli bazaltos lelohelyek (S24B0 et al. 2004) a kovetkezd roviditésekkel birnak:
SBVF: Stdjer-medence Vulkdni Teriilet, LHPVF: Kisalfold Vulkdni Teriilet, BBHVF:
Bakony-Balaton-felvidék Vulkdni Teriilet, NGVF: Nograd-Gomor Vulkani Teriilet,
PMVF: Persdany-hegység Vulkadni Teriilet. (b) Alkali bazalt eléforduldsok és xenolit
lel6helyek a Nograd-Gomaor Vulkdni Teriileten (Jucovics 1971 utdn modositva). A
kdfejték és feltardsok ENy-rl DK felé hdrom szegmensre oszthatok. Ezek név sze-
rint a kovetkezok: északi szegmens: Podrecany [Patakalja] (NPY), Maskovad [Mas-
kdfalva] (NMS), Jelsovec [Jelsoc] (NJS); kizponti szegmens: Fil'akovo-Kercik
[Fiilek-Kercsik-tetd] (NFL), Trebel ovce [ Terbeléd] (NTB), Fil akovské Kovace [Fii-
lekkovdcsi] (NFK), Ratka [Rdtka] (NFR), Macacia [Macskakd] (NMC), Magyar-
banya (NMM), Eresztvény (NME), Nagy-Salgo (NNS) és déli szegmens: Bdrna-
Nagyko (NBN), Barna-Kiskd (NBK)
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mega-units occurred during the latest Oligocene to early
Miocene after the extrusion of the ALCAPA mega-unit
(KAzMER & KovAcs 1985) due to the northward movement
of the Adriatic microplate and slab rollback (FODOR et al.
1999). Significant extension took place in the Pannonian
Basin during the Neogene (HORVATH et al. 2006) leading to
considerable thinning of the lithosphere and asthenosphere
doming (HORVATH 1993, HUISMANS et al. 2001, KALMAR et
al. 2023, RuBOCzKI et al. 2024). Finally, the collision of the
mega-units (ALCAPA and Tisza—Dacia) with the stable
European platform led to a compressive tectonic regime
from the late Miocene (HORVATH & CLOETINGH 1996, BADA
etal. 2007).

All stages of the basin evolution were accompanied by
widespread volcanism in the Carpathian—Pannonian region
(CPR) characterized by silicic, calc-alkaline and alkali vol-
canic products (SzaBO et al. 1992, SEGHEDI & DOWNES 2011).
In the study area, both garnet-bearing calc-alkaline (Ha-
RANGI et al. 2001) and alkali volcanic rocks (KONECNY V. et
al. 1995) occur (Figure 1, b). The formation of monogenetic
alkali basalts, such as the ones comprising the study area of
the NGVF (Figure I, b), can be explained by adiabatic de-
compression melting of the asthenosphere related to an ex-
tension-associated upwelling (~20-8 Ma) (EMBEY-ISZTIN et
al. 1993, HArRANGI et al. 2015). Since decompression melt-
ing raises temporal controversies, it has recently been pro-
posed that compression in the tectonic inversion stage of the
CPR evolution may have squeezed partial melts out from the
asthenosphere (KovAcs et al. 2020). The volcanic activity in
the NGVF took place between 6.17 Ma and 1.35 Ma based
on K—-Ar dating (BALOGH et al. 1981). New results of com-
bined U/Pb and (U-Th)/He geochronometry (HURALI et al.
2013) propose a slightly extended period for the volcanism
(7-0.3 Ma).

The NGVF basalts host numerous crustal (KovAcs &
SzABO 2005; HURAIOVA et al. 2005, 2017) and ultramafic
xenoliths. Among the ultramafic xenoliths, based on the
classification of FREY & PRINZ (1978), both Type-I (EMBEY-
IszTiNn 1978, HovorkA & FEIDI 1980, SZABO & TAYLOR
1994, KONECNY et al. 1999, Liptal et al. 2017) and Type-II
rocks (i.e., cumulates) (HURAIOVA et al. 1996, KovAcs et al.
2004, Zaiacz et al. 2007) have been reported, representing
volumes of the heterogeneous lithospheric mantle and un-
derplated crystallized products in the vicinity of the Moho,
respectively. The geochemical characteristics of Type-I
xenoliths reveal that melt extraction (e.g. light rare earth
element — LREE — depletion) and metasomatism (e.g.
LREE enrichment) both occurred underneath the NGVF
(Liptaret al. 2017). The enrichment can be linked to migrat-
ing silicate melts (SzABO et al. 1996, ZaJacz et al. 2007,
Liptal et al. 2021), sulfide melts (SzZABO & BODNAR 1995,
ZAJACZ & SzABO 2003, PATKO et al. 2021b) and fluids (Hu-
RAIOVA & KONECNY 1994; SzABO & BODNAR 1996, 1998).
The metasomatic fingerprints are dominantly linked to a re-
cent (last 7 Ma) magmatic event that produced the xenolith-
bearing host basalts and their surface forms as well (PATKO
et al. 2020). Note that the effect of subduction-related fluids

has also been explored underneath the NGVF based on the
presence of Nb-poor amphiboles (LipTal et al. 2017). LIPTAI
etal. (2017) argued that this suprasubduction character is an
inherited feature representing a tectonic situation that exist-
ed in the Alpine collision zone, far from the current location
of the NGVF. It is the extrusion that moved suprasubduc-
tion mantle volumes to their current position (KovAcs &
SzaB6 2008).

Database

The cluster analysis in this study is based on the major
element geochemistry of the rock-forming constituents of
upper mantle xenoliths (Supplementary Table I). These
minerals and major elements are as follows: SiO,, FeO,
MnO, MgO, CaO, NiO for olivine, SiO,, TiO,, Al,O,, Cr,0O,,
FeO, MnO, MgO, CaO, Na,O for orthopyroxene, SiO,,
TiO,, Al,O,, Cr,0O,, FeO, MnO, MgO, CaO, Na,O, for
clinopyroxene and TiO,, Al,O,, Cr,0O;, FeO, MnO, MgO,
NiO for spinel. This database contains standardized electron
microprobe-based results published in the following papers:
Hovorka & Feip1 (1980) (4 xenoliths); SzABO & TAYLOR
(1994) (22 xenoliths and 2 extra lithologies appearing as
veins); KONECNY P. et al. (1995) (4 xenoliths); KONECNY et
al. (1999) (5 xenoliths); KovAcs et al. (2004) (6 xenoliths);
ARADI et al. (2013) (6 xenoliths); LipTAI et al. (2017) (53
xenoliths); PATKO et al. (2020) (12 xenoliths). Altogether,
geochemical data of 112 upper mantle xenoliths (114 dif-
ferent lithologies) were compiled.

Applied cluster analysis algorithm
(CluStress)

In this study, a clustering algorithm, named CluStress
(Czirok & KusLiTs 2018, CzIrROK et al. 2022) was applied
(the latest version of CluStress is available here: https://pypi.
org/project/clu-stress/). This algorithm does not require to
set hyperparameters (e.g. number of clusters, number of ele-
ments within a cluster, etc.). However, there is one optional
parameter that can be used for filtering outliers from the
input database.

The algorithm utilizes the non-reflexivity of the nearest
neighbor principle after calculating datapoint distances to
reveal linkages. The linkage rule in CluStress is significant-
ly simpler than in the methods of hierarchical clustering
(CamPELLO et al. 2013) or hierarchical density-based clus-
tering applications with noise (HDBSCAN) (MCINNES et al.
2017) methods.

An important peculiarity of the CluStress algorithm is
that it allows to find the clustered nearest neighbors of un-
clustered points instead of the other way around. Therefore,
CluStress leads to the separation of larger and more compact
clusters, and avoids their merging with adjacent point class-
es, which have their own internal compactness. Further-
more, anoptional parameter for outlier detection is also
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available to filter isolated and ‘confusing’ points. In this
study, the authors executed the Box-Cox transformation
(Box & Cox 1964) to filter the outliers from the initial
database. The operation of this outlier parameter in CluStress
is similar to the epsilon (Eps) value of DBSCAN (ESTER et
al. 1996, CAMPELLO et al. 2013) or HDBSCAN (MCINNES et
al. 2017), i.e., it sets a threshold for the distance of neighbor-
ing points. In this study, we fixed this Eps value to 1.5 to
extract inappropriate, isolated data from the input dataset.
The large number of sets is essentially a consequence of the
algorithmic logic because it separates several small groups
that have their own “clusterized” cores, which is useful
mainly because the larger sets then become more compact.
The applied Python code is available here: https://github.
com/lukacskuslits/clu-stress/tree/nearest_neighbors/tests.
The results (Figure 2, a) were illustrated using Umap
technique (MCINNES et al. 2020) that reduces the high-
dimensional data to two dimensions while reasonably pre-
serving the original distance relations of the data points. To
reveal how the major element composition of different rock-
forming minerals influences the clustering, vectors were
created in the field of the two major principal components
(Figure 2, b) (PEDREGOSA et al. 2011). The results suggest a
negative correlation for the xenoliths, especially when all
supergroups are considered (Figure 2, b). The obtained
xenolith distribution along with the vectors for different ma-
jor elements suggests that the classification is dominantly
based on the geochemistry of olivines (the different olivine

major element vectors align with the direction described by
the xenoliths) (Figure 2, b). In contrast, the composition of
orthopyroxenes only weakly influences the classification
(Figure 2, b). Among the elements, iron content might play
a key role in the classification, as it is represented by vectors
for several minerals (olivine, clinopyroxene, spinel) along
the xenolith trend (Figure 2, b).

Results

One hundred nine out of the 112 upper mantle xenoliths
(i.e., 111 out of the 114 lithologies due to composite (veined)
samples) were classified into two supergroups (Figure 2, a).
The other three xenoliths did not fit with any groups using
CluStress, and thus were not further considered (Supple-
mentary Table I). The supergroups were separated based on
the high-dimensional dataset visualized in two-dimensions
using the Umap technique (Figure 2, a). Xenoliths of Super-
group I and II are dominated by peridotites (>40 vol.% oli-
vine content) and pyroxenites (<40 vol.% olivine content),
respectively (Figure 3). Supergroup I was split into two sub-
groups (Supergroup I/a and I/b). The xenoliths of Super-
group I/a are mostly lherzolites by their modal composition,
with orthopyroxene/clinopyroxene ratios mainly >1.5 (Fig-
ure 3; Supplementary Table I). In contrast, xenoliths clas-
sified into Supergroup I/b are characterized by wehrlite domi-
nance, meaning low orthopyroxene/clinopyroxene modal
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Figure 2. (a) The resulting clusters in the high-dimensional parameter space (defined by the major elements) projected into a two-dimensional (x-y) plane using the
Umap technique (MCINNES et al. 2020). (b) Xenolith data points in the field of the first two principal components (PC1 and PC2) (PEDREGOSA et al. 2011). Vectors

show the contribution of different major element compositions

2. dbra. (a) Sokdimenzios adatok kétdimenzios térbe (x-y mezd) torténd redukdldsa Umap algoritmus (MCINNES et al. 2020) alkalmazdsaval. (b) Xenolit adatpontok a
két fokomponens (PC1 és PC2) mezdjében (PEDREGOSA et al. 2011). A vektorok a kiilonbizé féelemek csoportositasra gyakorolt hatdsat hivatottak reprezentdlni
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Figure 3. Modal composition of the (a) Group 1; (b) Group 2-13; (¢) Group 15-17 and (d) Group 18-21 NGVF xenoliths on a STRECKEISEN (1976) diagram. The
average composition of the European subcontinental lithospheric mantle (SCLM; DowNEs 1997) is indicated with a dashed line. Data of the NGVF xenoliths are
taken from: HOVORKA & FEIDI (1980), SZABO & TAYLOR (1994), KoVACs et al. (2004), ARADI et al. (2013), LipTal et al. (2017), PATKO et al. (2020)

3. dbra. A nogrdad-gomaori xenolitok dsvanyos dsszetétele STRECKEISEN (1976 ) diagramon dbrdzolva az (a) 1 csoport; (b) 2- 13 csoportok; (¢) 15-17 csoportok és (d) 18-21
csoportok vonatkozasdban. Az dbrdn az eurdpai szubkontinentdlis litoszferikus kopeny (SCLM; DOwNES 1997) megjelenitése szaggatott vonallal tortént. A nograd-gomaori
xenolitok adatainak forrdsa: Hovorka & FEIDI (1980), Sz4B0 & TavLOR (1994), Kovics et al. (2004), ARapI et al. (2013), Liptal et al. (2017), PATKO et al. (2020)

— Figure 4. Major element composition of the NGVF xenoliths. (a) Variation of Mg# vs. NiO in olivine; (b) variation of Mg# vs. MnO in orthopyroxene; (c)
variation of Na,O vs. AL, O, in clinopyroxene; (d) variation of Mg# vs. SiO, in clinopyroxene; (e) variation of Mg# vs. TiO, in clinopyroxene; (f) variation of AL,O,-
Cr,0,-TiO, x 100 in spinel. Data of the NGVF xenoliths are taken from: Hovorka & FEiDI (1980), SzaBO & TAYLOR (1994), KONECNY P. et al. (1995), KONECNY
etal. (1999), KovAcs et al. (2004), AraDI et al. (2013), LipTal et al. (2017), PATKO et al. (2020)

— 4. dbra. Nograd-Gomor Vulkdni Teriilet xenolitiainak foelem-geokémidja. (a) Mg# és NiO dsszefiiggése olivinben; (b) Mg# és MnO dsszefiiggése ortopiroxénben; (c)
Na,0 és Al,0, osszefiiggése klinopiroxénben; (d) Mg# és SiO, dsszefiiggése klinopiroxénben; (e) Mg# és TiO, Osszefiiggése klinopiroxénben; (f) Al,0;-Cr,0,-TiO, x 100
osszefiiggese spinellben. A nograd-gomori xenolitok adatainak forrdsa: Hovork4 & FEIDI (1980), Sz4B0 & TAYLOR (1994), KONECNY P et al. (1995), KONECNY et al. (1999),
Kovics et al. (2004), Arapi et al. (2013), Liptal et al. (2017), PATKO et al. (2020)



Foldtani Kozlony 154/3 (2024)

335

0.30

0.5

OLIVINE * ORTHOPYROXENE
°
0.4 - 0.25 - e ® ®
L 2 O A
< 031 .,' & o\f 0.20 - X *
3z A & m H ”~ ALE A
2 02 2 2 0.15 + A £ *
A
< + a4
0.1 ® 0.10 Ay
) r [
0 1 I I I 005 1 1 I 1 1 1 1
0.70 0.75 0.80 0.85 0.90 0.95 0.85 0.87 0.89 0.91 0.93
Mg# Mg#
10 57
CLINOPYROXENE CLINOPYROXENE *
i o & .
55 -
8 - + A | *A
—_ A — 4
2 aa, 23, % % 53 1 N +.
2 6 - & E i *
d ¢ ] ‘ A C)N 51 0&
— = - N
< . f 2 3 2] < 0“ A
[ | . e
41 ® at A 40 A A
1 a Af @ ™
- ]
¢ ‘ f op P
2 T T T T 47 T T T
0 0.5 1 15 2 25 0.75 0.80 0.85 0.90 0.95
Na,O (wt.%) Mg#
2
¥ CLINOPYROXENE Cr,0, (wt.%) SPINEL
1.5 - o
;\f i ® o
R @ PO
o A ®e
P - -
<@ |
0.5 - &
XY \g
i ®
® A
0 T T T .‘
0.75 0.80 0.85 0.90 0.95 AlLO, (wt.%) TiO,*100 (Wt.%)
Mg#
SUPERGROUP l/a SUPERGROUP I/b SUPERGROUP I
Group1 A Group6 ofm Group10 VY Group 14 A
Group 2 [ | Group 7 X Group 11 @ Group 15 +
Group 3 0 Group 8 * Group 12 @ Group 16 @
Group4 @ Group 9 Q Group 13 @ Group 17 @
Group5 ¢




336

PATKO, L. et al.:Cluster analysis on a suite of upper mantle xenoliths from the Nograd—Gomér Volcanic Field (Northern Pannonian Basin)

Table I. Modal and geochemical compositional ranges and average values (latter in brackets) of the supergroups defined by the applied cluster analyses

Abbreviations: ol - olivine; opx - orthopyroxene; cpx - clinopyroxene; sp - spinel

L. tablazat. A klaszteranalizis dltal meghatdrozott szupercsoportok dsvanyos és kémiai dsszetételének tartomdnyai és dtlagertékei (utobbi zdrdjelben)

Roviditések: ol - olivin; opx - ortopiroxén; cpx - klinopiroxén; sp - spinell

Supergroup l/a Supergroup I/b Supergroup |l
ol opx cpx sp ol opx cpx sp ol opx cpx sp
Con”]“::;t'ion 26-91(72) | 4-48(16) | 219(9) | 05(2) |72:88(79) | 0517 (3) | 524(15) | 057(2) | 3-85(38) | — | 12:96(52) | 15(2)
Si0s 39.8-43.3 54.1-58.0 50.6-56.2 _ 39.3-41.2 | 54.1-55.9 50.5-53.2 _ 37.5-43.1 _ 47.1-54.3 _
(40.8) (55.5) (52.1) (40.1) (55.2) (51.6) (39.8) (50.5)
TiO, _ 0.01-0.25 0.05-1.16 | 0.03-0.49 _ 0.05-0.25 0.19-0.96 0.32-1.08 _ _ 0.14-1.97 | 0.14-0.93
(0.08) (0.35) (0.14) (0.10) (0.48) (0.61) (0.86) (0.56)
ALOs _ 1.86-5.00 2.02-764 | 4.89-64.5 _ 1.95-3.91 3.39-6.15 22.9-51.0 _ _ 2.39-9.09 | 32.0-60.4
(3.73) (5.26) (47.8) (2.86) (4.88) (36.9) (5.88) (50.3)
CrOs _ 0.08-0.67 0.18-1.41 1.98-46.4 _ 0.30-0.56 0.77-1.36 10.9-39.9 _ _ 0.07-1.01 | 0.14-33.9
(0.42) (0.91) (18.6) (0.46) (1.09) (23.0) (0.57) (10.9)
FeO 8.37-13.1 5.31-8.05 1.64-3.86 | 9.96-20.3 | 9.78-16.6 | 6.23-9.21 2.67-4.86 13.3-24.0 | 8.88-25.2 _ 2.27-6.51 11.2-24.6
(9.94) (6.33) (2.81) (12.7) (13.4) (8.04) (3.97) (20.0) (15.8) (4.36) (19.5)
MnO 0.04-0.24 0.08-0.23 0.04-0.13 | 0.07-0.55 | 0.15-0.28 | 0.14-0.29 0.08-0.17 0.13-0.31 | 0.15-0.38 _ 0.07-0.15 | 0.07-0.23
(0.15) (0.15) (0.08) (0.12) (0.22) (0.21) (0.12) (0.20) (0.25) (0.11) (0.15)
MgO 45.8-50.5 31.5-34.7 14.2-17.7 | 13.8-22.7 | 44.1-50.2 | 31.4-341 15.2-16.8 12.2-18.4 | 37.1-49.2 _ 13.6-17.4 | 14.4-229
(48.9) (33.2) (15.9) (19.3) (46.7) (32.4) (16.0) (16.1) (44.0) (14.9) (17.5)
ca0 0.04-0.16 0.50-0.99 18.0-23.2 _ 0.08-0.20 | 0.63-1.52 20.1-21.8 _ 0.03-0.24 _ 17.2-22.5 _
(0.08) (0.74) (21.2) (0.13) (1.09) (20.6) (0.12) (21.0)
NaxO _ 0.004-0.16 | 0.25-2.06 _ _ 0.07-0.14 | 0.82-155 _ _ | 031154 _
(0.07) (1.19) (0.08) (1.09) (0.90)
NiO 0.27-0.42 _ _ 0.16-0.43 | 0.22-0.35 _ _ 0.13-0.32 | 0.07-042 | _ _ 0.09-0.29
(0.37) (0.32) (0.31) (0.25) (0.22) 0.17)
Mg 0.86-0.91 0.88-0.92 0.88-0.95 | 0.64-0.88 | 0.83-0.90 | 0.86-0.91 0.85-0.91 0.56-0.75 | 0.72-0.90 _ 0.79-0.93 | 0.61-0.88
(0.90) (0.90) 0.91) (0.78) (0.86) (0.88) (0.88) (0.67) (0.83) (0.86) (0.70)
Cri B _ B 0.02-0.64 _ _ _ 0.13-0.54 _ _ _ 0.002-0.42
(0.22) (0.29) (0.13)

composition ratios (<1) (Figure 3; Supplementary Table 1).
Olivine, orthopyroxene and clinopyroxene have higher aver-
age Mg-numbers in Supergroup I/a (0.90, 0.90, 0.91, respec-
tively) compared to the Supergroup I/b xenoliths (0.86,
0.88, 0.88, respectively) (Figure 4, a, b, d, e; Table I).

The investigated NGVF xenoliths were classified into 17
groups based on the cluster analysis (Figure 5; Supplemen-
tary Table 1). Supergroup I/a contains the Groups 1-9 (Fig-
ure 5) with altogether 82 xenoliths (Supplementary Table 1),
whereas Supergroup I/b includes Groups 10-13 (Figure 5)

with 17 xenoliths (Supplementary Table I). Supergroup II
contains four groups (Group 14-17) with 10 xenoliths and
two veins that appear within wall rocks classified into Super-
group l/a (Figure 5; Supplementary Table I). The most
populous group is Group 1 with 58 members. The rest of the
groups contain <9 xenoliths (Figure 5). There is one group
(Group 11) with only one member (Figure 5).

Group 1 xenoliths are present in all localities except
Nagy-Salgé (NNS) and Bérna-Kiské (NBK), and they are
dominant (>50%) in six localities (Podrec¢any [Patakalja]
(NPY); Maskova [Maskofalval
(NMS); Jelsovec [Jels6e] (NJS);

SUPERGROUP l/a

60|
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Fil’akovo-Kerc¢ik [Filek—Ker-
csik-tetd] (NFL); Trebel’ ovce
[Terbeléd] (NTB); Eresztvény
(NME) (Figure 6). Among the
other groups with more than one
member, there are some which
appear to be restricted to certain
localities, such as Group 3 to
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Figure 5. Column chart showing the prevalence of different xenolith groups. The frequency of each group is given in
percentage on the top of all columns. Note that one of the xenoliths of the two-membered Group 13 belong to

Supergroup I/a and the other to Supergroup I/b

5. dbra. A xenolitcsoportok gyakorisdgat bemutato oszlopdiagram. A csoportok gyakorisdgdnak szdzalékban kifejezett
érteke leolvashato az oszlopok tetején. A két xenolitot magaba foglalo 13-as csoport egyik tagja az I/a mig a mdsik az 1/b
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Figure 6. Spatial distribution of xenolith groups in the Nograd-Gomor Volcanic Field. Alkali basalt outcrops are modified after Jugovics (1971)

6. d@bra. A xenolitcsoportok teriileti eloszldsa a Nograd-Gomaor Vulkani Teriileten. Alkdli bazalt eldforduldsok Jucovics (1971) utdn médositva

(NFL) and Ratka [Ratka] (NFR), respectively) (Figure 6).  Supergroup II xenoliths is limited to the central part of the

The occurrence of more than 80% of Supergroup I/b and NGVF (Figure 6).
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Group 1 xenoliths dominantly have lherzolitic modal
composition with only one dunite xenolith (Figure 3, a). It
is only Group 3 and Group 7 within Supergroup I/a, where
other peridotitic lithologies, dunite and harzburgite also
appear (Supplementary Table I). Besides the peridotites,
one pyroxenite xenolith, namely an olivine websterite,
was also classified with the Supergroup I/a xenoliths,
constituting a two-membered group (Group 8) (Figure 3,
b). Among the 17 xenoliths representing Supergroup I/b,
only four have lherzolitic modal composition (Figure 3,
c). Two out of these lherzolites have equal or higher
clinopyroxene content over the orthopyroxenes (Supple-
mentary Table I). Similarly, xenoliths that belong to
Supergroup II are rich in clinopyroxene (>12 vol.%), but
completely lack orthopyroxenes and have variable olivine
contents (3—85 vol.%) leading to wehrlite, olivine-clino-
pyroxenite and clinopyroxenite lithologies (Figure 3, d,
Table I).

There are significant differences among the supergroups
with respect to the major elements of the rock-forming min-
erals (Figure 4; Table I). Supergroup I/a xenoliths have
higher Mg# (0.86-0.91 with both an average and median of
0.90) and NiO (0.27-0.42 with an average of 0.37 wt.%)
contents in olivine compared to those for Supergroup I/b
(0.83-0.90 with an average and median of 0.86 and 0.22—
0.35 with an average of 0.31 wt.%, respectively) and Super-
group IT (0.72-0.90 with an average and median of 0.83 and
0.84, respectively, and 0.07-0.42 with an average of 0.22
wt.%, respectively) xenoliths (Figure 4, a; Table I). The
ranges of Mg# and MnO in orthopyroxenes for Supergroup
I/a (0.88-0.92 with an average of 0.90 and 0.08-0.23 with
an average of 0.15 wt.%, respectively) and Supergroup I/b
(0.86-0.91 with an average of 0.88 and 0.14-0.29 with an
average of 0.21 wt.%, respectively) are overlapping well
with only slight differences for average values (Figure 4, b;
Table I). The Al O, content in clinopyroxenes is somewhat
higher in Supergroup II (2.39-9.09 with an average and me-
dian of 5.88 and 5.76 wt.%, respectively) with respect to the
xenoliths of Supergroup I/a (2.02-7.64 with an average of
5.26 wt.%) or Supergroup I/b (3.39-6.15 with an average of
4.88 wt.%) (Figure 4, c; Table I). In contrast, the xenoliths of
Supergroup I/b have unequivocally lower Mg# (0.85-0.91
with an average of 0.88) and SiO, (50.5-53.2 with an aver-
age of 51.6 wt.%) and higher TiO, (0.19-0.96 with an aver-
age of 0.48 wt.%) content in clinopyroxenes compared to the
Supergroup I/a xenoliths (0.88—0.95 with an average of 0.91;
50.6-56.2 with an average of 52.1 wt.% and 0.05-1.16 with
an average of 0.35 wt.%, respectively). Supergroup II xeno-
liths show even lower clinopyroxene Mg# (0.79-0.93 with
an average of 0.86) and SiO, (47.1-54.3 with an average of
50.5 wt.%) concentrations and the highest TiO, (0.14-1.97
with an average of 0.86 wt.%) data (Figure 4, d-e; Table I).
In spinels, Supergroups I/b-II have higher TiO, contents
(0.32-1.08 with an average of 0.61 wt.% and 0.14-0.93 with
an average of 0.56 wt.%) compared to Supergroup I/a (0.03—
0.49 with an average of 0.14 wt.%) depicted on the Al,O;-
Cr,0,-TiO,*100 triangle (Figure 4, f; Table I).

Discussion

Ambient mantle characteristics — significance of
Group 1 xenoliths (Supergroup I)

The cluster analysis revealed that Group 1 contains a
markedly larger number of samples than any other identified
groups (Figure 5). This group includes 58 xenoliths which
make up 52% of all successfully classified xenoliths. This
type of xenoliths occur in all localities with the exception of
Nagy-Salgé (NNS) and Barna-Kiské (NBK) (Figure 6).
These observations suggest that Group I xenoliths can be
interpreted as the background or ambient mantle in the
NGVF (Table 2) that was geochemically modified along
melt and fluid migration paths leading to rocks of other
groups.

Among the 11 localities where Group 1 xenoliths are
present, in six outcrops, namely in Podrecany [Patakalja]
(NPY), Maskova [Maskéfalva] NMS, JelSovec [JelsSc]
(NJS), Fil’akovo-Kercik [Fiilek—Kercsik-tet6] (NFL), Tre-
bel’ovce [Terbeléd] (NTB) and Eresztvény (NME) more
than half of the studied xenoliths belong to the Group 1 (Fig-
ure 6). In the NPY locality, exclusively Group 1 xenoliths
were found (Figure 6). Three (NPY, NMS, NJS) out of these
six localities are situated in the northern part of the NGVF
(Figure 1, b). These localities represent the oldest volcanic
phase in the NGVF that occurred 7-5.9 Ma ago (HurAl et al.
2013). This first volcanic phase was followed by five further
phases (Hural et al. 2013). The youngest volcanic edifices
on the surface have ages of <1 Ma (HURrAI et al. 2013). The
discovery of a low electrical resistivity (<1 m) volume un-
derneath the Moho in the central-NGVF using long period
magnetotelluric (MT) measurements and subsequent nu-
merical modelling concluded that small amount (2—-3 vol.%)
of interconnected melt may occur in the lithospheric mantle
of the NGVF even today (PATKO et al. 2021a). Note that
similar low electrical resistivity (<10 m) volumes were re-
cently discovered underneath the Moho in the rootzones of
young (Pleistocene—Holocene) monogenetic volcanic fields
in northeast China (ZHAO et al. 2022, DONG et al. 2023, Liet
al. 2024) and West Bohemia (PLATZ et al. 2022).

All these suggest that intensive migration of melts and
fluids took place in the upper mantle beneath the NGVF
during the last 7 Ma and this process is likely still happening
now, resulting in various metasomatic alterations at sub-
crustal depths. The effect of these metasomatic reactions is
likely less pronounced in xenoliths that were transported to
the surface during the first (oldest) volcanic phase. In con-
trast, mantle xenoliths that had been entrained into younger
host basalts were likely subjected to more fluid and melt
fluxes linked to the long-lasting alkali basaltic volcanism.
Indeed, Group 1 xenoliths are less-frequently the dominant
rocks within the central and southern segments of the NGVF
(in 3 out of 10 localities) (Figure 6) which formed during
younger volcanic phases (<3 Ma). This suggests that the
ambient mantle represented by the Group 1 xenoliths (Table
IT) most likely represent mantle segments formed before the
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Table II. Estimated modal and geochemical composition of the background
(ambient) mantle underneath the NGVF using the average values of the Group
1 xenoliths. Bulk rock data were determined based on mass balance calcula-
tions using the average modal and mineral compositions

Abbreviations: ol - olivine; opx - orthopyroxene; cpx - clinopyroxene; sp - spinel

1. tablazat. A Nograd-Gomor Vulkani Teriilet alatti dtlagos (hdtter) felsékdpeny
becstilt dsvdnyos és geokémiai dsszetétele az I-es csoportba tartozo xenolitok alap-
Jan. A teljeskozet (bulk rock) adatok az dtlagos dsvdnyos dsszetételek és dsviny-
geokémiai adatok felhaszndldsa mellett, tomegegyensiily-szamitdssal késziiltek
Roviditések: ol - olivin; opx - ortopiroxén; cpx - klinopiroxén; sp - spinell

ol opx cpX sp bulk

modal composition 72 17 9 2 —
SiO2 40.8 55.4 52.0 — 43.5
TiO2 — 0.08 0.36 0.13 0.05
Al203 - 377 5.42 48.5 2.10
Cr20s — 0.44 0.97 18.8 0.54
FeO 9.78 6.27 2.78 124 8.60
MnO 0.14 0.14 0.08 0.12 0.14
MgO 49.1 33.2 15.9 19.4 42.8
CaO 0.07 0.75 21.1 — 2.08
Na.0 - 0.08 1.26 - 0.13
NiO 0.39 — — 0.32 0.28

Mg# 0.90 0.91 0.91 0.78 —

Cr# — — — 0.21 —

initiation of the alkali basaltic volcanism. After astheno-
spheric melts reached shallower depths, the lithospheric
mantle was intensely modified especially along melt and
fluid migration paths leading to rocks classified into other
groups.

Group 1 xenoliths are dominantly lherzolites with only
one exception (NBN23 dunite xenolith). Most of the sam-
ples correspond to the modal composition of the average Eu-
ropean subcontinental lithospheric mantle (SCLM; DOWNES
1997) using the classification of STRECKEISEN (1976) (Fig-
ure 3, a). Only 15 out of the 58 Group 1 xenoliths contain
amphibole with a maximum of 3 vol.% modal content, sug-
gesting that modal metasomatism is not a general event af-
fecting these xenoliths. The major element composition of
the olivines in Group 1 xenoliths is within a narrow range.
The Mg# [Mg#=Mg/(Mg/Fe**)] of olivines varies between
0.88-0.91 (with an average of 0.90) (Figure 4, a) agreeing
with the average value characteristic for Phanerozoic litho-
spheric mantle (~0.90; GauL et al. 2000). Similarly, the
orthopyroxenes and clinopyroxenes show uniform geochem-
istry (Mg# range is between, 0.88-0.92 and 0.89-0.94, re-
spectively) (Figure 4, b and d). Note that data on 38 out of 58
Group 1 xenoliths were published by LipTAl et al. (2017),
who classified the 51 xenoliths they studied into four groups
(TA, IB, TTA, 1IB) based on the major- and trace element
characteristics of their rock-forming minerals. In order to
clearly distinguish the groups defined by Liptar et al. (2017)
from the groups established in this study, we use the fol-
lowing terms for prior groups hereafter: LIP-IA, LIP-IB,
LIP-ITA, LIP-IIB. Group LIP-I and LIP-II xenoliths have
olivine Mg# of 0.89-0.91 and <0.89, respectively. Further
division is based on the LREE enrichment (LIP-B subgroup)
or depletion (LIP-A subgroup) in pyroxenes. Although trace
elements were not considered in the current study, the re-
sults revealed that the Group 1 xenoliths dominantly belong

to the LIP-IA (14 xenoliths) and LIP-IB (18 xenoliths)
groups following the classification of LipTAI et al. (2017)
(Supplementary Table I). In contrast, Group LIP-IIA and
LIP-IIB xenoliths are subordinate (NPY 1310, NPY 1311,
NJS1302, NJS1304 and NMC1309, NMMO318 xenoliths,
respectively) among the Group 1 xenoliths (Supplementary
Table I). Lirtal et al. (2017) proposed that the Group LIP-TA
xenoliths represent mantle segments affected by a minimum
of ~7-10% melt extraction. Since Group IA xenoliths, apart
from two amphibole-bearing xenoliths (NMS 1308; NFL.1329),
show no evidence of metasomatism (e.g., presence of hy-
drous phases such as amphibole, LREE enrichment) over-
printing the depleted character, LipTAl et al. (2017) consid-
ered these xenoliths as having formed during the oldest
episodes in the NGVF evolution history. In contrast, LIP-IB
xenoliths were affected by metasomatism linking to the
migration of a mafic melt within intraplate settings (LIPTAI
etal. 2017). This metasomatism left the major element com-
position of the rocks unchanged, which is the basis of our
cluster analysis, and only led to U-Th-Nb-Ta-LREE enrich-
ment in clinopyroxenes (LIPTAI et al. 2017). This explains
why many of the Group LIP-IA and LIP-IB xenoliths were
classified into the same group using the CluStress algorithm
despite their different proposed origin. The six Group 1
xenoliths classified to the LIP-IIA and LIP-IIB xenolith
groups by Liptal et al. (2017) have olivine Mg# values (0.88;
Supplementary Table I) close to the arbitrarily chosen value
of 0.89 distinguishing Group LIP-I and LIP-II.

Depletion and enrichment events in
the mantle of the NGVF

Evolution of Group 2-9 xenoliths
(Supergroup I/a)

The total number of xenoliths in Groups 2-9 (24 xeno-
liths) is much lower compared to the number of xenoliths
belonging to Group 1 (58 xenoliths) (Figure 5; Supplemen-
tary Table I). The groups within Supergroup I/a, with the
exception of Group 1, contain small numbers of xenoliths
(maximum of six; Group 6; Figure 5). Note that among the
9 groups belonging to Supergroup I/a, six groups have 3 or
fewer members (Figure 5).

The low number of the xenoliths within these groups
made it challenging to constrain their evolution history
properly. Nevertheless, there are several groups where all
group member xenoliths were also classified into the same
group by LipTAl et al. (2017). This suggests a similar origin
to all group members, also extending this assumption to
xenoliths discussed in other studies such as HOVORKA &
Feip1 (1980), SzaBO & TAYLOR (1994), KONECNY P. et al.
(1995), KONECNY et al. (1999), ArADI et al. (2013), often
resorting to a scant number of analyzed elements (especially
trace elements), because of the less advanced instruments
available at the time.

Group 2 contains only amphibole-free LIP-IA xenoliths,
proposed to have been affected exclusively by depletion,
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which was not followed by any episodes of enrichment (L1p-
TAI et al. 2017). Similarly, the Group LIP-IIA xenoliths that
correspond to Groups 1 and 8 dominantly have a proto-
granular texture (Supplementary Table I). They were sub-
jected only to low degree (<5%) melt extraction, meaning
that these xenoliths represent the most fertile upper mantle
domain in the NGVF (Liptal et al. 2017). Such xenoliths
with protogranular texture and fertile composition were also
found in the Bakony—Balaton Highland Volcanic Field
(BBHVF) and were interpreted as prior asthenospheric do-
mains newly accreted to the lithosphere after tectonic inver-
sion (KovAcs et al. 2012, PATKO et al. 2024). These BBHVF
xenoliths had higher equilibrium temperatures, which may
indicate a deeper origin. If we compare the results of the rare
earth element-based thermometer (Tyg,; LIANG et al. 2013)
for the LIP-ITA and the other xenoliths from the northern
segment of the NGVF, we get higher values in the former
(1052-1145 with an average of 1076 °C) than in the latter
(980-1097 with an average of 1030 °C) xenoliths (LIPTAI et
al. 2017). This difference is notable even when we consider
the uncertainties of the Ty, thermometer. These data sug-
gest that the LIP-IIA xenoliths may also represent a greater
depth of the lithospheric mantle compared to the LIP-IA and
LIP-IB xenoliths of the northern segment of the NGVF. The
Tree data are >100 °C higher than Ty (two pyroxene ther-
mometer of BREY & KOHLER (1990)) of the same xenoliths,
which suggests a recent cooling event in the lithospheric
mantle (WANG et al. 2015). The reason for this may be the
tectonic inversion and gradual deepening of the lithosphere-
asthenosphere boundary in the Pannonian Basin (HORVATH
& CLOETINGH 1996, BADA et al. 2007).

Group 7 consists partly of the only LIP-IB xenolith
(NFL1315A) not classified into the Group 1 (Supplemen-
tary Table I). LIP-IB xenoliths were affected by mafic melt
metasomatism within intraplate settings leading to U-Th-
Nb-Ta-LREE enrichment in clinopyroxenes according to
Lipraretal. (2017). The reason why xenolith NFL1315A was
not classified into Group 1 is probably its harzburgitic
modal composition and thus different major element geo-
chemistry such as its slightly lower Al and Ti content for
rock-forming minerals compared to those in Group 1 xeno-
liths (Supplementary Table I).

Members of Groups 6 and 9 consist only of xenoliths
that were classified into the LIP-IIB (Supplementary Table
I). Liptaret al. (2017) suggested that these LIP-IIB xenoliths
were formed recently, linking to subcrustal melt migration
of the Neogene alkali basalt volcanism. Such silica under-
saturated melts interact with peridotite wall rock, which can
lead to the formation of clinopyroxenes at the expense of
orthopyroxenes resulting in clinopyroxene-rich lithologies
(MiTcHELL & GROVE 2016). Indeed, the LIP-IIB xenolith of
Group 6 xenoliths has an orthopyroxene/clinopyroxene ratio
<1 (Supplementary Table I). The role of basaltic melt in the
formation of Groups 6 and 9 xenoliths are further proved by
their so-called basaltic element (Fe, Mn, Ti)-rich character
compared to other xenoliths belonging to Supergroup I/a
(Figure 4).

There is one group (Group 7), where the members
include both LIP-IB and LIP-IIB xenoliths (Supplemen-
tary Table 1). Note, however, that the evolutionary history
of both the LIP-IB and LIP-IIB xenolith groups is related
to migrating mafic melts, which makes their major ele-
ment geochemistry similar to each other (LipTAl et al.
2017).

The reason why xenoliths formed in a single event were
often classified into more groups is possibly due to minor
geochemical differences in the products reflecting distinct
starting materials, different degree of metasomatism / par-
tial melting, metasomatic agent changes along migration
channels, etc.

Wehrlitization — formation of Group 10-13
xenoliths (Supergroup 1I/b)

Supergroup I/b dominantly has wehrlite xenolith mem-
bers classified into four groups (Group 10, 11, 12, 13) (Fig-
ure 5; Supplementary Table I). In addition to the wehrlites,
four lherzolites were also classified into Supergroup I/b.
Two out of these four lherzolites have an orthopyroxene/
clinopyroxene ratio <1 (Supplementary Table I). The xeno-
liths classified into Supergroup I/b, except for one xenolith
(NBNO311) originate from southern Barna-Nagykd (NBN),
and were all collected in the central part of the NGVF (Fig-
ure 6). Twelve wehrlite xenoliths were investigated by PAT-
KO et al. (2020) in detail. PATKO et al. (2020) defined these
rocks as iron-wehrlites, which are known in various tectonic
settings all over the world and suggested to have formed as a
result of intensive melt-rock reactions between peridotitic
wall rocks and silica-undersaturated basaltic melts (PESLIER
et al. 2002, IoNov et al. 2005, X1a0 et al. 2010, SHAW et al.
2018, LiN et al. 2020). The NGVF wehrlites can be consid-
ered as extreme products of the metasomatic event that also
led to the formation of LIP-IIB xenoliths, which are domi-
nantly clinopyroxene-rich (clinopyroxene>orthopyroxene)
lherzolites. The reason why in some xenoliths almost all
orthopyroxene was consumed, whereas in others, the ortho-
pyroxene remained in a high modal presence (sometimes
>10 vol.%) can be due to the various melt-rock ratios during
the interactions (PATKO et al. 2020). The melt-rock ratio is
determined by the distance from melt migration channels,
meaning that the LIP-IIB lherzolites and wehrlites were
likely formed farther away and closer to them, respectively.
PaTkO et al. (2020) suggested that the clinopyroxene-enrich-
ment is associated with a recent melt generation and migra-
tion process, which is linked to the same magmatic event as
the host basalt volcanism in the Neogene.

The reason why the CluStress algorithm distinguished
four groups within Supergroup II can be the different de-
grees of metasomatism in case of the wehrlites. Note that
PATKO et al. (2020) classified the wehrlites into three groups,
namely highly, moderately and weakly metasomatized
xenoliths, referring to the degree of metasomatism con-
strained mostly by the major element characteristics of the
rock-forming minerals. Wehrlite xenoliths in Group 10 are
weakly metasomatized (PATKO et al. 2020). This weakly-
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metasomatized character is further supported by the third
member of Group 10, which has a lherzolitic composition
(Supplementary Table I). Similarly, half of the Group 13
xenoliths are lherzolitic suggesting only a weak metasomat-
ic effect on them (Supplementary Table I). The most popu-
lous Group 12 contains highly, moderately and weakly
metasomatized wehrlites equally. This suggests that the
degree of metasomatism alone is not enough to explain the
existence of the four groups within Supergroup I/b. The
major element composition of the subordinate orthopy-
roxenes can be the major factor in distinguishing these
groups. Orthopyroxenes in the Group 10, 11 and 13 have nar-
row compositional ranges, which clearly differs from that of
the Group 12 xenoliths (Figure 4, b).

Underplating near the Moho — formation of
Group 14—17 xenoliths (Supergroup II)

There are four groups (Group 14, 15, 16, 17) that belong
to Supergroup II (Figures 2, 5). Group 14 consist of five
xenoliths including three wehrlites (Supplementary Table I).
These wehrlites resemble the Supergroup I/b xenoliths re-
garding their modal composition (Figure 3, d) and geo-
chemical characteristics (Figure 4). The reason why the
cluster analyses sorted these wehrlites in Supergroup II can
be the missing orthopyroxenes in them. Note that the lack of
orthopyroxenes is a common feature in all Supergroup II
xenoliths (Supplementary Table I).

The other three groups (Group 15, 16, 17) are all com-
posed of cumulate xenoliths with olivine clinopyroxenite,
clinopyroxenite and wehrlite modal compositions (Figure 3,
d). According to HURAIOVA et al. (1996), KovAcs et al.
(2004) and Zasacz et al. (2007), the cumulates are crystal-
lized from basaltic melts near the Moho, resulting in under-
plated bodies. The cumulate formation, similar to the LIP-
IIB and Supergroup I/b xenoliths, is likely related to the al-
kali basaltic volcanism of the Neogene volcanic activity
(KovAcs et al. 2004). Magmatic underplating is a well-
known process dominantly related to the stagnation of as-
thenosphere-derived melts in the vicinity of the Moho,
leading to local thickening of the crust (GAHLAN et al. 2012,
PERINELLI et al. 2017).

Implications of alkali basalt volcanism in
lithospheric mantle evolution underneath
the NGVF

According to our results and the outcomes of prior stud-
ies (KovAcs et al. 2004, Liptatet al. 2017, PATKO et al. 2020),
the Neogene alkali basalt volcanism significantly altered the
lithospheric mantle underneath the NGVF by forming vari-
ous new domains (Figure 7). Some of these domains were
located farther away from melt migration paths and thus
were buffered by the pre-Neogene mantle characteristics
from petrographic and geochemical points of view. These
rocks were classified into Groups 6 and 9 and also appear in
Group 7 (Supplementary Table I), and were defined as LIP-
IIB by Liptal et al. (2017) (Figure 7). In areas where the
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Figure 7. Schematic illustration of the supposed upper mantle domains under-
neath the NGVF (modified after Liptal et al. 2017). Group numbers in brack-
ets refer to the results of the current study, which can unambiguously link to
mantle volumes defined by prior studies (LIPTAI et al. 2017: LIP-IA, LIP-IIA,
LIP-IB, LIP-IIB; PATKO et al. 2020: wehrlite and KovAcs et al. 2004: cumulate
xenoliths). Depth of Moho and LAB (lithosphere-asthenosphere boundary) in
the NGVF are taken from KLEBESzZ et al. (2015). (For abbreviations of the
sampling sites see Figure 1, b)

7. abra. A Nograd-Gomor Vulkdni Teriilet alatti felsokopeny feltételezett egységeit
bemutato sematikus dbra (LiPTAl et al. 2017 alapjan). A zdardjelben megjelend cso-
portok a jelen tanulmanyban keriiltek meghatdrozasra és egyértelmiien kotédnek
kordbban definidlt kopenytérfogatokhoz (Liptai et al. 2017: LIP-IA, LIP-IIA, LIP-
IB, LIP-IIB; PATKO et al. 2020: wehrlit [wehrlite] és Kovics et al. 2004: kumuldtum
[cumulate] xenolitok). A KLEBESZ et al. (2015) dltal meghatdrozott Moho és lito-
szféra-asztenoszféra hatar (LAB) mélységek Nograd-Gomdrre vonatkoznak. (A
xenolit-eldforduldsok roviditései megtaldlhatok az 1b dbra aldirdsdaban)

melt-rock ratio was higher (i.e. closer to melt migration
channels) wehrlite bodies were formed (Groups 10-13). The
appearance of wehrlite xenoliths being largely restricted to
the central-NGVF (Figures 6, 7) is probably due to tectonic
reasons as proposed by PATKO et al. (2021a). The xenoliths
included in Group 14, although being sorted in another
supergroup (Supergroup II instead of Supergroup I/a), are
similar to those appearing in Groups 1013 (Supplementary
Table I). The reaction textures (irregular-shaped orthopy-
roxenes in the core of newly formed clinopyroxenes; figure
2g in PATKO et al. 2020) and the geochemical hetero-
geneities present even within grains suggest that wehrlite
xenoliths are in disequilibrium. These observations further
support that these rocks were formed shortly before their
entrapment into the host basalt. The upward migrating melts
may stagnate and crystallize to form cumulates (Groups 14—
17) in the vicinity of the Moho (Figure 7), the most
pronounced discontinuity in the lithosphere. All these reveal
that at least 11 groups out of the distinguished 17 (i.e. ~35%
of the classified xenoliths) are strongly related to the alkali
basaltic volcanism.

In case of xenoliths that were unaffected by the Neogene
alkali basaltic melts, further events, including both deple-
tion and enrichment associated with partial melting and
metasomatism, respectively, were explored (LIPTAI et al.
2017) (Figure 7). However, these xenoliths (e.g., members
of Group 1, 2, 3, 4, 5, 8) show only moderate variation
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considering their major element characteristics (Figure 4)
suggesting that a large proportion of the upper mantle was in
chemical equilibrium before the introduction of the first
basaltic magma batches in the Neogene. Based on these
findings, we assume that in the rootzones of other volcanic
fields of the CPR, where intensive basaltic melt migration
occurred (HARANGI et al. 2015) in the last ~10 million years
(PEcskAY et al. 2006), the pre-Neogene petrographic and
geochemical characteristics of the lithospheric mantle were
overprinted significantly.

Conclusion

1) In this study a database was compiled using the data of
112 upper mantle xenoliths (114 lithologies due to compos-
ite samples) from the N6grad—Gomor Volcanic Field. The
database is composed of the major element compositions of
the rock-forming minerals (olivine, pyroxenes and spinel).
Subsequently, a cluster analysis was implemented on these
data leading to the discrimination of three supergroups (I/a,
I/b and II) and 17 groups within them.

2) Most of the xenoliths (~50% of all classified xeno-
liths) were sorted into Group 1 and appear in almost all
xenolith-bearing localities in Nograd—Gomor. The Group 1
xenoliths exhibit narrow compositional ranges with an
olivine Mg# of ~0.90. These rocks were considered to
represent an ambient lithospheric mantle underneath the
study area based on their frequency and spatial distribution.

3) Most of the resulting groups are possibly linked to
different events described by former scientific works. For
example, Group 2 only includes xenoliths that were af-
fected by variable melt extraction (~5-25%). In contrast,
members of Group 1013 are products of intensive melt-
rock reactions, whereas Group 14—17 xenoliths are cumu-

lates formed by basaltic melt crystallization in the vicinity
of the Moho.

4) At least 11 groups out of the distinguished 17 (i.e.
~35% of the classified xenoliths) are strongly related to the
Neogene alkali basaltic volcanism. This suggests that the
pre-Neogene rootzones of volcanic fields in the Carpathian—
Pannonian region were significantly modified due to inten-
sive melt-rock reactions between upward migrating basaltic
melts and wall rocks taking place in the last ~10 million
years.
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1. kiegészitd tabldzat. A jelen tanulmdnyban vizsgalt nograd-gomari xenolitok petrogrdfiai és geokémiai adatai. A mintalelohelyek kikovetkeztetheték a mintanevekbal,
ritkdbban a mintanevek mogott zardjelben szerepelnek. A mintagyiijtési helyek roviditéseinek a magyardzatdt az 1. dbra képaldirdsa rogziti



aq arhoni Féldtani TérSulat

Fldtani K&zl6ny

i gara Geological So0eY

154/3, 347-364., Budapest, 2024
DOI: 10.23928/foldt.kozl.2024.154.3.347

A magmas petrografia megsziiletésétol a kvantitativ k6zettani kutatasokig —

tisztelgés SzABO Csaba munkassaga elott

HARANGI Szabolcs'?

'E6tvos Lorand Tudoményegyetem, Foldrajz- és Foldtudomanyi Intézet, Kézettan-Geokémiai Tanszék, Budapest, 1117 Pdzmany Péter sétany 1/C

2HUN-REN-ELTE Vulkanolégiai Kutatécsoport, Budapest, 1117 Pdzmény Péter sétany 1/C
E-mail: harangi.szabolcs @ttk.elte.hu

Abstract

From the birth of the igneous petrography to the quantitative petrology —
A tribute to Csaba S7ABO'’s scientific and teaching work

Csaba SzABO, as a member of the Department of Petrology and Geochemistry at the E6tvos Lordnd University, Buda-
pest has carried on the professional legacy of J6zsef SzABO and Béla MAURITZ and has played a significant role in main-
taining and strengthening the field of igneous petrology in Hungary. He taught his students not only the principles of
microscopic petrology and petrography, and later geochemistry, but he also delivered them the motivation towards dis-
covery and applied research. He founded the Lithosphere Research Group (LRG) in 1998, later renamed the Lithosphere
Fluid Research Laboratory, from where a number of talented scientists have come out and become successful, awarded
by prestigious grants such as Lendiilet and ERC funds. The following brief scientific summary is a tribute to Csaba
SzaBO’s excellent work as a teacher and scientist. The preparation of the first thin sections, the construction of the first
polarisation microscope enabled to get a detailed insight into the structure of igneous rocks and the formation of petro-
graphy, a new viable research tool. With the advance of the instrumental analytical techniques, petrography has been
integrated with geochemical studies, thermodynamics and experimental petrology, ultimately leading to the birth of the
quantitative petrology. Using this novel discipline, new ideas have been developed on how magma evolves, as well as a
paradigm shift occurred concerning the nature of subvolcanic magma reservoirs. The volcano petrology enables a better
reconstruction of the processes taking place in the transcrustal magma reservoirs, including the timescale led to the re-
activation of non-eruptible crystal mush, causing rapid volcanic eruptions. The quantitative petrology has provided a
better understanding of the evolution of the mantle and the crust, involving why and how volcanoes work. Currently,
quantitative petrology serves important contribution to society such as in the improvement of natural hazard monitoring,
forecast and assessment, which save human lives and properties.

Keywords: igneous petrology, petrography, microscopy, geothermobarometry, magma resevoir, natural hazard

Osszefoglalds

SzABO Csaba az ELTE TTK Kézettan-Geokémiai Tanszék munkatarsaként tovabb vitte SZaABO Jozsef és MAURITZ Béla
szakmai 6rokségét, és meghatdrozo szerepet jatszott a hazai és hatdron tili magmads kzettani iskola eredményességében.
Didkjainak nemcsak a mikroszképos kézettani és petrografiai, majd a geokémiai alaptuddst adta at, hanem a motivaciét
is a felfedezd és alkalmazott kutatds felé. Az dltala alapitott Litoszféra Kutatécsoport, kés6bbi nevén Litoszféra Fluidum
Kutatélaboratérium szdmos hazai és nemzetkozi szinten is sikeres, tobbek kozott Lendiilet- és ERC-palydzatot nyert
szakembert adott a foldtudomdnynak. Az alabbi rovid tudomanytorténeti 6sszefoglald tisztelgés oktatdi és iskolateremt6i
munkdssaga el6tt. A petrografia kialakuldsa az els6 kézettani vékonycsiszolat és az els6 polarizacids mikroszkép megal-
kotdsdval, majd a mikroszképos leiré kézettan tudomdnyteriilete forradalmi véltozast hozott a foldtudomanyban. A mi-
szeres analitikai modszerek fejlédésével, a kézettani és geokémiai vizsgdlatok, valamint a termodinamika €s a kisérleti
k&zettani eredmények integraldsaval jott 1étre a magmas folyamatokat, azok koriilményeit szdmszer(siteni is tudé kvan-
titativ kézettan. Ezaltal jobban értjiik a foldkopeny és foldkéreg kialakuldsat és fejlodését, az 4j tudomdnyos felfogds tj
perspektivat nyitott a vulkdni miikodés megértésében is, példdul a vulkdnok alatti magmatdrozok természetének és folya-
matainak feltdrasaban. A k&zettani vulkanoldgia segitségével leirhaték a vulkankitoréshez vezetd folyamatok, beleértve
ezek idStartalmat is. Eredményei igy hozzdjarulnak fontos, a tarsadalmakat is érint6 hatdsok feltarasahoz, példdul a ter-

mészeti veszélyhelyzetek eldrejelzésének és kezelésének jobbitdsdhoz, ami emberi €leteket és anyagi javakat vhat meg.

Tdrgyszavak: magmds kdzettan, petrogrdfia, mikroszkopia, geotermobarometria, magmatdrozo, természeti veszély
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Bevezetés

A tudomdny egyik hajtdereje az 1j miiszerek és modsze-
rek megjelenése és gyors bevondsa a kutatdsokba. Ezek ré-
vén sokszor addig nem ismert alkotéelemeket fedeznek fel,
4j tudomdnyteriiletek jonnek létre, és akdr alapjaban véltoz-
nak meg az addigi nézetek. Ez a fejlédés jelenleg is zajlik, és
mozgatja eldre bolygdnk és az azon tili kornyezet folyama-
tainak jobb megértését. Az j tudomanyos ismeretek alkal-
mazdsa és ataddsa nélkiil azonban ez a hajtéerd nem lesz
hatékony. A tudomanyos fejlédés bastydi évszazadok 6ta az
egyetemek, ahol megtorténik a szakmai tudds dtdramoltata-
sa, a tudosoktdl a tudas felé fordulod és a késGbbiekben e tu-
désra épit6 fiatal nemzedék felé. Ebben kulcsszerepe van az
egyetemi oktatoknak, akik egyben magas szintii kutatast is
végeznek, és sajat tapasztalataikat, kérdésfelvetéseiket, az
aktudlis tudomanyos felfedezéseket, de az azokhoz vezetd
utat is 4t tudjdk adni a didkoknak. At tudjak adni igy, hogy a
didkok ne csak egy megtanulandé tananyagot ldssanak a
kurzusokban, hanem motivaciét, hogy 6k is felfedezd tudo-
sok legyenek, vagy alkalmazzdk a kapott tuddsanyagot al-
kalmazott, gyakorlati kérdések megvalaszoldsdra. E két
irdny azonban nem két parhuzamos élettit, kiinduldsi pontja,
gyokere ugyanaz: az alapkutatdsi megfigyelések, elemzé-
sek, kisérletek, szdmoldsok és modellezések elvégzése.
Alapkutatas nélkiil nincs fejlédés, nincs innovacio, és ahogy
KARIKO Katalin esetében is lattuk, sokszor hosszu és kitartd
alapkutatds sziikséges ahhoz, hogy aztdn adott esetben a
kapott eredmények kozvetlen alkalmazast nyerjenek. A tu-
domdnyos megismerés, a felfedezés irdnti kivancsisag fel-
keltése az egyetemi oktatok fontos feladata. Ez tobb, mint a
sokszor szdraznak tind tuddsanyag dtaddsa. Hazank geol6-
gus egyetemi oktatdi Oridsi szerepet jatszottak abban, hogy
amagyar szakemberek a térség vezetd kutat6i lettek szamos
teriileten, nemzetkozi ismertséget szereztek és a Karpat—
Pannon térség foldtani 6roksége, annak értelmezése altala-
nosan is gazdagitja a természeti folyamatok jobb megisme-
rését. Ebbe beletartozik a kézettan és geokémia, ami SZABO
Jézsef, majd MAURITZ Béla révén nagyon erds alapokat ka-
pott. Az iskolateremtd nagysdgok sordba tartozik SzZABO
Csabais, aki az ELTE TTK K6zettan-Geokémiai Tanszéken
tobb évtizeden keresztiil dridsi energidt fektetett be abba,
hogy nemzedékeket vezessen tudomanyos utra, hogy a ké-
zettani és geokémiai vizsgdlatokkal olyan tapasztalatokat
szerezzenek, amit ha nem is mindenki a klasszikus tudds vo-
nalon, de akdr alkalmazott foldtani feladatok megoldasa-
ban, akdr munkaszervezési és menedzselési munkdkban
megkeriilhetetlen alappal fel tudjanak haszndlni.

Taldn megengedhetd az, hogy személyes élményeimbdl
is feltarjak néhany mozzanatot Csabdval val6 kapcsolatom-
bol. Az 1980-as években fiatal didkként ide-oda csapddva
igyekeztiikk megismerni, mirdl is szdl a geoldgia, érkezett a
sok, teljesen ij ismeretanyag. En a térképek és a kirandula-
sok szeretetétSl hajtva érkeztem az ELTE foldtudomany
szakdra és ismertem meg az dsvanyokat, kozeteket és fosszi-
lidkat, hogy mit tudunk a F6ld kialakuldsarél, hallottam els6
kézbsl a lemeztektonika folyamatair6l, 6cedni medencék

kinyilasardl és a kontinensek vandorlasardl. Végiil a kézetek
vilaga fogott meg, a terepgyakorlatok élményei mellett egy
bizonyos kurzus, a kézetmikroszkoépia keritett hatalmaba.
Belenézni egy kézetbe, ahol feltarul egy 4j vilag, megérteni
a fény terjedését és azt, hogy miképpen segitenek az optikai
tulajdonsdgok a kdzeteket alkotd dsvanyok felismerésében,
ez fantasztikus élmény volt. De ehhez kellett valahogy a sors
keze is, egy olyan egyetemi tandr, aki ebbe a csoppet sem
egyszerd vildgba be tudta vezetni az érdekl6d6, minden djra
racsoddlkoz6 didkot. Szerencsém volt, vagy ennek igy kel-
lett lennie? Abba a csoportba keriiltem, ahol SzABO Csaba
oktatta a kdzetmikroszképiat, és ez a ,,szakmai kettostorés”
nemcsak a tudds ataddsat jelentette, hanem a tudomanyos
érdeklodés felkeltését is. A tudomanyos kapcsolatbdl aztan
szoros emberi kapcsolat lett, hosszi 6rdk beszélgetései,
amelyek a szakma mellett az életben valé eligazodast is se-
gitették. Hajnali kelések, hogy elinduljunk egy feltaras be-
gytijtésére, itkozben folyamatos beszélgetésekkel és persze
sok vitaval is, mind-mind erdsitette a gondolkodast, a kér-
désfelvetés, a megfigyelések tesztelésének fontossagat. Ez
vezetett ahhoz, hogy térségiink mezozoos, majd neogén-
kvarter vulkani kézeteit modern eszkozokkel feldolgozzuk,
és azt a késztetést, hogy igyekezziink kitorni a nemzetkozi
szakmai térbe is, hogy széles szakmai kapcsolatokat 1étesit-
stink. Ennek koszonheté az a meghatiarozé élmény, hogy
megfigyeléseinket, 1j elgondoldsainkat 6sszefoglalé tanul-
manyokba Onthettiik, amik a neves Tectonophysics, illetve
az International Geology Review szakfolyéiratokban jelen-
tek meg (SzABO et al. 1992, HARANGI et al. 1996). Egyiitt
vettiink részt szamos remek szakmai konferencidn, tobbek
kozott 1990-ben a mainzi IAVCEI vulkanolégiai rendezvé-
nyen, ahol nemcsak a rendszervaltds utani eufériat élhettiik
at, hanem betekintést is kaptunk a modern fizikai és k&zet-
tani vulkanoldgia vilagaba. Hazafelé, a repiil6iton mar nagy
izgalommal az els6 hazai vulkanolégiai terepgyakorlat Gtle-
tét beszéltiik meg, amit 1991-ben meg is valdsitottunk Gércén.

Csaba amerikai tanulmdnyttja sordn is folyamatosan
tartottuk a kapcsolatot, 6 adta a kézettani alapot, én igyekez-
tem hozzétenni az 4j geokémiai ismereteket, a modellsza-
mitasokat a kozos értelmezéshez, ami egy masik meghata-
roz6 tanulmanyhoz vezetett. A térség peridotit kézetzarva-
nyaiban 1év6 dsvanyfazisok kémiai 6sszetételét felhasznalva
szamszerdsitettiik a foldkopenyben uralkodé hémérséklet,
nyomds- és redoxviszonyokat (SzaBO et al. 1995). Ezek
mind meghatdroz6 mérfoldkovek voltak szakmai palyafuta-
somban. Egyiitt gondolkodtunk sok mindenen, megvitat-
tunk szdmos szakmai és személyi kérdést, dlmodoztunk a
jovordl, de Csaba mindig tartott egy kis tavolsdgot. Amikor
0 visszatért az amerikai, én pedig egy angliai tanulmanyut-
rél, egy hosszi beszélgetésben tisztaztuk, hogy Csaba sze-
rint a jové nem a kdzos munkdban van, hanem kiilon-kiilon
kell erésnek lenniink, és kiilon-kiilon kell felépiteni egy sajat
tudomadnyos iskolat. A Kézettan-Geokémiai Tanszéken 1998-
ban 6 megalapitotta a Litoszféra Kutatécsoportot (LRG), én
pedig a Vulkanoldgiai csoportot. Bar kiilon utakon, de egy-
mas mellett dolgoztunk, a két iskola sikeresen megéllta a
helyét.
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SzAaBO Csaba oktatdi, kutatdi és emberi személyisége
meghatdroz6 volt nemcsak szimomra, de tucatnyi, ma mar
kivalo szakember szamara is, akik részben itthon, részben
kiilfoldon valtak sikeres kutatévd, egyesek Lendiilet- és
ERC-nyertesek lettek. Fontosnak tartotta a hataron tili ma-
gyarok szakmai képzését, rendszeresen jart oktatni Kolozs-
varra, €s jelentés médon hozzdjarult a hatdron tdli magyar
nyelvii geolégus felsGoktatasi képzés tjrainditdsahoz. Ugy
gondolom, Csaba tevékenysége mélté folytatdsa a SZABO
J6zsef és MAURITZ Béla dltal megalapozott kdzettani hagyo-
manyoknak. Az aldbbi rovid tudomanytorténeti sszefogla-
16val az ELTE TTK Kézettan-Geokémiai Tanszék vezetdje-
ként, a tanszék képviseletében és sok munkatarsa nevében is
igyekszem tisztelegni Csaba kivalé oktatdi €s iskolaterem-
t6i munkdssaga el6tt. A klasszikus petrografia kialakuldsa,
szerepe a foldtani megismerésben és tovabb fejlédése a
kvantitativ kézettan felé mélton tiikrozi azt az almot, amirdl
Csabdval annyit beszélgettiink, és aminek mindketten része-
sei lehettiink.

Az optikai kézettan, megnyilik egy aj vilag

A k&zetek vizsgalata kezdetben szabad szemmel és kézi
nagyitéval tortént, mindez csupan néhany alapkdzet elkiilo-
nitését tette lehetévé. Az elsé nagy attorést az jelentette,
amikor nagy felbontdssal bele lehetett nézni a kézetekbe, és
a mikroszkopos vizsgalatokkal feltarult a kézeteket alkot6
kristalyok sokszinisége, a kristilyok valtozé megjelenése
(Tourer 2012). Ehhez a polarizaciés mikroszkép megalko-
tasa és térnyerése kellett, ami az 1800-as évek masodik felé-
ben tortént meg. Ennek révén megsziiletett a k6zetek elem-
zEsét végzd petrografia tudomanya. Az 1960-as években a
pasztazé elektronmikroszképok tovabbi részleteket tartak
fel a kozetek és kristalyok felépitésérdl, lehet6vé vilt a kris-
talyok kémiai Osszetételének nagy pontossdgi meghatdro-
zasa is. Kideriilt, hogy az dsvanyok kémiai jellegét nemcsak
a képletiikkel lehet leirni, hanem akar egy kristdlyon beliili
kémiai 6sszetételbeli valtozassal, kémiai zéndssaggal is. A
petrogréfia és geokémia egyiittes alkalmazdsa szdmszertsi-
tette a megfigyeléseket, hozzdjarult a numerikus modellek
megalkotdsdhoz, a kristdlymegjelenés, a kbzetszovet és az
asvany kémiai Osszetétel egyiittes értelmezéséhez. A kisér-
leti eredmények bevondsaval lehet6vé valt e megfigyelések-
bdl kovetkeztetni a keletkezés koriilményeire, s6t szamsze-
riisiteni a kristalyosodas soran fenndll6 h6mérsékletet, nyo-
mast, redoxdllapotot, olvadékosszetételt, ill6tartalmat, illet-
ve ezek valtozasat. A 21. szdzadban mindehhez hozzakap-
csolédott a folyamatok idébeliségének szamszerdsitése is.
Ma egy kristalyon beliili kémiai 6sszetétel valtozasabdl a
diffuziés kronometria segitségével megbecsiilhetjiik kiilon-
boz6 foldtani folyamatok idejét, és ezek atfordithatok a tar-
sadalom szaméra fontos kovetkeztetések levondsdra. Igy
példaul kiszamolhaté a magma foldkérgen keresztiil torténd
felemelkedési sebessége, a vulkdni miikodéshez vezeté mag-
mataroz6 folyamatok és a vulkankitorés kozotti id6. A pet-
rogréafia és az dsvanykémia egyiittes alkalmazdsa lehetd-

séget ad bonyolult folyamatok feltardsara, e koriilmények
szamszer( jellemzésére €s ez elvezetett az Uj, kvantitativ k-
zettan tudomanyénak kialakuldsahoz.

A petrografia tudomanyénak kialakuldsahoz tobb évti-
zedes, aprolékos felfedezd munka, kisérletezés kellett, tovab-
b4 a hatékony kommunikéacid, ami személyes taldlkozasok,
elmélyiilt beszélgetések soran valdsult meg. Az elsd 1épés
William NicoL skoét fizikus, geolégus nevéhez fiizédik, aki
az izlandi Helgustadir kéfejtd egyik bazaltjdban viztiszta
kalcitkristalyt taldlt. Rasmus BARTHOLIN 1669-ben mar le-
irta e kristaly kiilonlegességét, nevezetesen azt, hogy a be-
es6 fénysugdr két kiillonbozd, egymadsra merdleges rezgési
irdnyt mutat6 polaros komponensre bomlik, azaz optikailag
kett6storést mutat. Ezt a tulajdonsdgot vélhetéen mar a vi-
kingek is felismerték, a kozépkori izlandi szovegekben meg-
jelend solarsteinn, azaz napké kifejezés vélhetéen az izlandi
patra utalhat. NiCOL ezt a tulajdonsdgot hasznalta fel, hogy
kristalyok, kézetek belsd szerkezetét felfedje. A kalcitkris-
talyt a rovidebb atlgjanal kettévagta, majd kanadabalzsam-
mal Osszeragasztotta. A kettSstorés utdn a kanadabalzsa-
mon az ordindrius sugdr teljesen visszaver6dott, az extraor-
dindrius sugér pedig kisebb torés utan tovabb haladt. Az op-
tikai petrografiai mikroszkoép e polaros fénysugéaron alapul.
NicoL vékony metszeteket készitett kristalyokrol és megko-
vesedett fakrol, és ezeket e technikdval atesd fényben tudta
vizsgélni. Habar e mddszert mar az 1820-as években kifej-
lesztette, leirds hidnyaban évtizedeken keresztiil nem valt is-
mertté. Az 1840-60-as években Henry Clifton SORBY és
Adolph Friedrich OscHATZ készitett egymastol fiiggetleniil
k&zetbdl vékonycsiszolatokat, hogy azokat dtesd polaros
fényben elemezze (TOURET 2012). A k&zetdarabokat kana-
dabalzsammal ragasztottdk {iveglemezre, az atesd poldros
fényben pedig feltarult a kristalyok kiilonb6z6 optikai tulaj-
donsdga, ami hozzdjarult azonositasukhoz. SORBY szamos
publikaciéban (pl. SOrRBY 1858, 1864) kiilonb6z6 mikro-
szkopos metszeteket mutatott be, koztiik a Vezav kézetiive-
ges vulkani képzédményeirdl (/. dbra), de meteoritokrdl is.
Tovabba, gazbuborék-tartalmu zarvanyokat azonositott kris-
talyokban és ugy vélte, ezek fontos informacidkat nydjtanak
a kozetek keletkezésérdl. Ezek a szilikdtolvadék- és fluid-
zarvanyok j6 szaz évvel késbb keriiltek a tudomanyos vizs-
gélatok fékuszaba és aztan jatszottak kdzponti szerepet SZA-
BO Csaba kutatdsdban is. OSCHATZ ugyancsak gyonyort vé-
konycsiszolatokat készitett kiilonboz6 németorszagi kdze-
tekrdl (1. dbra), azonban eredményeit csak helyi konferen-
cidkon mutatta be, igy munkdja joérészt ismeretlen maradt.
SORBY a londoni Foldtani Tarsulatban szenvedélyesen be-
szEIt felfedezéseirdl: , there is no connexion between the size
of an object and the value of a fact and that, though the objects
I have described are minute, the conclusions to be described
from the facts are great”, azaz ,,nincs Osszefliggés egy targy
mérete és értéke kozott, bar az dltalam leirt targyak paranyi-
ak, a tényekbdl levonhaté kovetkeztetések nagyok™. Habar e
bejelentéseit nagy vita fogadta, és sokan szkeptikusak voltak
a felfedezések és maga a mddszer tekintetében, miszerint
,hogyan is lehet mikroszképpal hegyeket vizsgdlni”, nem
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sokkal késébb forradalmasitotta a kzettani kutatasokat.
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. & . Petrography ciml konyvé-
A. B. Die Priparate von Dr. phil. A. F. Oschatz - grapiy Y

einem Pionier der Diinnschliftherstellung

ben (ZIRKEL 1876) mar kii-
16nboz6 kdzetekbd] késziilt
szdmos gyonyord, mikrosz-
koépos szoveti kép rajza jelent
meg. ROSENBUSCH Die mik-
roskopische Physiographie
der Mineralien und Gesteine
cimli konyvében (2. dbra;
ROSENBUSCH 1875) elGszor
szerepeltek olyan kifejezé-
sek, mint idiomorf, hipidio-
morf, pilotaxitos, hialopili-
tes, illetve panidiomorf szem-
csés megjelenés. Ezek amun-
kék raktak le a k6zetek szo-
veti és dsvanytani elemzésé-
nek, azaz a petrografia tudo-
manyanak alapkovét.

1. abra. A. SORBY rajza a Vezuv egyik lapillidarabjanak mikroszkopos megjelenésér6l (SORBY 1858); B. OsCHATZ harzbur-

gi gabbrorol késziilt vékonycsiszolata

(https://www.tmg-tuebingen.de/die-praeparate-von-a-f-oschatz-pionier-der-duennschliffherstellung/)

Figure 1. A. SorBY's sketch of microscopic image of a lapilli from Vesuv (SorBy 1858); B. Thin section of a gabbro from Harz-

burg from the OSCHATZ collection

A hazai petrografia
kialakulasa

(https://www.tmg-tuebingen.de/die-praeparate-von-a-f-oschatz-pionier-der-duennschliffherstellung/)

Az 4j felfedezések hatékony geoldgiai alkalmazdsdhoz
azonban sziikséges volt a mikroszképok fejlesztése. Gio-
vanni Battista AMICI Firenzében a tdvcsovek kromatizmusa-
nak problematikdjan dolgozott, és ennek eredményeképpen
elkészitette az elsd akromatikus lencséket. Amici az 1830-as
években megalkotta az els6 polarizacids, akromatikus mik-
roszkopot, ami felkeltette a francia Pierre-Armand DUFRE-
NoY érdekl6dését, és azonnal rendelt magédnak egy darabot,
hogy a parizsi dsvdnytani intézetében végzett kutatdsokhoz
hasznalhassa. Német teriileten Paul Heinrich GROTH, a Kkris-
talytan egyik alapit6 tudésa folyamodott von Rudolf FUESs
szakértelméhez, hogy készitsen neki egy ,kristdlyoptikai
univerzalis késziiléket”. FUEsS egyiitt dolgozott Karl Hein-
rich Ferdinand ROSENBUSCH professzorral, akivel 1871-ben
kifejlesztették az elsé teljesen felszerelt és kiillemre is kiva-
16an kinéz6 polarizaciés mikroszképot (2. dbra). A készii-
1€k annyira nagy érdeklddést keltett, hogy FUESs cége teljes
mértékben atallt a mikroszkopok gyartasara.

A mikroszképos vizsgalatok sokdig csak lokalis alkal-
mazast jelentettek, egyrészt a kételkedd hozzdallds, mas-
részt az ismeretek lassu terjedése, illetve a megfeleld mik-
roszkopok hidnya miatt. FUESS mikroszkopjai nagy attorést
jelentettek. ROSENBUSCH mellett Ferdinand ZIRKEL, lember-
gi professzor volt az Uj vizsgdlatok uttoré alkalmazdja.
ZIRKEL egy rajnai hajéuton taldlkozott SORBYval, akit meg-
hivott otthondba, és a beszélgetés sordn elSkeriiltek a vé-
konycsiszolatos felfedezések is. ZIRKEL meglatta ebben a le-
het&séget, és rogton az ij modszer hive lett. 1866-ban egy
tobb mint ezeroldalas konyvet publikalt (ZIRKEL 1866), ami-
nek cimében mar szerepel a petrografia név: Lehrbuch der
Petrographie. Ezt kovette a bazaltok mikroszképos vizsga-
latarol késziilt munka (ZIRKEL 1870), majd Microscopical

SzAaBO Jozsef, a hazai
geoldgia, dsvanytan és kézettan egyik legmeghatiarozobb
alakjanak kivaldsagat tiikkrozi az is, ahogy rogton felismerte
az 1j mikroszkdpos eljards hatékonysagat és mindent meg-
tett azért, hogy ezt alkalmazhassa, s6t bevonja az oktatasba
(CsatH 2023). Tudomast szerzett SORBY eljarasardl, misze-
rint k6zeteket, kristdlyokat vékonyra csiszolva el lehet érni,
hogy az athatol6 fénysugarral 4j részleteket lehessen felis-
merni. Hazankban akkor HANTKEN Miksa mar hasznélta a
mikroszképos elemzést foraminiferak felismeréséhez, azon-
ban a k&zetek vizsgalatdhoz egy kiilonleges, polarizacios
mikroszkopra volt sziikség. SZABO mar tudott ZIRKEL ered-
ményeirdl is, aki Bécsben végzett kutatasokat, és Heinrich
FISCHER professzorhoz fordult, hogy kozelebbrdl megismer-
je a forradalmian uj eljarast. T6le kapott részletes leirdst a
mikroszkép mellett a vékonycsiszolatok elkészitésérdl is.
Beszerezte ZIRKEL és ROSENBUSCH petrografiai konyveit,
kapcsolatot alakitott ki FUESs-szel, és a pénziigyi nehézsé-
gek ellenére is igyekezett mikroszképot vasarolni. 1880-ban
a mikroszkop foldtani alkalmazasardl tartott el6adast a Ter-
mészettudomanyi Tarsulatban, 1883-ban irt konyvének ci-
mében mar szerepel a petrografia név (SzaBo 1883), majd
1891-ben egyértelmien leszogezi elkotelezettségét az dj tu-
domadny felé: ,,A petrogréfiai sistematikdnak eszkoze a mik-
roskop s az eredmény lényegében a mikroskopi petrografia.”
(3A dabra; SzaBO 1891). A Selmec kornyéki foldtani felépi-
tést leir6 munkdjaban eképpen irt: ,,Minden vidéken, me-
lyen geoldgiai kutatast szandékozunk tenni, els, hogy az
eltérének latszé kbzetekbdl gydjtiink, azokat petrografiai
meghatdrozds utdn megnevezzik, s igy tudomadst nyeriink
arrdl, hogy ott e tekintetben mi van”. Leszdgezte azonban
azt is, hogy a petrografia egy eszkoz a foldtani folyamatok
részletesebb megismerése felé: ,,ment6] inkdbb bemélye-
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2. abra. Rudolf FUESs elsé kézettani polarizacios mikroszkdpja (A) és ROSENBUSCH 1875-0s konyvének egyik mikroszko-
pos petrografiai képeket tartalmazo illusztracios tablaja (B)

Figure 2. A) The first petrographic polarizing microscope produced by Rudolf FUESS. B) One of the illustration tables of
microscopic petrographic pictures of various igneous rocks from the 1875 book of ROSENBUSCH

ramutatott arra, hogy a mag-
ma nem egy homogén izz6,
folyékony anyag, hanem kris-
talyokat is tartalmaz az olva-
dékban. Ha pedig magmak
keverednek egymdssal, ak-
kor a kristalytartalmuk is ke-
veredik. J6 egy évszazaddal
késébb egyértelmivé valt,
hogy e kristalykeveredés jo-
val gyakoribb, mint a mag-
mék zart rendszerd kristaly-
frakcionécids fejlédése. A ha-
zai petrografia, a magmas ko-
zetek elemzésének masik
meghatdrozé tudésa MAU-
RITZ Béla volt, aki mikrosz-
képos megfigyeléseit részle-
tes rajzos abrdkban mutatta
be (3B dbra), és szinte min-
den vulkdni teriiletiink kép-
z6dményeir6l maig hasznal-
hat6 és részletes petrografiai
jellemzést adott. Feldolgozta
a Matra vulkdni kézeteit
(MAuRrITZ 1909), ismertette a
térség miocén—kvarter ba-
zaltjainak 4svdnyos Osszeté-
telét, szoveti bélyegeit (MAU-
RITZ & HARWOOD 1937, MAU-
RITZ 1948), és meghatarozé
k&zettani lefrast adott a me-

diink a részletekbe, anndl vildgosabb lesz el6ttiink, hogy a  cseki als6 kréta vulkani k6zetekrdl is (MAURITZ 1913). Fontos
petrogréfiailag meghatdrozott k6zetr6l nem csak azt tudjuk, — hangsilyozni, hogy MAURITZ felfogdsa mennyire megel6zte
hogy mi, hanem azt is, hogy miként van ott, mi médon és  korat. A petrogréfiai leirdsok mellett tanulményaiban szerepel-
micsoda relativ id6ben foglalta el a helyét”. SzaBO kdzettani  tek geokémiai elemzé€si adatok is, azaz els6k kozott integrélta
kutatdsainak egyik nagy eredménye volt a trachytcsoport — akdzettani és geokémiai megfigyeléseket és eredményeket.

osztalyozdsa, ami mellett ittor6 médon ismert fel magmake-
veredési folyamatokat (SzaBO 1894). S6t, mar akkor helyesen
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3. abra. A. Vulkani k6zet vékonycsiszolatanak mikroszkopos képe SzaBO Jozsef konyvében, amelyben olivint, piroxént,
foldpatot, magnetitet és leucitot ismer fel (SzaBO 1883). B. MAURITZ Béla egyik mikroszkopos metszete, ami iddingzites
olivinkristalyt mutat a Sdg-hegy bazaltjaban (MAURITZ & HARWOOD 1937)

Figure 3. A. Drawing of the microscopic picture of a volcanic rock in the book of S74B0 (1883). It contains olivine, pyroxene, feld-
spar, magnetite and leucite. B. Microscopic picture of an iddingsitized olivine in the basalt of Sag Hill (MaUrITZ & HARWOOD 1937)

Bepillantas a

foldkopenybe
A felszinen 1év6 mag-
mads kézetek elemzése egyre
jobb betekintést adott tulaj-
donsagukrdl, kialakuldsuk
koriilményeirdl, a foldkéreg
fejlodésében betoltott szere-
piikr6l. A mélyebb foldko-
peny vildga id6ben egy ki-
csitelmaradva tarult fel a tu-
désok elétt. Az optikai mik-
roszképos szoveti elemzé-
sek az 1970-es években ve-
zettek el a foldkopeny felsé
részének jobb kézettani meg-
ismeréséhez. A litoszféra al-
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80 részét képviseld foldkopenybdl a bazaltos magmak sodor-
hatnak magukkal kisebb-nagyobb k&zetdarabokat, és gyors
magmafelaramlds esetén ezek eredeti kézettani és geoké-
miai tulajdonsagukat megtartva felszinre juthatnak, egyedi
lehet6séget nydjtva a foldkopeny felsd részének kozvetlen
elemzésére. Ezeket a xenolitokat, azaz a mélyben felkapott
k&zetdarabok bazaltokban 1év6 zarvanyait kordbban egy-
szerdien ,,olivinbombaknak™ nevezték. Az uralkodé olivin-
kristalyok mellett azonban tobb-kevesebb rombos (orto-) és
monoklin (klino-) piroxént is tartalmaznak piciny spinell
kristalyok mellett, kézettanilag peridotitok. Ezek nagy része
lherzolit, azaz az olivin €s ortopiroxén mellett jelentékeny
(>5 tf%) mennyiség klinopiroxént is tartalmaznak, de van-
nak klinopiroxén-szegény harzburgitok is, ritkdn szinte tisz-
tan olivinkristalyokbdl 4116 dunitek, illetve ortopiroxénben
szegény, az olivin mellett f6leg klinopiroxént tartalmazé
wehrlitek. A mikroszképos elemzések a kisérleti kbzettani
eredményekkel egyiitt vildigosan bizonyitottak, hogy ezek a

kozetek alkotjdk a foldkopeny felsé részét (KutoLin 1970,
NicoLAs et al. 1972, MERCIER & NICOLAS 1975).

MERCIER & NicoLAs (1975) nyugat-eurdpai és hawaii
peridotitok részletes mikroszkopos elemzése és az eredmé-
nyek statisztikai feldolgozasa alapjan ramutatott arra, hogy
a foldkopeny felsd része a viszonylag egyszerli dsvanytani
Osszetétel ellenére sem homogén. A kristdlyok megjelenése,
alakja, nagysdga, egymashoz val6 kapcsolédasa a foldko-
penyben zajlé fizikai folyamatokra utal, a kézetek szovete
szilard fazisban zajl6 atalakuldssal reagdl. Az eredeti, a Fold
kezdeti fejlédése soran kialakult magmas litolégia a foldko-
penyben tehat szamos dtalakuldson megy keresztiil, k6zet-
tanilag és kémiailag is torekedve az egyensulyi allapot kia-
lakitdsara. EbbSl a szempontbdl tehat a bazaltokban 1év6
peridotit xenolitok mar inkabb metamorf kézeteknek vehe-
t6k, jollehet csoportositadsuk az tigynevezett magmas ultra-
mafikus k&zetcsoportban torténik (LE BAS & STRECKEISEN
1991). MERCIER & NicoLAS (1975) a peridotitok harom 6
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4. abra. A foldkopeny k6zetének, a peridotitnak f6 szoveti tipusai keresztezett nikolos mikroszkopos felvételeken: (A) a legdsibb protogranularis (Pr); és az 0j koril-
ményekhez alkalmazkodo (B) porfiroklasztos (Po) és (C) ekvigranularis (Eq) szovet és (D) ezek kapcsolata MERCIER & NICOLAS (1975) értelmezésében. A peri-
dotitzarvanyok Libiabol szarmaznak

Figure 4. The main textural types of peridotite, the principal lithology of the upper mantle in cross-polarizing microscopic pictures: A. protogranular (Pr) ancient type; B.
porphyroclastic (Po) and C. equigranular (Eq) types equilibrated with the new conditions and D. their relationships as interpreted by MERCIER & NicoLas (1975). The
peridotite xenoliths were collected in Lybia



Foldtani Kozlony 154/3 (2024)

353

szoveti tipusat kiilonitette el a leg6sibbtdl az dtkristalyoso-
dassal egyensulyi dllapotot mutaté szerkezetig (4. dbra): (a)
protogranuldris, amelyben szabalytalan hatdrvonal mentén
érintkeznek a kiillonboz6 méretd kristalyok; (b) porfiro-
klasztos, ahol nagy méretd olivin és vagy/ortopiroxén kris-
talyok (porfiroklaszt) vannak jéval kisebb nagysagu kris-
talyhalmazban és (c) ekvigranuldris, ahol hasonlé méretti
szemcsék sok esetben 120 fokot bezaré harmasponttal és
egyenes szemcsehatdrral jellemzett érintkezésben vannak,
utalva afizikai és kémiai egyensulyi dllapotra. Ezek a szove-
ti csoportok atmeneti tipusokkal kapcsolédnak egymashoz,
nem ritkdk példdul a porfiroklasztos ekvigranuldris szovetti
peridotitok. A protogranuldris szovet képviseli a magmas
peridotit litologidt, mig a (b) és (c) dllapot mar fokozatos
metamorf 4talakuldst jelent (MERCIER & NICOLAS 1975). A
peridotitok jellemzése tehdt egyrészt dsvanytani és szoveti
leirast jelent, amihez nélkiilozhetetlen a mikroszképos elem-
z¢€s, masrészt geokémiai, ami tovabbi bepillantast ad a fold-
kopenyben zajl6 folyamatokrol.

A lherzolit klinopiroxén-tartalmanak csokkenése a ba-
zaltos olvadékképzddéssel és magmaeltavozassal magya-
rdzhatd, azaz a harzburgitok tilnyomé része olvadékképzé-
désen atesett, visszamaradt kézetanyagként értelmezhetd.
A dunitek tobbnyire reakciéfolyamat sordan alakulnak ki,
mig a wehrlitek bazaltos magma szerepére utalnak. A bazal-
tokban 1év6 peridotit zarvanyok uralkoddéan spinelltartal-
muak, azaz 40-80 kilométer mélységkozbdl szarmaznak.
Ahol mélyebb a litoszféra als6 hatéra, ott el6fordulnak gra-
nattartalmu peridotitok is, a spinell ugyanis nagyjabol 80 ki-
lométer mélység alatti nyomdason mar nem stabil, és helyette
grandt jelenik meg. A kismértékd olvadassal, nagyobb
mélységben kialakulé bazaltmagmak kémiai Osszetétele
utal arra, hogy granat jelenlétében jottek 1étre, azaz 80 kilo-
méternél mélyebben, altaldban az asztenoszféraban, mig
k&zetdarabokat a merev litoszféra foldkopeny teriiletrdl tud-
nak felhozni, ahol spinell-peridotitok vannak. Ez azt jelenti,

sz

hogy a bazaltokban 1év6 peridotit kézetzarvanyok nem a ba-
zaltmagmak forrasteriiletét képviselik, hanem a felette 1év6
litoszférakopeny-zénarél adnak informéciét. Granat-peri-
dotit k6zetzarvanyok elsésorban olyan teriileteken vannak,
ahol a bazaltos magma vastag litoszférat tort at. A peridotit
xenolitok olykor amfibolt és flogopitot is tartalmazhatnak,
amelyek vizes fluidumok és a peridotit kdlcsonhatdsa soran
tortént reakcidval, azaz metaszomatdzissal alakulnak ki. A
fluidum lehet oldat és olvadék is, nagy résziik egykori szub-
dukci6hoz kothetd, kisebb résziik pedig az asztenoszférabol
szarmaz6 kis térfogati olvadékokat képvisel. A merev, sta-
bil litoszféra-foldkopenybdl szarmazé peridotitzarvanyok
tehat e modosité folyamatokrdl is tdjékoztatdst adnak

A Karpat—Pannon térségben 1év6 miocén—kvarter alkali
bazalt vulkdni mezdket 1étrehozé magmék nem kevés peri-
dotit-kézetzarvanyt hoztak a felszinre, amelyek betekintést
adnak a tertilet alatti legfels6 foldkopeny jellegérol és az ott
zajlott folyamatokrdl. EMBEY-ISZTIN Antal uttord vizsgala-
tait (EMBEY-ISZTIN 1976, EMBEY-ISZTIN et al. 1989, DOWNES
etal. 1992) kovetden SZABO Csaba kezdeti vizsgélatai feltar-
tak, hogy térségiinkben ennél idésebb magmas kézetekben,
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a késd kréta lamprofirokban is nem kevés peridotit-k&zet-
zarvany van (SzABO 1985, SzaBO et al. 1993, Guzmics et al.
2008, NEDLI et al. 2010). A késGbbiekben Csaba és tanitva-
nyainak kutatési fokusza a miocén—kvarter alkdli bazaltok-
ban 1év6 kbzetzarvanyokra, elsésorban a foldkopeny erede-
tl k6zetekre irdnyult, ami szdmos kivalé publikaciét ered-
ményezett, nemzetkozi szinten is ismertté téve a térség fold-
kopenykutatasat (SZaBO & TAYLOR 1994; SzABO et al. 1995,
2004; FaLus et al. 2000, 2008; BaL1 et al. 2002, 2007, 2008;
Z.AIACZ & SzAaBO 2003; HipAS et al. 2007, 2010; ZAJacz et al.
2007, BERKESI et al. 2012; KovAcs et al. 2012; ARADI et al.
2017, 2020; Liptal et al. 2017; PATKO et al. 2019, 2020, 2021,
2022, 2024). A kozettani elemzésekben nagy szerepet kap-
tak a szoveti jellemzések, a kristdlyorientacids vizsgélatok,
amelyek a foldkopeny legfelsé részében zajlé deformacids
folyamatokba és reoldgiai viszonyokba adtak dj betekintést.
A petrografiai elemzések geokémiai vizsgdlatokkal kombi-

)

ndlva szdmszertsitették az uralkodé hémérséklet, nyomas-
és redoxviszonyokat, ezzel feltérképezve az alattunk 1€v6
fels6 foldkopeny allapotét (5. dbra). A kovetkeztetések ki-
tértek a litoszféra dinamikus valtozdsara is. KOVAcs et al.
(2012), illetve PATKO et al. (2024) a Pannon-medence koz-
ponti részén, a foldkéreg alatt elkiilonitettek egy si lito-
szféra foldkopenyanyagot és alatta egy frissebb, a Pannon-
medence alatti kézetburok-extenziot kovetd hiilés sordn az
asztenoszféra fels6é részébdl szarmazo litoszféra foldko-
penyegységet. A peridotit xenolitokban 1évé amfibol és flo-
gopit véltozatos metaszomatikus 4talakité folyamatokat
rogzit, amirdl tovabbi részleteket arul el a peridotit 4svany-
fazisaiban megmutatkoz6 nyomelem osszetételbeli valtozé-
konysag.

A foldkopenyt alkoté peridotit kézetek megismerése
Arthur HOLMES korai, mérfoldkovet jelenté megallapitasa-
t6l (HoLMES 1931) a leird, elemz6 kézettani vizsgalatokon
keresztill jutott el a kvantitativ k6zettani rekonstrukcidkhoz,
ahol a petrogréfia és geokémia egyiittes eredményei szam-
szer(sitik a foldkopeny fizikai és kémiai tulajdonsagait, az
uralkodo éllapotjelzSket (hémérséklet, nyomds, redoxviszo-
nyok). Ezek nélkiilozhetetlenek a foldi és planetaris kvanti-
tativ modellek kialakitdsdban és futtatdsdban. SzZABO Csaba
és a Litoszféra Kutatécsoport (késébb Litoszféra Fluidum
Kutatdlaboratérium) munkatarsainak tobb évtizedes kuta-
tasai és ezek eredményei felhelyezték térségiinket a foldko-

penyrdl kialakitott tudas térképére.

Kvantitativ petrolégia és
kozettani vulkanologia

A vulkéni kézetek kutatdsa €s a vulkanoldgia sokdig kii-
1on utakat jart, az utébbi esetében nagyobb szerepet kapott a
vulkani képz6dmények rétegtani jellemzése €s kiillonbozé
tipusd vulkankitorésekhez valé kotése (fizikai vulkanolé-
gia). A kozettani kutatasok el6szor a geokémiai elemzések-
kel kapcsolddtak 6ssze. Az 1960-70-es években a holdkuta-

tas megerdsitette a tudomanyos hdtteret, 4j miszerek keriil-
tek kifejlesztésre és a tudomanyba valé bevondsra, ezek 4j
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5. abra. Harom évtizedes ut a foldkopeny eredeti peridotitok kvantitativ értelmezése felé: (A) A Karpat-Pannon térség bazaltjaiban el6fordulo, kiilonbozo szoveti
peridotit xenolitokban 1évé asvanyfazisok (olivin és spinell) kémiai Osszetételébol szamolt oxigén-fugacitas értékek SzABO et al. (1995) munkajabol és (B) sabari
(Balaton-felvidék) peridotitzarvanyokban 1évé piroxének kémiai Osszetételébol szamolt homérséklet-értékeknek a térség alatti geotermara illesztése PATKO et al.
(2024) tanulméanyaban

Figure 5. The progress towards the quantitative interpretation of mantle-derived peridotites over three decades: (A) Oxygen fugacity values were calculated from chemical
composition of coexistent olivine and spinel phases found in different textural types of peridotite in the Carpathian-Pannonian Region presented by Sz4Bo et al. (1995). (B)
Temperature values calculated from chemical composition of pyroxene phases of the peridotite from Sabar, Balaton Highland inserted on the geotherm beneath this area
from the publication of PATKO et al. (2024)

elemek (pl. vas, kalcium) anndl vildgosabb sziirke szin jele-
nik meg, a sotétebb sziirke szinek pedig a nagyobb koncent-

perspektivakat nydjtottak. Ilyen volt a pdsztdzé elektron-
mikroszkép megjelenése, amelynek képalkotasi lehetSsége

sz€lesitette az optikai mikroszkép altal nyert ismereteket. A
scanning és a visszaszort elektronképek, valamint a katéd-
lumineszcens felvételek Uj informacidkat adtak, amiben a
kémiai Osszetételvdltozds is tiikrozédott. A visszaszort
elektronképek sziirke drnyalatai az dsvanyfazisok kémiai
Osszetételére érzékeny mintdzatot nydjtanak (6. dbra). Mi-
nél nagyobb mennyiségben vannak jelen a nagy rendszamu

raciéji magnézium-, illetve natriumtartalomra utalnak. A
sziirke szin drnyalatainak valtozdsai nagyobb felbontdssal
mutattak be azt, hogy egyes kristdlyok komplex kémiai 6sz-
szetételliek, azaz kémiailag zoéndsak. A kémiai Osszetétel
valtozasaért a kristalyosodds koriilményei feleldsek. A k6-
zettanhoz kapcsolddott a kémiai dsszetételekkel foglalkoz6
geokémia, és elvdlaszthatatlan része lett az értelmezések-

S

6. abra. A székelyfoldi Csomad dacitjaban 1évé amfibol optikai polarizacios mikroszkdpos (A) és pasztazo elektronmikroszkoppal késziilt visszaszort elektron-

képe (B) Kiss et al. (2014) nyoman

Figure 6. (A) Optical polarizing microscopic picture and (B) back-scattered electron image produced by scanning electron microscope of an amphibole crystal in the dacitic

volcanic rock of Ciomadul (SE Carpathians) after Kiss et al. (2014)
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nek a termodinamika is, ami magyardzatot ad az dsvanyfa-
zisok stabilitdsdra és 0sszetétel-valtozdsara is. Egy olvadék-
bol kristdlyosodd dsvanyfazis Osszetétele fiigg a vele egyen-
stulyban 1év6 olvadék kemizmusatol, beleértve az oldott 116
(viz) tartalmat is, fiigg a keletkezés soran fenndll6 hmér-
séklett6l, nyomastol és sok esetben a redox (oxidativ, illetve
reduktiv) kornyezettdl is. Ha ezek koziil barmelyik is val-
tozik, az tikkr6z8dik a kristaly osszetételében, azaz akdr egy
kristaly novekedése sordn a valtozé koriilmények kiilonboz6
Osszetétell novekedési zonat eredményeznek. A forradalmi
véltozas e kapcsolatrendszer pontosabb megértése volt,
amikor matematikai egyenletekkel lehetett kifejezni ezeket
az Osszefliggéseket (PUTIRKA 2008). Ehhez a kézettan, a
kémiai Osszetétel meghatarozdsanak tokéletesitése, a kbzet-
tani kisérletek eredményeinek és a termodinamika torvény-
szerliségeinek bevondsa volt sziikséges.

A kémiai 0sszetétel kristdlyon beliili pontszerti megha-
tarozasat az elektronmikroszképok, avagy mikroszonddk
detektorainak fejlesztése tette lehetové. A hullimhosszdisz-
perziv detektorok mar nagy pontossiggal voltak képesek
meghatdrozni szdmos kémiai elem mennyiségét, amivel
akar mikronnyi felbontdssal lehet kovetni az osszetétel val-
tozdsat. Az optikai mikroszképok szoveti jellemzése kiegé-
sziilt a visszaszoért elektronképek nagyobb felbontdsu kris-
talyméretti elemzéseivel, amihez szorosan kapcsolddtak a
pontos kémiai Osszetételadatok. Az értékelések felbontdsa
is nétt, a kulcskérdések kozé felkeriilt a kristalyok belsé
szerkezetében megfigyelt tulajdonsagok értelmezése, a ké-
miai z6ndssadg magyardzata (7. dbra). A kristalyok innent6l
kezdve olyan szerepet toltottek be, mint a fak évgytrti: a
novekedési zonak tiikrozik a keletkezés koriilményeit annak
valtozasait, s6t a jelentés rombol6 hatdsokat is, amikor a
kristdly nem novekszik, hanem visszaolvad, visszaoldédik
(STRECK 2008). A kristalyskaldju elemzések Osszesitésével
a teljes kozet kialakuldsdra, magmas k&zet esetében a mag-
mads folyamatokra lehetett Gijszeri magyarazatot adni. A ki-
sérleti kézettani eredmények és azok termodinamikai mate-

7z

matikai egyenletekbe valé foglaldsa lehet&vé tette a krista-
lyosodas allapotjelzinek szamszerGsitését. E16szor a vas-
titdn oxidok, azaz az egyensulyban kristalyosodott Ti-mag-
netit és ilmenit 6sszetételeibdl adtdk meg a keletkezési ho-
mérsékletet és a redoxviszonyt leiré oxigénfugacitas értéket
(BUDDINGTON & LINDSLEY 1964), majd 6sszefliggést taldl-
tak az olivin és az egyensulyi olvadék kémiai 6sszetétele és
a képzbédési homérséklet kozott (HAKLI & WRIGHT 1967,
ROEDER & EMSLIE 1970). Nem sokkal késébb kvantifikaltak
a kiilonboz6 kristalyszerkezetben 1étrejovo egyensulyi fold-
patok (STORMER 1975), valamint piroxének Osszetétele
(WooD & BANNO 1973, WELLS 1977, BREY & KOHLER 1990),
tovdbba az egyiitt kristdlyosodott amfibol és plagiokldsz
osszetétele (BLUNDY & HoLLAND 1990, HOLLAND & BLUN-
DY 1994) és a keletkezési hdmérséklet kozotti kapcsolatot.
Ma mar szamos kristaly- és olvadékosszetétel geotermomé-
ter és geobarométer, oxibarométer 1étezik, fontos azonban
hangstlyozni, hogy ezek alkalmazdsa nagy koriiltekintést
igényel, figyelembe kell venni ezek kalibraldsanak koriil-
ményeit és a haszndlati korlatokat.

Az 4j kvantitativ petrolégia (PUTIRKA 2008, WIESER et
al. 2024) tovabbi tudomdanyos ajtdkat nyitott ki, j vilagba
engedett betekintést és eddig még fel nem tett kérdéseket
indukalt. Ma mar a gépi tanulds algoritmusaival igyekeznek
még hatékonyabba tenni a geotermo-barométerek és geoke-
mométerek eredményeit (PETRELLI et al. 2020, HIGGINS et al.
2022, JORGENSON et al. 2022, PETRELLI 2024, WEBER &
BLUNDY 2024), Az integralt k6zettani €s geokémiai vizsga-
lati eredmények ramutattak arra, hogy a magmads folyama-
tok nagy része nyilt rendszert (STRECK 2008), azaz mind
anyag-, mind energia-kolcsonhatds lejatszodik. Masként
mondva, nem csak hogy nem ritka, hanem éltaldnos, hogy
kiilonboz6 magmak keverednek egymassal, id6ben akar né-
het is a hémérséklet egy magmads rendszerben, amennyiben
friss, forr6 magma érkezik a magmatarozdba, a kiillonboz6
idében és kiilonboz6 olvadékokbdl kikristalyosodott as-
vanyfazisok keveredhetnek egymassal (CzuppON et al. 2012).
Mindezeket a nem egyensilyi szovetek, a kristalyok eltér6
szerkezete és zOndssagi mintdzata is tikrozi (pl. egymast
egyensulyi kornyezetben kizaré dsvanyfazisok is megje-
lenhetnek ugyanabban a kézetben, mint példaul olivin és
kvarc). Az 4j kérdések 1j vizsgdlati teriileteket nyitottak,
ezekhez Uj nevezéktan is tarsult. Ilyen volt példdul az ante-
kristdaly elnevezés megjelenése. 2001-ben, egy Penrose-
konferencin a riolitos magmas rendszerek dinamikdja, élet-
tartama volt a kiemelt téma. A szakmai vita soran felmeriilt,
hogy miképpen lehet elnevezni a méretiiket tekintve feno-
kristdlynak, azaz az alapanyagtél elkiiloniilé, azonban
egyéb tulajdonsagait tekintve a magmas rendszerben a kito-
r6 magmaval nem egyensulyi viszonyban 1év§, a geotermo-
metriai szamoldsok alapjan eltér6 hdmérsékleten kialakult,
kémiai Osszetételét tekintve a kitoré magmatol eltérd ossze-
tételd olvadékbdl 1étrejovo kristalyokat. Wes HILDRETH, a
USGS nagy tekintély(, tapasztalt vulkanolégusa, térképez6
geoldgusa javasolta azt, hogy ezeknek legyen antekristdly a
neviik, és a terminus azéta meghonosodott (CHARLIER et al.
2005, DAvIDSON et al. 2007). A kitér6 magmabdl 1étrejove
asvanyfazisokat autokristdlynak nevezhetjiik. Az antekris-
taly elnevezés haszndlata a cirkonalapu kutatasokba is beke-
riilt (CHARLIER et al. 2005, MILLER et al. 2007), ahol nem-
csak az Osszetétel és kristdly megjelenése, hanem a képzd-
dési id6 is alatamasztotta azt, hogy ezek a kristalyok a vul-
kani miikodéshez képest joval, akdr tobb tizezer-szazezer
évvel kordbban jottek 1étre. Azonban ugyanahhoz a magmas
rendszerhez tartoznak, azaz ilyen értelemben kogenetiku-
sak a magmaban 1év6 dsvanyfazisokkal.

Az antekristdly eredet értelmezéséhez integrélt petro-
grafiai és dsvanykémiai elemzések sziikségesek, amik azt is
kiderithetik, hogy akar egyetlen kristdlyon beliil is lehetnek
antekristdly és autokristaly novekedési teriiletek (8. dbra). A
vizsgdlatok emiatt dj eljardsokat, 4j szemléletet kivantak.
Abbol kiindulva, hogy a kristaly fejlédése a kristdlymagtdl a
kristdlyperemig tart, a rétegtanban ismert médszerrel, egy-
fajta kristdlysztratigrdfiai szemlélettel kovethetd, hogy a
kristdlymagtdl a peremig tarté Osszetételbeli zondssag és
szerkezeti elemek id6ben hogyan kovetkeznek, és milyen
magmads folyamatot jelezhetnek (7. és 8. dbra; DAVIDSON et
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7. abra. Vulkani kdzetekben 1év6 asvanyfazisok belso felépitése mikroszonda visszaszort elektronképen. A sziirke kiilonbozé szinarnyalatai a kémiai Osszetételt
tiikrozik: a sotétebb sziirke szin magnéziumban gazdagabb zonat jelol, azaz primitivebb magmabol kristalyosodott teriiletet, a vilagos sziirke szin pedig nagyobb
rendszamu elemekben, példaul vasban valo gazdagsagot jelez, ezek a kristalyzonak fejlettebb magmabol valtak ki. A kristalyok belsé zonassaga, mint a fak évgyurti
jelzik a kristaly kialakulasa soran valtozo kornyezetet. (A) Normal zonas olivin folyamatos zonahatarral (Fekete-hegy, Balaton-felvidék); (B) Reverz, 1épcsés zonas
monoklin piroxén a bondoréi bazaltban (Balaton-felvidék). (C-D) A bari leucititben 1évé monoklin piroxének komplex belso felépitése: (C) Oszcillacios zonas
monoklin piroxén. (D) Monoklin piroxén foltos kristalymaggal és normal zonas tovabbnovekedéssel

Figure 7. Inner structure of various mineral phases in volcanic rocks based on back-scattered electron images. The distinct greyscales reflect the chemical composition: dark
grey zones are richer in Magnesium, therefore crystallized from primitive magmas, whereas light grey areas contain elements with larger atomic number, such as iron and
this suggests formation from evolved magma. The inner zonation of phenocrysts indicates the changing condition during crystal growth, similarly as tree rings. (A) Normal
zonation with continuous boundary in olivine crystal from Fekete Hill (Balaton Highland). (B) Reverse step zoning in clinopyroxene macrocryts in the basalt from Bondoro
(Balaton Highland). (C)-D) complex zoning patterns in clinopyroxene macrocrysts of the leucitite at Bdr (South Hungary): (C) Oscillatory zoning. (D) Patchy crystal core

Jollowed by normal zoned overgrowth

al. 2007; STRECK 2008). Amennyiben a kristdlymagtol a pe-
remig a kémiai Osszetételvaltozds a homérséklet-csokke-
néssel Osszekapcsolhat6 kristdlyosoddsnak felel meg (pl.
magnézium csokkenése olivinben, kalcium csokkenése pla-
giokldszban), akkor az normadl zondssdagként irhaté le (7A
dbra). Ha ezzel ellentétes a kristalyon beliili 6sszetételvalto-
74s, akkor reverz zondssdgot mondunk (7B dbra). A kémiai
Osszetétel véltozasa lehet viszonylag éles, de lehet folyama-
tos is. Az el6bbi esetnek lépcsds zondssdg a neve. Van, ami-
kor ritmikusan, visszatéréen valtoznak az eltéré6 kémiai
osszetételbeli zondk (ez kiilondsen gyakori a plagiokldszok
esetében), ennek oszcilldcios zondssdg a neve (7C dbra).

Természetesen fontos a kristdly alakja, a sajatalaku, éles
kristalylapokkal rendelkez6 dsvanyfazisok egyensulyi kris-
talyosodast jeleznek a kornyezd olvadékkal, amit adott eset-
ben az alapanyag kozetiivege képviselhet. Ez azonban csak
a kiilsére, azaz az utolsé iddszakra vonatkozik. Szamos al-
kalommal tapasztalhat6 az, hogy a kristaly sajatalakd, azon-
ban belsejében lekerekitett vagy szabdlytalan alakd, eltér6
Osszetételli zonét tartalmaz (7B dbra). Ez azt jelenti, hogy a
kristdlynovekedés kezdetben mas magmaban, mas allapot-
jelzdk kozott tortént, majd a kristdly 4j kornyezetbe kertilt,
és a legutols6 zéna mar a vulkankitorés el6tti allapotot tiik-
rozi. A kristalyok e komplex belsé felépitése a magmafejls-
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dés nyilt rendszerd, egymast kovetd, kiilonbozé eseménye-
ket tiikr6z6 sorrendjét mutatja (7. és 8. dbra). llyen esetben,
de a kristalyok kiils6 peremén is taldlkozhatunk visszaolva-
dasi felszinnel, ami lehet kerekded, de szabélytalan lefutasi
is. Ezek azt jelzik, hogy az adott dsszetételd kristaly termo-
dinamikai stabilitdsa megsztint, mert valamelyik kiils6 kor-
nyezeti valtozéban jelentSs valtozas tortént (pl. a kristaly je-
lent&sen eltérd Osszetételi magmaba keriilt, vagy nagymér-
tékli homérséklet-emelkedés tortént). Ezért a kristaly elkezd
visszaolvadni vagy reakcidba 1épni a kornyezé olvadékkal
mindaddig, amig a kornyezet lehet6vé teszi a tovabbi kris-
talynovekedést. Ez azonban mdr az eltérd viszonyok kovet-
keztében ugyanazon dsvany kristalyan kiilonb6z6é kémiai
Osszetétell novekedési zona kialakuldsat okozza. A vissza-
olvadas sordn kialakulhat szivacsos vagy szivacsos-sejtes
kristalyszerkezet (8. dbra), ami mind optikai mikroszkép-
pal, mind visszaszort elektronképen jol felismerhetd. A pet-
rogréfiai vizsgélatok ezzel Ujfajta aspektust kapnak. Most
mar nemcsak a kézetben 1év6 asvanyfazisok felismerése és
azok relativ mennyiségének megdallapitasa fontos, hanem a
kristalysztratigrafiai elemzésekkel (z6ndssdgi és kristaly-
szoveti jellemzk leirdsa) a magmafejlédési torténet felta-
rdsa is, azaz egyfajta k6zettani detektivmunka.

A mar emlitett, 2001-es Penrose-konferencidn szintén
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HILDRETH fogalmazta meg, hogy a magmatarozdkat alapve-
téen kristalygazdag magma alkotja, amit a kordbban mar
hasznalt terminussal (MarsH 1981, 1988, 1996) crystal
mush-nak, azaz kristadlykdasanak nevezett (9. dbra; HiLD-
RETH 2004; HILDRETH & WILSON 2007). A kristalykdsa-alla-
potban a magma tobb mint 50%-ban szilard komponenst,
azaz kristalyokat tartalmaz, és ez azt jelenti, hogy oly
mértékben nagy a viszkozitdsa, hogy fizikailag nem képes a
foldkéregben mozogni, azaz nem képes vulkankitorést tap-
lalni. Ahogy azonban véltozik ez az ardny, és az olvadék-
frakcid kertil tdlsilyba, akkor a viszkozitds nagymértékben
csokken, akarcsak a magma stirtisége, és ezzel kitorésre ké-
pes magmatomeg alakul ki. A 21. szdzad eleje tehat jelentds
paradigmavaltdst hozott: a korabbi, olvadékkal kitoltott mag-
makamra modelljét felvéltotta a kristdlykdsa alkotta mag-
matdrozé modellje (BACHMANN & BERGANTZ 2004, HILD-
RETH 2004, BACHMANN & HUBER 2016, CASHMAN et al.
2017, SPARKS & CASHMAN 2017, SPARKS et al. 2019) és a
kapcsolédé kuleskérdés: mi okozza a vulkankitoréseket, ho-
gyan vélik egy magma fizikailag kitorésre alkalmassa (Hu-
BER et al. 2011, PARMIGIANI et al. 2014). A cirkon kormeg-
hatdrozasi vizsgalatok azt is kimutattdk, hogy a kristalykasa
magmatarozok hosszi id6n keresztiil (tobb tizezer-szazezer
éven keresztiil) képesek fennallni még akkor is, ha a téizha-

— -
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8. abra. (A) Két nagyon eltéré megjelenésii plagioklasz makrokristaly egymas mellett a csomadi dacitban: a felso kristaly oszcillacios zonassagot mutat, ami a mag-
matarozoban kisebb homérséklet-fluktuaciot és a magma viztartalmanak kismértéki valtozasat jelzi, az also kristaly magjanak erés szivacsos szerkezete azt mu-
tatja, hogy olyan kornyezetbe keriilt (valoszintileg egy magas homérséklet, mafikusabb olvadékba), ahol részlegesen visszaolvadt, majd a vulkankitorés elott no-
vekedett tovabb. Ezek a kristalyok ugyanannak a magmatarozonak eltérd részén, eltéré idében alakultak ki, mindkett6 antekristaly, és csak a legkiils6 vékony szegély
kristalyosodott a kitoré magma olvadékabol, azaz autokristaly eredetti. (B) A petrografiatol a kvantitativ petrologidig és petrogenetikai értelmezésig. A csomadi
dacitban 1év0 plagioklasz belso része homogén, Na-ban gazdagabb Osszetételii, ami az amfibol aluminiumban szegény kristalymagjaval egyiitt 725 °C hdmérsékle-
ten keletkezett egy fejlett magmaban. A magmatarozoba magas hdmérsékletii, kevéssé differencialt magma érkezett, amiben a plagioklasz és amfibol sem volt stabil,
ezért mindkét asvanyfazis részlegesen visszaolvadt, és szivacsos szerkezetiivé valt. Nem sokkal késébb, mar a vulkankitorés el6tt az 1j olvadékosszetételnek és ho-
mérsékletnek megfeleld vékony kristalyperem nétt a plagioklaszra és amfibolra is. A geotermometriai szamolasok szerint a magmatarozdban tobb mint 200 °C-kal
emelkedett a hdmérséklet, a kristalyperemek 950-975 °C-on alakultak ki. A vulkankitorés oka a friss magmaval valo feltdltodés volt, ez reaktivalta (részben felol-
vasztotta) az alacsony hémérsékletu kristalykasat, és vezetett nagyon révid id6 alatt vulkankitoréshez

Figure 8. (4) Plagioclase macrocrysts close to one another with very different inner structure in a dacitic volcanic rock of Ciomadul: the upper crystal shows oscillatory
zoning, reflecting the subtle fluctuations in temperature and melt water content. The other crystal has a strongly spongy inner structure suggesting resorption in a more
mafic magma at higher temperature followed by overgrowth just prior to the eruption. These crystals were formed at different parts and presumably at different times in the
same magma reservoir. Both are antecrysts and only the outermost thin margin can be regarded as autocrysts, i.e., crystallized from the erupted magma. (B) From petro-
graphy to the quantitative petrology and petrogenetic interpretation. The interior of the plagioclase macrocryt in the Ciomadul dacite is homogeneous and clean. It has Na-
rich composition and crystallized coexisting with the crystal core of the Al-poor amphibole macrocryst from an evolved magma at 725 °C temperature. During a recharge
event, hot mafic magma intruded into the felsic magma reservoir and this resulted in thorough resorption. Both mineral phases became out of their stability field and there-
Jore partially melted causing spongy texture. Just before the eruption, the condition stabilized and new crystal zones were formed, but with different chemical composition.
Using geothermometric calculations, this crystal growth took place at 950-975 °C, i.e., at about 200 °C higher temperature. We can conclude that this magma recharge
initiated the reactivation of the low-temperature viscous crystal mush body and rapidly led to volcanic eruption



358 HARANGI Sz.: A magmds petrogrdfia megsziiletésétdl a kvantitativ kdzettani kutatdsokig — tisztelgés SzABO Csaba munkdssdga eldtt

kitorésre képes, olvadékban
o, gazdag magmalencse
kristalykasa eruptible, melt-dominated melt lense

crystal mush

megszilardult
magmatarozo

e ol perem
rovdsss diferonciat Sl magns
Y reservoir margin

mafic magma injections

9. abra. A vulkanok alatti magmatarozo 1j, kristalykasa modellje (HILDRETH & WILSON 2007, valamint COOPER 2017 &b-
rdja nyoman). A magmatarozé tobbszori magma felnyomulas soran kialakult kristalykdsa allapotban van, ami fizikailag
kitorésre nem képes magmatdmeget jelent. Peremi része a nagy hdmérsékleti gradiens miatt megszilardulhat, de a belseje
hosszu idén keresztiil tartalmazhat olvadékfazist. A magmatarozoba ismételten érkeznek kiilonbozo Gsszetételii és ho-
mérsékleti magmatomegek. Amennyiben a kristalykasa tarozoban olvadékfrakcioban gazdag magmatomeg tud elkiilo-
niilni, fizikailag kitorésre képes magma jon létre, ami vulkankitorésre vezethet

Figure 9. The new crystal mush concept of the subvolcanic magma reservoir (HILDRETH & WILSON 2007; after the figure by
CoopPer 2017). The magma reservoir consists of highly crystalline magma called crystal mush, which formed during repetitive
magma injection into the shallow crust. This crystal mush physically unable to erupt. The marginal parts are cooled and solidifi-
ed, but the interior can be kept in melt-bearing stage for prolonged period. During the lifetime of the crystal mush magma reser-
voir several magma injections occur. If the melt fraction between the crystal phases can be physically separated and accumulated
in the upper part of the magma reservoir, the melt-dominated body can segregate and this results in volcanic eruption

DoHMEN 2022), aminek a
lényege az, hogy kémiai z6-
nassdgot mutatd kristaly ese-
tében taldlni kell olyan ké-
miai elemet, aminek diffa-
zi6s sebessége magmas ho-
mérsékleten viszonylag nagy
(azaz a kémiai kiilonbség
kivéltotta elemvandorlas sza-
mottevG). Ebben az esetben,
ha torténik egy olyan mag-
mads esemény, ami jelentds
Osszetételbeli valtozast okoz
a kristaly novekedése soran,
ez egy éles, visszaszort elekt-
ronképen s jol megfigyelhe-
t6 kémiai Osszetételbeli (sziir-
ke szin) valtasban lesz latha-
t6. Az éles hatdr azonban
magmas hémérsékleten id6-
vel elmosddik, az atmenet
folyamatossa valik, aminek
az oka egyes kémiai elemek
diffizéja. Ahogy a hdmér-
séklet hirtelen lecsokken, a
diffizié is ledll. A mikro-
szondamérésekkel ma mar

ny6 hosszi nyugalmi dllapotban van (COoPER 2019, LUKACS
etal.2021).

A magmatarozé paradigmavaltas létrehozta a kézettani
vulkanolégia tudomanyteriiletet, azaz a petrolégia és a vul-
kanolégia integracidjat. Ez szemléletvaltast is jelentett: a
vulkdni miikodés megértésének kulcsa most mar a magma-
tarozd, avagy a magmas folyamatok jellemzése lett (/0. db-
ra). S6t, arra a kérdésre is a kézettani vulkanolégia adhatja
meg a valaszt, hogy a kitorés robbandsos vagy effuziv (lava-
ontd) lesz-e (CassIDyY et al. 2018, Popa et al. 2021). Ezek
pedig mar olyan kérdések, amik a vulkani veszélyértékelés-
ben és veszélykezelésben, a vulkani kitorés elérejelzésében
is alapvetd fontossaguiak, és a tdrsadalom, az emberélet €s az
anyagi javak védelmében megkeriilhetetlen informacidkat
adnak. A k&zettani vulkanolégiai kutatasok pedig alapve-
toen ,,békeidében” végezhetSk, amikor az adott tlizhany6
esetében éppen nincs aktivitds, és ekkor allithaté fel a vul-
kan egyedi miikodési korlapja. Alapkutatas nélkiil itt sincs
eredmény, a békeidSben végzett kézettani vulkanoldgiai ku-
tatdsok eredményei sosem tudni mikor lesznek nagyon is ak-
tualisak, mikor 6vnak embereket. E kérdéskorben természe-
tesen felmeriil az id6 kérdése, mint példaul mennyi id6 alatt
reaktivalodhat egy kitorésre nem képes kristalykasat tartal-
maz6 magmatarozd, és alakulhat ki belSle kitorésre mar ké-
pes magmatomeg, illetve mi okozza ezt a folyamatot.

A magmads folyamatok, kiilondsen a vulkdni miikodés
el6tti allapotvéltozasok id6tartaméanak szamszerGsitésére is
ma mar megvan a lehet6ség. Ennek eszkoze a diffizids kro-
nometria (Costa et al. 2020, CosTA 2021, CHAKRABORTY &

nagy felbontéssal, egy vonal
(profil) mentén is kaphatunk pontos kémiaitsszetétel-ada-
tokat. Ennek lefutdsa pedig modellezhetd a kisérleti mun-
kak sordn meghatarozott diffiziés egyiitthaték alkalmaza-
sdval. A val6s kémiai koncentraciévaltozas (pl. a magné-
ziumkoncentraci6 valtozédsa olivinben és rombos piroxén-
ben, illetve plagiokldszban, a titdn valtozasa kvarcban), és a
diffuzios egytitthatdval kiilonbozd eltelt idSkre szerkesztett
gorbék osszeillesztése alapjan kiszdmolhatd, hogy mennyi
id6t toltott a kristdly a valtozast okozé folyamat (pl. egy
alacsony hémérsékletii kristalykdsa magmatarozéba magas
hémérsékletli magma benyomuldsa) és a vulkankitorés ko-
zO6tt a magmaban, tehat mennyi idé telt el a kitdrésre képes
magmatomeg 1étrehozésa és a vulkankitorés kozott. A nu-
merikus modellekkel (BURGISSER & BERGANTZ 2011) is
Osszhangban 1év6 eredmények meglepd, de nagyon is fon-
tos dj eredményt hoztak: nyugodt allapotb6l akar néhany
hénap alatt kialakulhat pusztité vulkankitorés (DRUITT et
al. 2012). A diffuziés kronometria az integralt petrografiai
és geokémiai vizsgélatokkal segiti a magmatarozéban zaj-
16 bonyolult magmakeveredési folyamatok feltardsat és an-
nak id6beli lefolyasat, ahogy arra Maren KAHL adott Gttor6
példat az Etna esetében (KAHL et al. 2011, 2015, 2017). A
kvantitativ k6zettannak egyre nagyobb a szerepe a vulkan-
kitorés eldrejelzésében és monitorozasaban (GANSECKI et
al. 2019, RE et al. 2021, HALLDORSSON et al. 2022, KAHL et
al. 2022, BAXTER et al. 2023, CARACCIOLO et al. 2023), ami
kiemeli e kutatdsok fontos tarsadalmi szerepét €s Uj pers-
pektivat ad a koézettani vulkanolégiai tudomédnyos mun-
kanak.
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10. abra. A székelyfoldi Csomad alatti magmatarozo rekonstrukcioja az integralt petrografia és geokémia, valamint kvantitativ kzettan eszkdzeinek segitségével
(CsEerep et al. 2023 nyoman). (A)-(D) a dacitban 1€vo kristalyfazisok a foldkérget atszel6 magmatarozo rendszer kiillonbozé részeibol szarmaznak. (A) Tobbfazisu
kristalycsomo a felzikus kristalykasa darabja; (B) Reverz zonas amfibolkristaly, belseje a kristalykasa része volt, pereme a kitorés el6tt keletkezett hibrid olvadékbol.
(C) komplex szerkezet amfibol, sotétebb magja a magmatarozo mélyebb részén alakult ki, és a mafikus magmaval szallitodott a sekély magmatarozoba. A vilago-
sabb szini amfibol a kristalykasa része volt, a magmafeltoltést jellemzé hohatas kovetkeztében rezorbealodott. (D) a mafikus kristalycsomo a magmatarozo mé-
lyebb részén 1évé mafikus magmabol keletkezett, és a feltolt6 magma szallitotta a sekély magmatarozoba kozvetleniil a kitorés elott

Figure 10. Reconstruction of the magma reservoir system beneath Ciomadul (SE Carpathians) using integrated petrography observations and geochemical data, and
quantitative petrology tools (after CSEREP et al. 2023). (A )«(D) Crystal phases in the dacite derived from different parts of the magma reservoir. (A) Multi phase crystal clot,
a fragment of the shallow felsic crystal mush. (B) Reverse zoned amphibole, the interior was part of the crystal mush, whereas the margin was formed just prior to the erup-
tion from a hybrid magma. (C) Complex zoned amphibole, the darker inner core crystallized from a mafic magma at greater depth and was transported to the shallow mag-
ma reservoir by the recharge magma. The light grey amphibole was part of the crystal mush and resorbed when hot recharge magma injected into the shallow magma reser-
voir. (D) Mafic crystal clot was formed in a mafic magma at the lower crust and was transported into the shallow magma reservoir by the recharge magma just before the
eruption
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Zaro6gondolatok

A polarizaciés mikroszkép hasznédlata ma is meghataro-
z6, még egy olyan vildgban is, amikor a miiszeres elemzések
ontjak a kiilonféle adatokat. Ezek a kémiaiosszetétel-adatok
azonban nem érthetdk, nem értelmezhetSk anélkiil, hogy
magunk is lassuk a kdzeteket alkotd f6 és jarulékos dsva-
nyok megjelenését, a teljes k6zet szovetét. A kristdlyszoveti
megfigyelések és a pontszerli kémiai mérések eredményei
egyiitt egy 4j megismerés felé viszik a tudomdnyt, ami mar
szamszer(siti, kvantifikdlja a lefrdsokat, ahogy SzABO J6-
zsef is felismerte és megjegyezte, mindezt azért, hogy mé-
lyebben megismerjiik azt is, hogy egy kozet alkotéi miért
vannak ott, hogyan és milyen koriilmények kozott keletkez-
tek. A kvantitativ petrolégia ezzel mar olyan valaszokat tud
adni, ami felhaszndlhat6 természeti veszélyhelyzetek el6re-
jelzésében és kezelésében, azaz tarsadalmilag fontos tu-
domdnyos megadllapitdsokat képes tenni. SZABO Csaba az
ELTE TTK Kézettan-Geokémiai Tanszék oktat6jaként nem-
csak a mikroszképos kézettani és petrografiai, majd geo-
kémiai alaptuddst adta dt a hazai és hataron tdli didkoknak,
hanem a motivacidt is a kutatds, a felfedezés felé. Szerepe
SzABO Jozsefet és MAURITZ Bélat kovetéen megkérddjelez-
hetetlen a magyar magmas kézettani iskola eredményessé-
gében. Magam sem tudom jobban zdrni Osszegzésemet,
mint hogy ez a cikk nem sziiletett volna meg, ha az 1980-as
évek elején nem keriilok Csaba kézetmikroszkopia gyakor-

lat csoportjaba, ha nem inspirdl a vele folytatott szimtalan
szakmai és személyes jellegli megbeszélés, valamint almo-
dozds a tudomany és az élet jobbitdsdnak reményében.

Koszonetnyilvanitas

A magmads k&zettan, a petrografia és a mikroszképos
k&zettan alapjait SzaBO Csabdtdl tanultam, a vele vald
szakmai beszélgetések és vitdk jelentdsen hozzdjarultak
szakmai gondolkoddsom alakuldsdhoz. A kozettani vul-
kanolégia médszereinek alkalmazasaban €s fejlesztésében
sokat jelentettek a kollégdimmal és didkjaimmal végzett
kozos kutatasok. Koziiliik is kiilonosen nagy koszonettel
tartozom az aldbbiaknak: Hilary DowNES, Olivier BACH-
MANN, Luca CARICcCHI, Theo NTAFLOS, Nino SEGHEDI, Wes
HILDRETH, Maurizio PETRELLI, Kiss Baldzs, JANKOVICS
Eva, LUKACS Réka, KLEBESZ Rita, SAGI Tamés, CSEREP
Barbara és SZEMEREDI Maté. Koszonom LUKAcS Rékanak,
hogy a kézirat els6 véltozatat alaposan atolvasta, és javas-
latokkal segitette a végleges kézirat kialakitasat. K6szo-
nom M. TOTH Tivadar és ARADI Ldszl6 konstruktiv biraloi
javaslatait. Az integralt kdzettani és geokémiai, valamint
kvantitativ petrolégiai kutatdsi médszerek szamos projekt
alapjat képezték, amelyek nélkiilozhetetlen anyagi alapot
adtak a kutatomunkdhoz, ehhez tartozik a jelenlegi NKFIH
OTKA K 135179 sz. projekt.
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Az asszimildcio szerepe peralkdli riolitok kialakuldsdban a Kelet-afrikai-drokrendszerben

Osszefoglalds

— tisztelgés S7ABO Csaba szakmai pdlydja elott

Riftesedd geodinamikai kornyezetben eléfordulé peralkdli riolitok keletkezését dltaldban a bazaltokbdl eredé frak-
ciondcios kristdlyosoddssal magyardzzdk. A peralkdli riolitok alkdli-gazdag és szilicium-dioxidban telitetlen magmas
k&zetekkel valo tér- és idSbeli Osszefiiggését azonban nem tdrtdk fel kell6képpen. Jelen tanulményban olyan peralkdli
riolitos tivegosszetételeket mutatunk be, amelyeket jelenleg az egyetlen aktiv, karbonatitlavat is produkdlé Oldoinyo
Lengai vulkdnndl, illetve annak nagyobb rendszerét képezd Kelet-afrikai-drokrendszerben azonositottunk. A vizsgdlt
mintdkban a metamorf kvarc és oligokldsz az Oldoinyo Lengai magmatizmusra nem jellemzd dsvanyegyiittes. A mag-
mas alapanyag Osszetétele (peralkdli riolitos iiveg, alkdli-gazdag klinopiroxén és anortokldsz) viszont egy peralkli,
SiO,-telitetlen olvadék és egy SiO,-ban gazdag falkézet reakcidjara utal. A nyomelemadatok — kiilonos tekintettel a
plagiokldszban a negativ Eu-anomadlia hidnya —elvetik a bazaltbdl toréné frakciondcids kristdlyosoddsi modellt. Eredmé-
nyeink azt mutatjdk, hogy a kezdeti olvadék egy peralkali fonolit lehetett (58 wt% SiO,, peralkalinitdsi index: 2,6), amely
asszimildlta a SiO,-ban gazdag kéregkozetet, 1étrehozva a peralkdli riolitot. Tanulmédnyunkban 6sszehasonlitjuk az
Oldoinyo Lengai peralkdli riolitjait a Kelet-afrikai-arokrendszer mentén fellelhetd mds peralkdli kézetekkel. A tanulmd-
nyozott asszimildcid feltételezésiink szerint szamos kontinentilis rift kornyezetben kialakulhatott, ahol a SiO,-telitetlen
alkdli magmatizmus SiO,-gazdag mellékkdzettel 1épett kdlcsonhatdsba.

Kulcsszavak: peralkdli riolit, Oldoinyo Lengai, asszimildcio, megoszldsi egyiitthato

Abstract

The origin of peralkaline rhyolites in rift settings is usually explained by prolonged crystal fractionation of basalts.
However, the temporal and spatial association of peralkaline rhyolites to alkaline silica-undersaturated rocks has not been
sufficiently explored. Here, we present peralkaline rhyolite glass compositions formed at a currently active carbonatite
volcano (Oldoinyo Lengai), East African Rift System. The studied samples preserve mineral assemblage incompatible
with Oldoinyo Lengai magmatism (presence of metamorphic quartz and oligoclase as relict crystals), while an igneous
groundmass (peralkaline rhyolite glass, alkali-rich clinopyroxene and anorthoclase) presents evidence for the assimila-
tion of a silica-rich rock by an alkali-rich silica-undersaturated melt. Trace element data reject the possibility that per-
alkaline rhyolites were formed by fractional crystallization of basalts, as the expected negative Eu anomaly from plagio-
clase fractionation is absent. The initial melt composition could be estimated as phonolitic (58 wt% Si02, 2.6 peralka-
linity index). We argue that the formation of peralkaline rhyolites at Oldoinyo Lengai occurred through assimilation of
silica-rich crustal rocks by a silica-undersaturated magma. In addition, we compare peralkaline rhyolites from Oldoinyo
Lengai to other peralkaline rocks from the East African Rift System. We propose that the above assimilation model may
form in any continental rift where a silica-undersaturated alkaline magmatism interacts with silica-rich country rocks.

Keywords: peralkaline rhyolite, Oldoinyo Lengai, assimilation, partition coefficient
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Introduction

Evolution of basaltic magmas leading to the formation
of rhyolites is known to involve prolonged crystal fractiona-
tion (MACDONALD et al. 2012) as a main diving process. A
common type of rhyolites occurring in rift settings and asso-
ciated with silica-undersaturated magmatism is peralkaline
rhyolites (LEMASURIER et al. 2003, WHITE et al. 2012). Sev-
eral mechanisms have been proposed to explain their forma-
tion, including fractional crystallization of basaltic-basanit-
ic magma (PECCERILLO et al. 2003, MACDONALD et al. 2008),
partial melting of underplated basalts or continental crust
followed by fractional crystallization (LOWENSTERN & MA-
HOOD 1991, TRUA et al. 1999), and assimilation of crustal
rocks by basaltic magmas (MACDONALD et al. 2015). How-
ever, none of these mechanisms adequately explain the close
association of silica-undersaturated rocks to highly peralka-
line rhyolites (i.e., pantellerite). Phonolite/nephelinite com-
positions are not usually considered in rhyolite formation
since the granite temperature minimum and the nepheline-
syenite temperature minimum are separated by the alkali-
feldspar thermal divide (KRACEK et al. 1937). Nevertheless,
the formation of syenites from nepheline-normative melts
through crustal contamination (JUNG et al. 2005) indicate
that this thermal divide may be crossed in open systems
where assimilation occurs. To explore how peralkaline sili-
cate rocks relate to silica-undersaturated magmatism, we
collected samples containing peralkaline rhyolite glass near
the summit of a currently active carbonatite volcano (Oldo-
inyo Lengai) located in the East African Rift System. The
collected samples were found enclosed in the nephelinite
tuff in the form of volcanic bombs. We created a model ex-
plaining how peralkaline rhyolite can form through assimi-
lation of a silica-rich rock by a silica-undersaturated melt.
Additionally, we compare compositions generated through
this process to other peralkaline rhyolites.

Geological background

East African Rift System

The East African Rift System (EARS) is a recently ac-
tive continental extension zone (CHOROWICZ 2005, BRAILE
et al. 2006) that hosts the highest density of silicic peral-
kaline volcanoes on Earth (CLARKE et al. 2019). It is tradi-
tionally divided into two main branches, Western and East-
ern (Fig. 1), that split apart around the Tanzania Craton
(CHorowicz 2005, BRAILE et al. 2006, DawsoN 2008). The
Eastern branch (Gregory Rift) stretches from the Afar
region through Ethiopia and Kenya to the North Tanzania
Divergence (CHOrROwICZ 2005, DawsoN 2008) and the
Western branch extends from Lake Albert to Malawi
(KampuNzu et al. 1998, CHOrRowICZ 2005). The EARS can
be further divided in several discrete and diachronous rift
sectors: The Afar, Malawi, Rukwa, Tanganyika, Albert,

Turkana and Gregory rifts (ROSENDAHL 1987, BRAILE et al.
2006). Rifting in the Afar region (Northern Ethiopia) has
been interpreted as the first manifestation of extension of
the EARS, at ~30 Ma (KELLER et al. 1994, CHOROWICZ
2005, DawsoN 2008). Volcanism began later in Northern
Tanzania, at ~8 Ma (DAwWSON 2008). At the northern part of
the Western branch, volcanism started at ~12 Ma (Kawm-
PUNZU et al. 1998). The EARS is still propagating south-
wards (CHOrRowICz 2005).

While leaving the cratonic areas mostly untouched, the
EARS incises the circumcratonic metamorphic mobile
belts surrounding the Tanzania Craton (MCCONNELL 1972,
DawsoN 1992, KELLER et al. 1994, CHOrROWICZ 2005). Both
volcanic branches’ orientations (western and eastern) fol-
low the trace of earlier sutures (CHOrROWICZ 2005). Crustal
thickness along the rift axis varies from 20 km to 35 km,
decreasing northwards (PRODEHL et al. 1994). Beneath the
volcanic rift infills, the upper and middle crust is largely
composed of Precambrian greenschist to amphibolite fa-
cies felsic-to-intermediate metamorphic rocks while the
lower crust consists of granulite facies mafic rocks, mafic
intrusions, and mafic rocks underplated onto the crust
(MOONEY & CHRISTENSEN 1994).

Gregory Rift

Structures in the Gregory Rift mostly follow the N-S
trend of the Mozambique belt (CHOROWICZ 2005, DAWSON
2008), which is composed of reworked Pre-Proterozoic
and Neo-Proterozoic cratonic rocks and includes eclog-
ites, gneisses, granitoids, granulite-gneisses together with
younger metaigneous and metasedimentary rocks: gneiss-
es, meta-anorthosites, enderbites, marbles and pegmatites
(MUHONGO 1999, FriTz et al. 2013).

The earliest erupted lavas in the Gregory Rift were
mainly alkali basalts, trachytes and phonolites with small-
er amounts of nephelinites, nepheline-phonolites and car-
bonatites (HAY et al. 1995, BRAILE et al. 2006, DAWSON
2008). Different varieties of plutonic rocks such as ijo-
lites, syenites, nepheline-syenites, afrikandites, jacupira-
guites, calciocarbonatites and pyroxenites also occur (DAW-
SON 1992, 2008; GuzMics et al. 2012; KALDOS et al. 2015;
HALAsz et al. 2023). The most prominent bimodal basalt-
peralkaline silicic volcanic complexes located in the Gre-
gory Rift (Fig. 1) are dominantly trachytic (Barrier, Emu-
ruangogolak, Silali, Paka, Korosi, Menengai, Longonot,
Suswa) or rhyolitic (Eburru, Olkaria), with basalts being
volumetrically superior to intermediate rocks (SCAILLET
& MACDONALD 2006, MACDONALD et al. 2008). The ear-
liest peralkaline rhyolites occurring in the EARS formed
approximately 32 Ma (HALDER et al. 2021). Along the
Gregory Rift progressively younger formations (Eburru
~450 ka, Olkaria ~120 ka, Naivasha ~5 ka) occur south-
wards (Fig. 1; MACDONALD et al. 1987; MACDONALD &
ScALIETT 2006; WHITE et al. 2012), matching the overall
propagation of the EARS (CHOROWICZ 2005).
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Figure 1. Location of Oldoinyo Lengai, basalt-peralkaline felsic volcanic complexes, Cenozoic magmatism, Mozambique belt, and Tan-
zania craton on the Gregory rift

1. dbra. Az Oldoinyo Lengai vulkdn, a bazaltfelzikus peralkali vulkdni komplexumok, kainozoikumi magmatizmus, Mozambik-6v és Tanzd-
nia-kraton elhelyezkedése a Gregory-rift térségében
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Material and Methods

Sampling and sample preparation

At the Oldoinyo Lengai volcano, located in the EARS
(Fig. 1), characteristic rock samples (n = 5) were collected
near the summit of the volcano (Fig. 2A). The studied samples
occur as volcanic bombs within the combeite-wollastonite
nephelinite tuff (Fig. 2B). Two double-polished thin sections
(100 um and 200 um thick), representative of the collected set
of samples, were prepared by sectioning the rock samples
using a diamond saw. The desired thickness for the thin sec-
tions were obtained by lapping the sectioned rock slab on a
glass plate, using 600 and 800 grit silicon carbide powder.
Polishing was then performed using aluminum oxide abrasive
powder on a cotton fabric. This procedure was done twice for
each thin section. For petrographic study and to control the
sample preparation steps a Nikon Eclipse LV 100PL polariza-
tion microscope was used at the Lithosphere Fluid Research
Lab, Eotvos University, Budapest (Hungary).

35°52' E

35°53'E

35°54'E

Scanning electron microscopy —
Energy-dispersive X-ray spectroscopy
(SEM-EDS)

SEM-EDS analysis was conducted on mineral and glass
phases in thin sections to determine their major element
compositions, using a Hitachi TM4000Plus microscope, in
combination with a Quantax 75 EDS-SDD, at ELTE FS-
RICF. Instrument settings were 15 kV accelerating voltage,
0.4 nA beam current and 15 seconds counting times, as effi-
cient application was demonstrated by BERKESI et al. (2020).
Low current conditions were used to minimize volatilization
and consequent underestimation of Na. Cores and rims were
analyzed in mineral phases that displayed compositional
zoning. Cation number calculations for clinopyroxene were
based on the assumption that the difference between cation
numbers of ideal and measured compositions resulted from
the presence of Fe** in the mineral structure. The Fe**/Fe?*
ratios were obtained through MS Office Excel 2019 iterative

calculation function.
35°655'E 35°56'E
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Figure 2. A) Spatial relations between the Oldoinyo Lengai summit and the sample collection site. B) Sample collection site, nephelinite tuff outcrop containing

the studied volcanic bombs

2. dbra. A) Az Oldoinyo Lengai csiicsa és a mintavételi hely kozotti térbeli kapcsolat. B) Mintagyiijté pont, amely egy nefelinittufa-réteg, és ahonnan a vizsgdlt vulkdni

bombdk eldkeriiltek
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Laser Ablation — Inductively Coupled Plasma —
Mass Spectrometry (LA-ICP-MS)

Mineral and glass phases were analyzed using an NWR
193 HE laser ablation system coupled with an Agilent
8900 triple-quadrupole mass spectrometer at the Univer-
sity of Geneva, Department of Earth Sciences. Samples
were ablated with a He carrier gas flux of 0.82 to 0.87L
min!, pulse repetition rate of 8 Hz to 10 Hz, using spot
sizes of 20um to 40 um and laser fluence of 7.1 Jcm™.
NIST SRM610 and GSD-1G glasses were used as external
standards. Data processing, utilizing SILLS software
(GUILLONG et al. 2008), considered the total of major
element oxides (Si0O,, TiO,, Al,O,, Fe,0,, FeO, MnO,
MgO, CaO, Na,O, K,O, and P,O;) equals to 100 wt%.
Mineral and glass phases had the following isotopes
measured with 10 milliseconds dwell time: Li, >*Na, Mg,
YA1, 29Si, 3P, ¥K, “Ca, Sc, “Ti, 'V, 2Cr, Mn, *Fe,
9Co, ©Ni, 65Cu, Zn, $Rb, 58S, #Y, *Zr, “Nb, Mo, '33Cs,
137Ba, '39La, I40Ce, 14]PI‘, I46Nd, ]47Sm, '53Eu, ]57Gd, 159Tb,
163Dy, IGSHO, ‘66Er, mng, ]72Yb, 175Lu, I78Hf, 181Ta, ]BZW,
208ppy, 222Th, 238,

Results

Petrography

The studied samples are porphyritic xenoliths (Fig. 3A)
consisting of two distinct parts: (1) large subparallel ori-
ented quartz/feldspar (Fig. 3B—C) and (2) a fine-grained
igneous groundmass. Quartz is colorless, subhedral, ir-
regularly fractured, rounded, has no cleavage planes,
shows undulatory extinction, and frequently presents dis-
solution features, with sizes ranging from 100 um to 0.3 cm
(Fig. 3C). Rutile needles and zircon occur as crystal in-
clusions hosted in quartz. Feldspar sizes range from 200
pm to 0.4 cm. The feldspar is grey to reddish grey, sub-
hedral to anhedral, rounded, rarely twinned, frequently
altered, and shows two cleavage planes. Feldspar crystals
are zoned, with a 20 pm to 200 pm rim presenting distinct
color and extinction angle (Fig. 3C). Secondary negative-
crystal shaped to ellipsoidal fluid inclusions, varying in
size from <1 um to 50 pm, are abundant in quartz and
feldspar cores (Fig. 3D) and are completely absent in
groundmass crystals (Fig. 3E). Previous studies have
shown an alkali-carbonate + sulfate + chloride-bearing,
H,0O-poor, and CO,-rich composition for these secondary
quartz-hosted fluid inclusions at Oldoinyo Lengai (MORO-
RO et al. 2024).

Mineral phases in the groundmass are euhedral to sub-
hedral titanite (30—150 um), subhedral clinopyroxene (20—
100 um) and subhedral to anhedral groundmass feldspar
(20-100 pum) (Fig. 3E). Titanite presents skeletal and
poikilitic textures, containing clinopyroxene, feldspar and
glass inclusions. Clinopyroxene is elongate with moderate
green to yellow pleochroism, one observable cleavage

plain and 3° to 5° extinction angle. Partial or complete
replacement of feldspar by groundmass feldspar is ob-
served throughout the sample. Interstitial glass is present
between the crystals in the groundmass (Fig. 3E). Mineral
modal proportions are the following: quartz ~15%, feld-
spar ~40%, ~10% clinopyroxene, ~25% groundmass feld-
spar, ~9% glass, ~1% titanite. Primary melt inclusions oc-
cur in groundmass crystals, albeit rarely, smaller inclu-
sions contain only homogeneous glass while larger melt
inclusions contain clinopyroxene and feldspar daughter
crystals (Fig. 3F).

Mineral chemistry

SEM-EDS analyses showed that groundmass feldspar
and the rims of feldspars are anorthoclase (Fig. 4) and have
indistinct composition from each other, containing (all in
mol%) 24.2-29.1 orthoclase (KAISi,Oy), 69.9-74.2 albite
(NaAlSi,0y) and <1.6 anorthite (CaAl,Si,0,) endmembers
(Table I, Supplementary Table I). Relict feldspar cores are
oligoclase (Fig. 4) and contain 4.3-5.5 orthoclase, 74.2—
78.1 albite, 16.5-20.3 anorthite endmembers (7able I, Sup-
plementary Table I). The clinopyroxenes show uniform
aegirine-augitic composition (Fig. 5) being a solid solu-
tion of endmembers: 7.5-26.0 diopside (CaMgSi,O),
13.5-26.7 hedenbergite (CaFeSi,O), 42.6-58.6 aegirine
(NaFeSi,0y), 1.8-13.9 titanian-aegirine (Na(Fe,T1)Si1,0y),
<5.4% kosmochlor (NaCrSi,0y), <3.3% jadeite (NaAlSi,Oy),
<5.1% enstatite (Mg,S1,0,), <0.3% wollastonite Ca,Si,O,
<1.2% Ca-tschermak’s CaAlAlSiO,, <2.2% Fe-tscher-
mak’s (CaFeAlSiOy) (Table I, Supplementary Table II).
Titanite typically displays chemical zonation with Nb-rich
cores (Nb,O; > 1 wt%), and relatively Nb-poor outer rims
(Nb,Os 0.1-0.9 wt% (Table I, Supplementary Table III).
The glass is peralkaline rhyolitic in composition, (Na + K)
/ Al molar ratio (peralkalinity index) varies from 1.8 to 2.5,
silica saturated, 70.6-73.4 wt% SiO,, has a moderately-
high Na,O (5.8-7.8 wt%) and K,O (4.4-5.1 wt%), Al,O,
content is low (6.9-7.9 wt%) (Table I, Supplementary
Table 1V). The glass found within homogeneous melt in-
clusions is also peralkaline rhyolitic in composition, pre-
senting 66.01-67.66 wt% SiO,, 7.73-10.49 wt% Na,0,
4.85-5.96 wt% K,O and 7.17-8.78 wt% Al O, (Table I,
Supplementary Table V).

Trace element composition of constituents

LA-ICP-MS analyses showed that the titanite and peral-
kaline rhyolite glass were enriched in light REEs, relative to
heavy REE based on chondrite-normalized patterns (Fig. 6,
Table 1I, Supplementary Table VI & VII). Negative euro-
pium anomalies were not observed in groundmass crystals.
High field strength elements (Th, U, Nb, Ta, Zr, Hf, W) are
highly enriched in the peralkaline rhyolite glass. Rubidium,
Sr and Eu are enriched while other large ion lithophile ele-
ments (Sr and Pb) present negative anomalies. Zinc is also
marked by a strong negative anomaly.
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Figure 3. Photographs, photomicrographs, and backscattered electron images (BSE) showing the studied samples’ characteristic petrographic features. A) Macro-
scopic appearance of a xenolith from Oldoinyo Lengai with highlighted outer tuffitic rim. B) Distribution of quartz and feldspar in a thin section (highlighted in
orange). C) Details of groundmass phases (titanite, clinopyroxene, groundmass feldspar and glass) surrounding the feldspar (BSE image). D) Details of quartz-
hosted fluid inclusions. E) Representative image of the groundmass. F) Detail of a groundmass feldspar-hosted melt inclusion containing feldspar and clino-
pyroxene daughter crystals

3. dbra. Fenyképek, mikroszkopos felvételek és visszaszort elektronképek (BSE), amelyek a mintdk jellegzetes kdzettani jellemzdit mutatjdk. A) A bomba (xenolit) mak-
roszkdpos megjelenése a kiilsé tufitos peremmel egyiitt. B) Kvarc és foldpat mikroszkdpos megjelenése (narancssdrgdval jelilve). C) A foldpdtot koriilvevd alapanyag (ti-
tanit, klinopiroxén, foldpdt és kozetiiveg, visszaszort elektronkép). D) A kvarcban 1évé fluidumzdrvdanyok. E) Az alapanyag. F) Foldpat- és klinopiroxén-ledanydsvanyokat
tartalmazo, foldpatba zdarodott olvadékzdrviny

Discussion Relict crystals
Compositional contrast between oligoclase feldspar and

Sample origin
anorthoclase groundmass feldspar (Fig. 4, Table I, Supple-

The presence of oligoclase feldspar, quartz, and rhyolitic
glass at Oldoinyo Lengai demands explanation, as Oldoinyo
Lengai magmatism famously produces silica-undersaturat-
ed melts (KLAaubpIUS & KELLER 2006, BERKESI et al. 2020).

mentary Table I) excludes their formation from a common
magmatic source. Anorthoclase groundmass feldspar is
similar to feldspars found in peralkaline rhyolites at the
EARS (Fig. 4, Table I, Supplementary Table I), while the
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Figure 4. Ternary diagram showing the compositions (in mol%) for the studied feldspars from Oldoinyo Lengai compared
to feldspars from peralkaline felsic rocks from the East African Rift System. Red - this study. Blue - feldspars in peralkaline
silicic rocks from basalt-peralkaline silicic complexes at the East African Rift System. Classification diagram after DEER et
al. (1992). Or - orthoclase (KAISi,Oy), Ab - albite (NaAlSi,Oy), An - anorthite (CaAl,Si,O;)

4. abra. Haromszogdiagram, amely a vizsgalt Oldoinyo Lengai foldpdtok dsszetételét (mol%-ban) mutatja dsszehasonlitva a Ke-
let-afrikai-drokrendszerbdl szdarmazo mas foldpdtokkal. Piros - jelen tanulmdny. Kék - foldpatok peralkali szilikdt kdzetekben
a Kelet-afrikai-drokrendszer bazalt-peralkali szilikdt komplexumaibol. Osztdlyozds DEER et al. (1992) nyomdn. Or - ortokldsz (

KAISi,0,), Ab - albit ( NaAlSi,0y), An - anortit ( CaAlSi,0,)

oligoclase feldspar cannot be formed by Oldoinyo Lengai
silica-undersaturated alkali-rich magmatism. Quartz has
been found in carbonatite-related REE deposits as inclu-
sions in fluorite or coexisting with fluorite, leading to stud-
ies proposing that quartz may precipitate in carbonatite
systems due to silicon fluoride species in hydrothermal
processes (HUANG et al. 2023). However, that mechanism
does not seem to have played a role in our sample as no
fluorite was found and no fluorine species were present in
the quartz-hosted secondary fluid inclusions (MORORO et
al. 2024). Quartz (Fig. 4) is also incompatible with the
strong silica-undersaturated nature of Oldoinyo Lengai

magmas (KLAuDIUS & KELLER 2006, BERKESI et al. 2020).
Moreover, quartz and oligoclase feldspar show oriented
appearance in the rock sample (Fig. 3B). As rutile needles
were found in quartz, aTiO, was considered equal to 1 and
temperatures were calculated by titanium-in-quartz geo-
thermometry (WARK & WATSON 2006). The calculated
temperatures ranging from 473 °C to 526 °C (Table III) are
not compatible with magmatic environments, suggesting
metamorphic conditions. All the above points strongly
support that quartz and oligoclase feldspar have a meta-
morphic origin and were preserved in the studied sample
as relict crystals.
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Table I. Representative compositions (in wt%) of the studied phases from the studied samples of Oldoinyo Lengai. FeOT - all Fe as FeO,
fsp - feldspar, g-fsp - groundmass feldspar, cpx - clinopyroxene, ttn - titanite, gl - glass, MI - melt inclusion, sd - standard deviation, BD
- below detection

1. tablazat. Az Oldoinyo Lengairol szdarmazo mintdk vizsgdlt dsvanyainak reprezentativ dsszetétele (tomeg%). FeOT - az dsszes vas FeO-ban
megadva, fSp - foldpat, gfsp - alapanyag foldpdt, cpx - klinopiroxén, ttn - titanit, gl - kozetiiveg, MI - olvadékzdrvdny, sd - szérds, BD -
kimutatdsi hatdr alatti elem

fsp sd g-fsp sd cpx sd ttn sd gl sd M sd Original Melt
Si0: 623 04 | 671 04 | 515 04| 325 04733 04 660 06| 582
TiO2 - - - - 111 0133 05 08 01 26 02 2.7
AO0; 236 02186 02 07 01 02 01 74 02 72 02 7.5
FeOT BD 01 13 02 : 238 04 : 05 02 50 02 6.8 03 12.3
MnO - . - ! BD 01! BD 01, 03 01! 03 01 0.1
MgO BD 01, BD 01! 37 01, - -1 BD 01! 07 01! 1.6
SfO BD 03! BD 03 - - I BD 03 BD 04 04 04 -
CaO 43 01! BD 01! 95 01260 03 09 01 12 01 | 3.4
BaO BD 02 BD 02 - - - - i BD 03 BD 03] -
Na2O 88 01/ 83 01:79 02! 10 01! 78 02 89 02| 8.4
K20 09 01 46 01 - - - - 144 01 52 01| 5.6
P20s - - - -0 - - - - i BD 01,03 01] -
Nb2Os - - - -0 - - . BD 02 - - - - -
$0s - - - - - -4 . - iBD 01! BD 01 ]
Sum  99.9 ' 99.9 982 ' 995 | 99.9 | 996 1000

0.6
Aegirine- Aegirine-
augite o augite

Figure 5. Compositions (in mol%) for
the studied clinopyroxenes from Ol-
doinyo Lengai compared to clino-
pyroxenes from the East African Rift
System. Aegirine-hedenbergite-diopside 0.8

m
series classification diagram after % Diopside S %‘3& A Hedenbergite
MorimMoTO (1988) + o + a 8 o
Red - this study. Black - Clinopyroxene N e ool Bo o4
from Nephelinite-Phonolite Evolution 0% So O% o A AD
(NPE). Blue - Clinopyroxenes from Basalt- Q&? o 00, O & & RAL A L0
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Figure 6. Onuma diagram (log solid / peralkaline rhyolitic glass partition coefficient vs. ionic radius) for titanite (left) and clinopyroxene (right) from xenolith
samples collected at Oldoinyo Lengai. Compositions were determined by LA-ICP-MS. Light grey curves - theoretical partition coefficients between titanite/
silicate melts (PROWATKE & KLEMME 2005) and aegirine/alkaline melts (BEARD et al. 2019)

6. d@bra. Az Oldoinyo Lengai-on gyiijtott mintdkbol szarmazo titanit (bal) és klinopiroxén (jobb) Onuma-diagramja. Az dsszetételt LA-ICP-MS modszerrel hatdroztuk meg.
Vilagossziirke gorbék - elméleti megoszldsi egyiitthatok a titanit/szilikdt olvadék (PROWATKE & KLEMME 2005) és az egirin/alkdli olvadék kozott (BEARD et al. 2019)

Glass Titanite

29d07 29d39 29d41 | 29do4 29d22 29d44
Li 10.1 10.4 86 | <02 1.2 0.9
Cs 0.9 0.8 07 | <0.1 0.1 <0.1
Rb 160.9 174.8 1349 | 06 9.1 1.1
Th 12.9 6.7 43 | 03 3.0 4.0
u 4.4 1.9 14 | 08 8.9 10.4
Nb 545 35.2 282 | 2514.1 4396.4 6190.7
Ta 2.2 1.1 09 | 1456 183.1 287.2
La 15.2 9.5 6.8 246.0 632.0 707.5
Ce 33.2 21.3 17.0 | 8535 2462.1 2606.3
Pb 18.6 12.9 113 | 28 2.6 1.9
Pr 3.9 2.6 2.1 1315 391.2 412.5
Sr 186.7 218.0 175.8 | 3121.3 1975.7 1862.6
Nd 14.1 105 85 | 5359 1484.4 1620.1
Zr 947.9 338.8 2291 | 1514 1151.0 949 4
Hf 24.8 9.3 6.8 5.9 29.0 24.4
Sm 2.8 1.7 12 | 769 211.5 240.1
Eu 0.6 0.5 04 | 167 43.2 52.3
Gd 2.2 1.3 13 | 385 118.8 137.0
Ti 6098.7 6478.0 4344.8 | 2344195 2273829 242301.8
Tb 0.3 0.3 02 | 40 14.6 16.7
Dy 2.4 1.2 10 172 78.8 92.1
Y 13.9 8.5 5.0 31.0 211.3 243.1
Ho 0.5 0.3 02 | 1.8 1.5 13.0
Er 1.6 0.8 06 | 3.3 22.8 26.7
Tm 0.2 0.2 0.1 0.2 1.8 1.9
Yb 2.0 0.9 06 | 08 6.1 6.8
Lu 0.3 0.2 0.1 0.1 0.4 0.5
Zn 96.2 84.6 66.8 4.4 8.2 7.9 Table I1. Representative trace element composition (in
W 3.3 0.7 0.6 0.2 0.6 0.9 g}toamm)teoffr (;[216 0512](;111;30 pLzr;ig}l;?hne rhyolite glass and
Mo 6.6 1.3 15 | 37 42 35

11. tablazat. Az Oldoinyo Lengai-rol szdarmazo, vizsgdlt
Sc 5.3 4.9 3.8 1 1.2 22 2.1 peralkdli riolitos kozetiiveg és titanit reprezentativ nyom-
\Y 104.9 105.7 921 ! 71.4 62.0 62.7 elem-dsszetétele (ppm)



374 MORORO, E. A. A. et al.: Formation of peralkaline rhyolite in the East African Rift System: the role of assimilation

Table II1. Results of the titanium-in-quartz geothermometry. Titanium con-
tent (in ppm) of the studied relict quartz containing rutile inclusion and
their calculated temperatures after WARK & WATSON (2006)

111. tiblazat. Titan a kvarcban geotermometria eredményei. A vizsgalt, rutil
kristalyzdrvdnyt tartalmazo relikt kvarc titantartalma (ppm-ben) és kapott hé-
mérsekletei WARK & WATSON (2006) alapjdn

Ti Ti

Quartz (ppm) T (°C) Quartz (ppm) T (°C)
1 9.8 509 17 10.5 514
2 10.1 511 18 10.5 514
3 10.3 513 19 10.4 514
4 10.8 516 20 8.1 496
5 7.6 491 21 10.0 510
6 71 486 22 8.3 497
7 7.6 491 23 1.4 520
8 9.1 504 24 6.0 476
9 10.1 511 25 8.2 496
10 7.3 488 26 7.8 493
11 11.4 520 27 7.5 490
12 7.3 489 28 14.0 536
13 1.4 520 29 12.1 525
14 6.9 485 30 12.4 526
15 13.4 532 31 12.0 524
16 10.6 515 32 5.8 473

Groundmass crystals

To understand the origin of groundmass crystals we
compared our clinopyroxene composition to clinopyroxenes
from magmatic systems that can produce aegirine-augite
(Fig. 5). In a typical basalt-rhyolite evolution (Fig. 5B),
primitive melts are Mg-rich crystallizing diopside (PEc-
CERILLO et al. 2003, MACDONALD et al. 2008). They evolve
towards Fe?*-enriched compositions, precipitating heden-
bergite (REN et al. 2006, RONGA et al. 2010). Fractional
crystallization can eventually lead to peralkaline rhyolites
with aegirine on a basalt-rhyolite evolutionary path (PEC-
CERILLO et al. 2003, SCAILLET & MACDONALD 2003). Figure
5 shows compositional changes of clinopyroxene in a
nephelinite-phonolite evolutionary path from Mg-rich diop-
side (Guzwmics et al. 2012), evolving towards Fe**-bearing
diopside and to alkali-rich aegirine/aegirine-augite com-
positions (KJARSGAARD et al. 1995, KLAuDIUS & KELLER
2006), without precipitating Fe**-rich hedenbergite. Thus,
our clinopyroxene composition cannot be a part of basalt-
rhyolite evolution, owing to the lack of hedenbergite in our
sample, at Oldoinyo Lengai (YAXLEY et al. 2022), and
alkaline rocks in general. Both the aegirine-rich clino-
pyroxene (Figs 3E, 5) and the anorthoclase groundmass
feldspar (Figs 3C, 4) indicate an alkali-rich magmatic
origin, most likely associated with the Oldoinyo Lengai
magmatism.

Peralkaline rhyolite glass

As shown above, groundmass crystals and relict crystals
are coexisting but not coeval. This is supported by the abun-
dance of fluid inclusions within relict crystals (Fig. 3D), and
their absence in the groundmass (Fig. 3E). Peralkaline rhy-
olitic glass coexisting with euhedral clinopyroxene and
groundmass feldspar (Fig. 3E) indicates an infiltration of a
melt into a metamorphic rock (preserved as relict crystals),
while the dissolved grain boundaries of the relict quartz and
oligoclase feldspar (Fig. 3C) indicate the interaction of an
infiltrating melt and a metamorphic rock (dissolution and
assimilation). It should be noted that an in-situ partial melt-
ing of relict crystals could not form peralkaline composi-
tions, as quartz does not contain alkalis and the relict
oligoclase feldspar peralkalinity is less than 1 (7able I,
Supplementary Table I).

Onuma diagrams (i.e., log solid/liquid partition coeffi-
cient vs. ionic radius) indicate that the groundmass clino-
pyroxene and peralkaline rhyolitic glass were not in equi-
librium (Fig. 6), as curves near optimum radius are not
parabolic (PHILPOTTS 1978, BLUNDY & WoOD 1994). The
interaction of metamorphic rocks with Oldoinyo Lengai
magmas must have happened shortly before eruption, pre-
serving relict crystals, preventing groundmass crystals to
reach equilibrium with the original melt, and preserving the
melt as glass.

When considering silica-undersaturated magmatism,
nepheline and perovskite are expected to crystalize instead
of feldspar and titanite (BARKER 2001). The presence of
groundmass feldspar and titanite, associated with dissolu-
tion features in quartz and replacement textures in oligo-
clase feldspar, indicate that the assimilation of a silica-rich
metamorphic rock may have increased the silica activity of
an initially silica-undersaturated melt. To estimate the origi-
nal melt composition before assimilation a mass balance
calculation was done. Firstly, titanite, clinopyroxene, and
groundmass feldspar (Table I, Supplementary Tables I-III),
based on their modal proportions, were added to the peral-
kaline rhyolite glass. Secondly, the relict crystal (quartz +
relict oligoclase feldspar) modal proportion was removed
from the combined groundmass composition (peralkaline
rhyolite glass + titanite + clinopyroxene + groundmass
feldspar), until one of the limiting parameters was reached
(ALO,>8 wt%, TiO, >3 wt%, FeO™ > 13 wt%, peralkalinity
index > 4). Constraints for realistic values for Al, Ti, Fe, and
peralkaline index were set based on melt inclusion data from
alkaline-silicate carbonatite systems (Guzmics et al. 2012,
2015; BERKESI et al. 2023). Our calculation resulted in a
peralkaline (peralkaline index = 2.66) phonolitic composi-
tion (Fig. 7, Supplementary Table V) for the original in-
filtrating melt. Nephelinitic compositions could not have
been reached without FeOT content and the peralkalinity
index was unrealistic (> 15 wt% and > 4, respectively); thus,
this composition was excluded. Therefore, the peralkalinity
of the rhyolite glass (Fig. 7, Supplementary Table IV) can
only have been inherited from the original melt (Fig. 7,
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Figure 7. Total Alkali Silica (TAS) classification diagram after MAITRE (2002). Orange - alkali-fedspar thermal divide after SCHMIDT & WEIDENDORFER (2018).
A (grey arrow) - Nephelinite-Phonolite Evolution (NPE) trend, B (red arrow) - This study, an initially silica-undersaturated melt composition crosses the alkali-
feldspar thermal divide by assimilating silica-rich rocks (i.e., metamorphic xenolith interacted with a melt belonging to the nephelinite-phonolite melt
evolution), C (green arrow) - Reequilibration of silicate melt and degassed fluid (BERKESI et al. 2020), D (blue arrow) - Basalt-Rhyolite Evolution (BRE) trend

7. abra. Teljes alkali szilicium-dioxid (TAS) diagram MAITRE (2002) nyomdn. Narancssarga - alkali foldpdt termikus gdt SCHMIDT ES WEIDENDORFER (2018)
nyomdn. A (sziirke nyil) - Nefelinit-fonolit fejlédés (NPE)., B (piros nyil) - Jelen tanulmdny. Egy kezdetben SiOtelitetlen olvadékosszetétel a szilicium-
dioxidban gazdag kozetek asszimildldsaval atlépi az alkali-foldpat termikus gdtat., C (zold nyil) - Szilikdtolvadek és kigdzosodott fluidum ijra egyensiilyba
Jutdsa (BERKESI et al. 2020), D (kék nyil) - Bazalt-riolit fejlodési trend (BRE).



376 MORORO, E. A. A. et al.: Formation of peralkaline rhyolite in the East African Rift System: the role of assimilation

10000 5
i —@— This study -®- MARSHALL et al. (2009)
1 —— NEAVE et al. (2012)
1000 —
() 3
= ]
= ]
5 ]
e ]
o ]
o
(@) o
S~
9
Q 100
e ]
] ]
n ]
10—:
| &
1000 — | | | | I I I | | I 1 I | 1 I
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sample / Chondrite

rrrrrrrrr 1171717 17 17 17 17 17 171717 17T 17T T 17T T 17T 1T T1TTT1

Li Rb u Ta Ce Pr Nd Hf Eu Ti D Ho Tm Lu w Sc

Cs °Th “Nb 2La~®pPb " sr %z "smVad ' Tb Y ¥ CE Myb Yzn " Mo v
Figure 8. Chondrite-normalized (SUN & McDoNouGH 1989) REE distributions of the studied peralkaline rhyolitic glass and titanite. Compositions were deter-
mined by LA-ICP-MS. Red - peralkaline rhyolitic glass and titanite from Oldoinyo Lengai (this study), blue diamond - peralkaline rhyolitic glass from Olkaria
volcanic complex (MARSHALL et al. 2009), blue line - peralkaline rhyolitic glass from Pantelleria island (NEAVE et al. 2012)
8. dbra. Kondritra normdlt (SUN & McDoNouGH 1989) ritkafoldfém-eloszlds a vizsgalt peralkali riolitos iivegen és a titaniton. Az Osszetételeket LA-ICP-MS modszerrel
hatdroztuk meg. Piros - peralkdli riolitos iiveg és titanit Oldoinyo Lengai-rol (jelen tanulmany), kék gyémdnt - peralkadli riolitos iiveg az Olkaria vulkdni komplexumbol
(MARSHALL et al. 2009), kék vonal - peralkdli riolitos iiveg Pantelleria szigetérdl (NEAVE et al. 2012)



Foldtani Kozlony 154/3 (2024)

377

Supplementary Table V), as partial melting of the relict
crystals cannot contribute to increase in peralkalinity. Melt
inclusions and rhyolite glass have lower peralkalinity than
the original melt (Fig. 7, Supplementary Tables IV-V). This
can be explained by the precipitation of aegirine, which is
Na-rich and Al-poor (Table I, Supplementary Table II).

Assimilation vs. fractional crystallization

The fractionation of olivine, pyroxene, and plagioclase
in dry, reduced, mantle plume/large igneous province-type
rhyolites occurring in rift systems may result in elevated
REE concentrations together with a negative Eu-anomaly
(Jowrrr et al. 2017). This is true for the EARS, where erupt-
ed rocks invariably have reduced oxygen fugacity (BIGGS et
al. 2021). Rocks from the Olkaria volcanic complex, located
in the Gregory Rift (Fig. I), also record an environment with
reduced oxygen fugacity. Peralkaline rhyolite glass from the
Olkaria volcanic complex presents negative Eu anomaly
(MARSHALL et al. 2009), similar to the type locality for high-
ly peralkaline rhyolites (i.e., pantellerites; NEAVE et al. 2012).
Therefore, although the studied sample does not allow to
infer redox conditions, the regional trend points towards an
environment with reduced oxygen fugacity (MARSHALL et
al. 2009, BIGGs et al. 2021). Accordingly, the absence of
negative Eu anomaly (Fig. 8) strongly suggests that peral-
kaline rhyolitic compositions at Oldoinyo Lengai were not
formed by fractional crystallization as a typical basalt-
rhyolite evolution.

Undoubtedly, peralkaline rhyolites and granites can be
formed through fractional crystallization of initially basalt-
ic/basanitic melts (TRUA et al. 1999, PECCERILLO et al. 2003,
MACDONALD et al. 2015). However, melts at Oldoinyo Len-
gai generally follow a nephelinite-phonolite evolution (KLAU-
DIUS & KELLER 2006; BERKESI et al. 2020, indicated by the
grey arrow in Fig. 7). Enrichment of nephelinite melts in
alkalis through re-equilibration with alkali carbonate fluid
residues can generate highly peralkaline nephelinite melts
(BerkEsI et al. 2020; Fig. 7) butitis unlikely that such a melt
would cross the alkali-feldspar thermal divide (SCHMIDT &
WEIDENDORFER 2018) into rhyolitic compositions by crystal
fractionation (Fig. 7). However, a phonolite melt (similar in
composition to our estimated melt, Fig. 7, Table I, Supple-
mentary Table V) can cross the alkali-feldspar thermal di-
vide by assimilating silica-rich metamorphic rocks that are
present in the surroundings of Oldoinyo Lengai (SMITH &
MOSLEY 1993, MACDONALD et al. 2001).

Formation of peralkaline rhyolites through assimila-
tion is not limited to Oldoinyo Lengai, similar processes
have been proposed to explain the formation of peralkaline
rhyolites in the Olkaria volcanic complex (BLACK et al.
1997).

Conclusions

The presence of anorthite and quartz is incompatible
with Oldoinyo Lengai magmatism. The slight orientation of
relict crystals, their silica-rich composition, and low forma-
tion temperatures (<530 °C) imply metamorphic origin. The
alkali-rich groundmass minerals (aegirine, titanite) not be-
ing in equilibrium with the peralkaline rhyolite glass indi-
cate that a metamorphic xenolith interacted with Oldoinyo
Lengai alkali-rich magmatism shortly before eruption. The
original melt composition was calculated as phonolitic
(58.2 wt% Si0,, 2.66 peralkalinity index). The absence of
negative Eu anomaly rejects the possibility that these peral-
kaline rhyolite compositions could have been formed by
fractional crystallization of a basalt melt. Combining the
results on rhyolite glass, melt inclusion, and estimated origi-
nal melt data, the assimilation of a silica-rich rock into a
peralkaline silica-undersaturated melt can lead to composi-
tions that cross the alkali-feldspar thermal divide and gener-
ate peralkaline rhyolite compositions (>66 wt% SiO,, >2.2
peralkalinity index). The formation of peralkaline rhyolites
through assimilation can occur in any continental rift where
silica-undersaturated alkaline magmatism interacts with
silica-rich country rocks. Such process may have been over-
looked in other rift systems.
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Digital supplementaries

Supplementary Table I. Composition (in wt%) of the studied feldspar from Oldoinyo Lengai, data from groundmass crystals and relicts (core & rim)
Melléklet I. tabldzat. A vizsgdlt Oldoinyo Lengai-rol szarmazo foldpdt dsszetétele (tomeg%) mind az alapanyag, mind a relikt foldpdt kristdlyokbdl (mag és perem)

Supplementary Table I1. Composition (in wt%) of the studied clinopyroxene from Oldoinyo Lengai, data from groundmass crystals
Melléklet I1. tabldazat. Az Oldoinyo Lengai vizsgalt klinopiroxének dsszetétele (tomeg%), adatok az alapanyag kristdlyokbol

Supplementary Table III. Composition (in wt%) of the studied titanite from Oldoinyo Lengai, data from groundmass crystals (core & rim)
Melléklet I1I. tabldzat. A vizsgalt Oldoinyo Lengai-rol szarmazo titanit osszetétele (tomeg’% ) alapanyag kristalyokbol (mag és perem)

Supplementary Table IV. Composition (in wt%) of the studied glass from Oldoinyo Lengai
Melléklet IV, tablazat. A vizsgalt Oldoinyo Lengai-rol szarmazo kozetiiveg dsszetétele (tomeg%)

Supplementary Table V. Composition (in wt%) of the studied melt inclusions from Oldoinyo Lengai and the estimated original melt
Melleklet V. tdabldzat. A vizsgdlt Oldoinyo Lengai-rol szdrmazo olvadékzdrvdanyok és a becsiilt eredeti olvadék dsszetétele (1omeg%)

Supplementary Table VI. Trace element composition (in ppm) of the studied peralkaline rhyolite glass from Oldoinyo Lengai
Melléklet VI. tdabldzat. Oldoinyo Lengai-rol szarmazo vizsgdlt peralkdli riolitiiveg nyomelem-osszetétele (ppm)

Supplementary Table VII. Trace element composition (in ppm) of the studied titanite from Oldoinyo Lengai
Melléklet VII. tabldzat. A vizsgdlt Oldoinyo Lengai titanitok nyomelem-dsszetétele (ppm)
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