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Distinct stages of deformation and fluid flow-related diagenetic alterations are recorded in Lower Miocene
sandstone and conglomerate of the Pannonian Basin, Central Europe. Multiple generations of structural elements
(deformation bands, calcite dominoes and veins) as well as host rocks were investigated using petrographical,
elemental and stable isotope geochemical methods together with fluid inclusion petrography and micro-
thermometry. The integration of acquired structural and diagenetic data into a subsidence model constrains the
spatial and temporal evolution of deformation mechanisms and diagenetic processes. The six investigated sites
represent central and marginal areas during both the pre-rift and syn-rift phases of basin evolution. The elements
of pre-rift phases were preserved at the eastern margin, where eogenetic calcite precipitated in the host rocks and
in the early types of deformation bands. Their 5'0PDB isotope values from —4.3%o to —1.9%o paired with
513Cppp isotope values from —3.8%o to 1.8%o refer to precipitation from connate marine and mixed marine and
meteoric pore water. The syn-rift phases are represented by eogenetic calcite and start of shallow mesogenetic
diagenetic alterations in marginal position as well as in the basin centre. The 5'%0PDB and 613CpDB isotope ratios
in these calcites yielded values from —15.2%o to —5.7%0 and from to —18.5%o to --1.6%o, respectively. The
gradual depletion in heavy isotopes shows positive covariance as the deformation progressed in time. This trend
is attributed to an increasing proportion of deeply circulating meteoric fluid. The sporadic fluid inclusion data
confirm meteoric fluid contribution to certain carbonate cement phases. The distinguished calcite generations in
pre-rift and syn-rift structural elements and host rocks were mainly related to the phases of intense subsidence
that, together with the increased rift-related heat flow, warmed up the circulating fluids. The isotope values
deviating from the general trend allow the recognition of local source of light carbon contribution to basin-wide
fluid-flow evolution, and cannot be tied to the switch in tectonic settings from pre-rift compression to syn-rift
extension.

1. Introduction

Deformation and diagenesis are closely linked processes during the
evolution of siliciclastic sedimentary basins (e.g. Knipe, 1993; Laubach
et al., 2010). Deformation in porous siliciclastic deposits starts with the
development of deformation bands (DB, after Aydin, 1978). These bands
are tabular, fault-like structures along which offsets of millimetre to tens
of centimetres take place without a macroscopic discontinuity surface.
Deformation bands can be formed by various mechanisms (Fossen et al.,
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2007), where petrophysical properties of the host rocks, pressure, tem-
perature and tectonic regime are the most significant control factors
(Schultz and Siddharthan, 2005; Ballas et al., 2014; Soliva et al., 2016).
During progressive burial as rheology of the rocks changes during
diagenesis the deformation progresses from grain reorganization
without fracturing toward increasing proportion of grain breakage
(cataclasis) accompanied by increasingly reduced porosity (Fossen et al.,
2007). A possible scenario of decreasing porosity is the end of DB evo-
lution when the mechanism switches to frictional slip along a discrete
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fault planes or leads to extension fractures, or veins (Aydin and Johnson,
1978).

Therefore, the deformation mechanisms and diagenetic alterations
are closely interconnected. In this interaction, the consolidation and
lithification of the deposits determine the style of failure, while the type
of actively forming structural element influence the possible fluid flow
path. Many studies have investigated temporal evolution of paleo-fluid
flow composition through observations of associated diagenetic alter-
ation and cementation along faults (e.g. Travé et al., 1998; Chan et al.,
2000; Boles et al., 2004; Beitler et al., 2005; Hodson et al., 2016; Andre
et al., 2010; De Boever et al., 2011; Beaudoin et al., 2014; Ogata et al.,
2014; Williams et al., 2017). In initially porous siliciclastic rocks, car-
bonate concretions associated with deformation structures are widely
used as indicators of paleo-fluid flow (e.g. Mozley and Goodwin, 1995;
Eichhubl et al., 2004, 2009; Milliken et al., 2009; Balsamo et al., 2012).

Although, deformation bands (DB) are ubiquitous structures in
poorly lithified sediments, they were used for detailed diagenetic in-
vestigations only in limited cases (e.g. Eichhubl et al., 2004; Hodson
et al., 2016; Balsamo et al., 2012; Lommatzsch et al., 2015a, 2015b.;
Beke et al., 2019). DBs can either behave as path (Balsamo et al., 2012;
Beke et al., 2019) or barrier to fluid flow (Pittman, 1981; Antonellini and
Aydin, 1994; Davatzes et al., 2003; Shipton et al., 2005; Torabi and
Fossen, 2009; Ballas et al., 2012; Tueckmantel et al., 2012; Torabi et al.,
2013; Rotevatn et al., 2013) depending on their deformation mecha-
nism. Therefore, bands can change the pattern of fluid flow by their
geometry due to the formation of large permeability contrast and thus
high effective permeability along bands (Sigda et al., 1999; Rotevatn
et al., 2013). Due to the various fluid-path modifying behaviours of
deformation bands, and the fast and irreversible changes in their
deformation mechanism, these structures can be sensitive depth in-
dicators of diagenetic processes.

In the present study, calcite cements are investigated by structural,
petrographical, fluid inclusion and geochemical methods in distinct
types of deformation bands, veins and host rocks. The host siliciclastic
successions, the Lower Miocene Pétervasara Sandstone (PF) and its
Darné Conglomerate Member, deposited just prior to the main rifting
phase of the Pannonian Basin (Fig. 1).

The main aims of this paper are to (1) define petrographical and
isotope geochemical characteristics of cement generations associated
with temporally well-constrained deformation elements of the two types
of siliciclastic successions; (2) connect diagenetic alterations, mainly
calcite precipitation, with possible temperature and depth conditions of
deformation processes, (3) recognise local and regional trends in paleo
fluid-flow properties, (4) determine the influence of structural style and
deformation mechanism in fluid-flow evolution at burial conditions
<1.5 km, (5) contribute to better understanding the interaction of
deformation, fluid flow and diagenesis as important part of Miocene
basin evolution in the Pannonian Basin.

2. Geological setting
2.1. The Pannonian Basin

The Pannonian Basin was formed by lithospheric stretching which
affected the overthickened crust of the Alpine-Carpathian-Dinaridic
orogeny (Horvath et al., 2015; Balazs et al., 2016). Prior to the formation
of the Pannonian Basin, syn- to post-collisional deformation of this
orogenic belt occurred in a series of retroarc flexural basins of Middle
Eocene to earliest Miocene age (Baldi, 1986; Tari et al., 1993). The study
area is part of the North Hungarian-South Slovakian Paleogene Basin
(NHSSPB, Fig. 1A). The basin centre is marked by gentle folds with
wavelength of ca. 100 km, whereas the basin margins was delineated by
fault zones of pure reverse or oblique reverse-strike-slip character
(Sztano6 and Tari, 1993; Fodor et al., 1999, 2005; Palotai and Csontos,
2010). The investigated sandstone and conglomerate deposits represent
the last phase of the basin fill deposited between ~22-18.5 Ma (Fig. 1B).
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During a short period of terrestrial denudation during ~18.5-18.2 Ma,
the Lower Miocene sequence was exposed to the surface and was slightly
deformed and eroded.

The studied rocks underwent significant syn-rift deformation and
subsidence during the formation of the Pannonian Basin proper. Syn-rift
sedimentation started around 18.2 Ma parallel with the formation of
first rhyolitic volcaniclastic deposits (Lukdcs et al., 2018). Stratigraphic
data (Hamor, 1985) indicate that syn-rift deformation and associated
subsidence accelerated from 17.3 Ma and remained significant till 12.8
Ma (Karpatian and Badenian age, respectively, see recent chronological
calibrations of Hohenegger et al., 2014; Sant et al., 2017; Kovac et al.,
2018). Most of the Late Miocene (from ~9 Ma) represents the post-rift
stage when faulting largely deminished and subsidence was controlled
by lithospheric process (Balazs et al., 2016).

The studied Lower Miocene (Eggenburgian) Pétervasara Formation
is located in the eastern and central parts of the basin. The sediments
were deposited in a tide-influenced shallow sea within the Carpathian
arc (Sztano and Tari, 1993; Sztano, 1994, 1995). The cross-bedded
glauconitic sandstone is predominant in the central part of this basin
(Fig. 1C; Baldi, 1986; Vass et al., 1988), whereas conglomerate was
deposited along the eastern shoreline in fan-deltas (Darn6 Conglomerate
Member). The studied sites located in the eastern part of the basin are
distributed along the Darné Fault, which is the main structure of the
wider Darné Zone (Fig. 1D,E; Zelenka et al., 1983; Fodor et al., 2005;
Petrik et al., 2016). Along this zone, an intra-basinal high developed,
where Paleogene—Early Miocene rocks are missing. The clastic compo-
nents of sandstones and conglomerates were derived from this high are
diverse igneous rock types (Kovacs et al., 2010; Sztano and Jozsa, 1996).
The age of the conglomerate is 21.21 + 0.21/—0.27 Ma defined by Sr
isotope of bivalve shells (Less and Frijia, 2015). A previous diagenetic
study revealed the presence of an early marine and a mesogenetic calcite
cementation in the sandstone (Szocs and Hips, 2018); these data will be
complemented by new structural observations from additional
localities.

2.2. Relevant deformation phases

The cenozoic deformation of the study area was subdivided into 10
brittle deformation phases (from D1 to D10; Petrik et al., 2016; Beke
et al., 2019) but only the relevant information is summarized below
(Fig. 1B). The deposition of the studied rocks occurred during the D2 and
D3 phases, before the onset of rifting. Phase D2 was characterised by
NW-SE compression and lasted from ~25 to 20.5 Ma and the oldest
studied site M-Da was deposited during the late part of this phase. The
subsequent D3 phase had transpressional character with roughly E-W
trending compressional principal stress axis. It corresponds to major
dextral strike-slip faulting along the southern boundary zone of the
entire NHSSPB (Fig. 1A; Csontos and Nagymarosy, 1998). The D3 phase
lasted through the end of the host sandstone deposition (~18.5 Ma) until
the subsequent denudation and terrestrial sedimentation (18.2 Ma,
Fig. 1B). The two pre-rift deformation phases reactivated the Darn6 Zone
as a sinistral-reverse and purely reverse fault (D2 and D3 phases,
respectively; Sztano and Tari, 1993; Sztano and Jozsa, 1996; Fodor
et al., 2005; Kovacs et al., 2020). These two contractional phases
resulted in a few-km-wide thrust zone (Darné zone) that contains the
three basin margin sites.

The succeeding D4 phase already represents the onset of extensional
deformation, when the rifting of the Pannonian Basin initiated (Fig. 1B).
The D4, D5 and D6 phases are marked by extensional stress field whose
minimal stress axis gradually rotated from NNE-SSW to ESE-WNW
(Petrik et al., 2016) and the main normal fault directions changed
accordingly. These extensional episodes are separated by two well-
documented counterclockwise vertical-axis rotation (Marton and
Fodor, 1995). The rotation events and volcanoclastic levels constraint
the D5 phase between 17 and 15 Ma, when typical syn-rift grabens
formed (e.g., Etes graben on Fig. 1A,C). Another set of grabens with
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Fig. 1. A) Simplified geological setting of the area showing the main structures and outcrops. B) Stratigraphic column of study area with sampling points and tectonic
phases. C) Geological cross-section along the SW-NE direction within the study area. D, E) Interpreted seismic sections (Ek-1 and So-2) along the NW-SE direction
within the study area. A, B, C after Beke et al. (2019), and D, E after Kovacs et al. (2020), both modified.
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NNE-SSW strike formed during the D6 phase and the Darné Zone was
reactivated with normal kinematics. After a short ENE-WSW to E-W
compression during the D7 phase, the D8 phase is characterised by (N)
NW-(S)SE trending extension, which changed again to ESE-WNW
extension during the D9 post-rift phase.

3. Methodology
3.1. Samples and methods

Samples were collected from five outcrops and one core section.
Three of the six localities are along the Darné Zone (the eastern margin
of the basin), whereas the three others belong to the central part of the
basin (Fig. 1, indicated by M- and C- prefixes, respectively). Samples
were taken from host rocks and structural elements including defor-
mation bands and calcite veins.

The thin sections were stained with Alizarin Red S and K-ferricyanide
as described by Dickson (1966) in order to recognise and determine
carbonate minerals. They were examined by conventional microscopic
petrographical methods. The diagenetic crystal size was described ac-
cording to Folk’s (1974) classification. Cathodoluminescence (CL)
studies were performed using a MAAS-Nuclide ELM-3 cold-cathode CL
device on polished thin sections in order to reveal the characteristics of
carbonate and authigenic albite. Cathodoluminescence images on veins
were also obtained using a Reliotron VII CL instrument operating at 7 kV
and 0.7 mA, mounted on an Olympus BX43 microscope.

Amray 1830i type Scanning Electron Microscope equipped with
INCA Energy-dispersive X-ray spectrometer was used in secondary
electron (SE), backscattered electron (BE) modes and Hitachi S-4700,
0.5-30 kV type Scanning Electron Microscope on polished thin sections
and on broken surfaces. SEM microscopy was applied for a qualitatively
more accurate mineral identification and revealing the microstructure of
deformation bands.

The calcite phases of the host rock and the bands were analysed for
their 5'Cppg and 5'80PDB isotopic composition. Sampling of calcite
phases was carried out with MicroMill. Samples were taken from bulk
calcite cement of host rocks and from the core or marginal zone of
deformation bands. Pulverized samples were reacted with H3PO4 at
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70 °C under vacuum in autopreparation device Kiel IV following the
method of (McRea, 1950), CO, gas was cryogenically purified and
measure in dual-inlet mode on mass spectrometer MAT 253 (Thermo
Scientific). Values are reported as permil vs. PDB and were calibrated
using international reference material NBS18 and two working stan-
dards with 8'3C = 5.014%q, +2.48%0, —9.30%0 and §'%0 = —23.2%,
—2.40%o, —15.30%o, respectively. The typical precision of measurement
is 0.02%o for carbon and 0.04%o for oxygen.

Microthermometry was carried out on a Linkam THMSG 600
heating-freezing stage mounted on an Olympus BX41 microscope
equipped with 100x long-working-distance objective. Doubly polished
60- to 70 -pm-thick chips were first mapped for fluid inclusions. The
instrument was calibrated using synthetic CO>-H»O fluid inclusions at
—56.6 °C (T,CO3) and using pure H,O inclusions at 0.0 °C (TyIce) and at
374 °C (Tycritical). The microthermometric results reported below have
accuracy of +£0.2 °C at T < 100 °C.

Burial history and isotherms are modelled by Petromod 1D software
integrating borehole data, the thickness and lithology of the formations,
postulated water depth and the calculation results of eroded thickness
derived from cross sections; (Beke et al., 2019).

3.2. Concepts

A systematic change was demonstrated in deformation mechanisms
within the pre- and syn-rift sediments in this part of the Pannonian Basin
(Petrik et al., 2014; Beke et al., 2019). As predicted by theoretical
considerations (Fossen et al., 2007), deformation mechanisms tend from
disaggregation type deformation band to different stages of cataclastic
type deformation bands (Petrik et al., 2014), then to the coexistence of
DBs and extension veins, finally leading to the formation of discrete
frictional slip along discrete fault planes, shear or hybrid-type joint, or
extension veins without DBs (Beke et al., 2019). As the characteristic
orientation of fractures and the governing stress field axes exhibit
frequent and rapid changes (see 2.2.), the time constraints for different
deformation mechanisms are quite exact.

The above described idealised chronological order of deformation
structures was projected into 1D subsidence models to determine depth
ranges for the formation of a given type of fracture (see Beke et al., 2019
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Fig. 3. Field photos of different types of deformation elements, stereograms and cementation in chronological order. Note that the timing of change in deformation
mechanism is different on the (left) conglomerate and (right) sandstone. A) Two sets of dark coloured, D2 phase disaggregation bands with no relief in host
conglomerate at site M-Da. B) Vertical calcite concretion in sandstone along phase D3 disaggregation bands at C-Noé.C) Phase D3, massive calcite cementation along
a protocataclastic band with strong relief at M-So. D) Elongated calcite concretion along the outer side (white dashed line)of an advanced stage cataclastic DB
(marked by white dotted line) at C-Kh. E) Advanced stage of cataclastic DB having negative relief, alternating with calcite ‘pull-apart’ domino in conglomerate at M-
Da. F) calcite veinlets in conglomerate without DB at M-Da. G) An example of cross-cutting relationship between phase D3 band-related calcite concretion (white

dashed lines) and phase D7 (peach dotted lines) deformation element at M-Fa.

<

<

in detail). Previously constructed 1D burial models are used for this
purpose in the two sub-areas of the present paper.

In this study, we further elaborate this methodology. The basic idea
is that (1) distinct types of deformation elements were formed irre-
versibly with increasing depth (up to the maximum burial); (2) one can
connect diagenetic process, including calcite precipitation, their
geochemical characteristics (stable isotopes, fluid inclusion data), thus
the temperature and origin of fluids from which they precipitated to
certain type of deformation elements (DBs or veins). While the burial
curve constrains well both the time span and formation depth of struc-
tures, these constraints can be transferred to the interconnected diage-
netic processes. Using this approach (Fig. 2), the age and burial realm of
diagenetic alteration (including calcite precipitation) can be deter-
mined. If a calcite phase is characteristic for a given type and age of
deformation element, the basin-scale diagenetic processes can be
compared (Fig. 2). However, it is important to note that calcite may be
formed at a later phase than the host deformation element in some cases.

4. Results
4.1. Field scale observations

Although the observed deformation structures were partly described
in Beke et al. (2019), a short presentation is given here in order to
demonstrate the connection between evolution of deformation mecha-
nism and diagenetic alterations in the two rock types (Beke et al., 2019).
While the Darné conglomerate is slightly older than the sandstone, the
deformation started earlier and the given mechanisms also appeared
earlier in this rock type (Fig. 3A,B).

The conglomerates at the Darné margin of the basin reveal three
generation of deformation elements (Fig. 3A, Beke et al., 2019). The
oldest generation is represented by three sets of dark bands having no
relief. These disaggregation type of bands belong to the earliest, pre-rift
phase D2 (Fig. 3A). The next generation of bands (pre-rift phase D3)
appears as a single band with negative relief alternating with calcite
dominoes along strike (Fig. 3E). Pebbles rotated to parallel to the DB
demonstrate that the host rock still had high enough porosity to allow
band formation with grain rotation and boundary sliding. However, the
opening mode of the calcite dominoes indicates locally consolidated
rock. This along-strike variation of structures suggest a mixed mode of
deformation between deformation bands and faults (Beke et al., 2019).
The following generation of structures is represented by individual
calcite veins formed during the early syn-rift phase (D4). The deforma-
tion mechanism (mode of crack opening) indicates formation in well
consolidated rocks (Fig. 3F, Beke et al., 2019).

In the slightly younger sandstone outcrops, the earliest deformation
bands belong to the pre-rift phase D3. In a basin centre site (C-Noé),
disaggregation bands appear in well-cemented concretions, which are
arranged along subvertical zones (Fig. 3B). On the other hand, in the
marginal sites (M-Fa and M-So) conjugate pairs of protocataclastic bands
with strong relief formed during the same pre-rift phase (D3), (Fig. 3C).

The earliest syn-rift phase (D4) was not represented in the studied
sandstone sites but the main rifting events (phases D5 and D6) occur
with variably cataclastic DBs. Advanced stage of cataclasis is present in
DBs related to the main syn-rift phase D5 at basin centre outcrops (C-Kh,
Fig. 3D) and in the cores of borehole C-Sh. The lack of orientation in the
latter case does not allow us to connect structures to this deformation

phase. At site C-Noé, advanced cataclastic deformation bands alternate
with steep calcite veins, geometrically similar to dilational normal faults
(Ferrill and Morris, 2003). The calcite veins opened sub-vertically in the
pervasively cemented concretions, and directly continue as shear-
induced deformation bands in the less cemented host rock. The along-
dip variation of deformation mechanisms could occur just before the
onset of frictional sliding similarly to structures of phase D3 in the
marginal conglomerate (Fig. 3E). In the marginal sites, protocataclastic
bands, consistently crosscutting the phase D3 bands were formed related
to phase D6 at M-Fa.

The syn-rift bands were reactivated or crosscut by younger fractures
during deformation phases D7-D10. At M-Fa, the boundary surface of
the phase D6 DB was reactivated as a discrete fault with slightly oblique
dextral calcite domino belonging to phase D7 (Fig. 3G). Discrete fracture
planes (joints) without calcite cement are present in both central surface
sites (C-Noé, C-Kh), and are classified in deformation phases younger
than D7 (Beke et al., 2019).

4.2. Host rock petrography

The studied sandstone (PF, Fig. 1) samples are taken from cross-
bedded, fine to very coarse-grained sandstone. The sorting ranges
from moderate to good and rounding varies within angular to well-
rounded. The framework grains are mono- and polycrystalline quartz,
feldspar, mica, glauconite sedimentary rock fragments (chert and
dolomite), metamorphic and altered igneous rock fragments. The
sandstones are classified as litharenite and feldspathic litharenite ac-
cording to Folk (1974). Along the Darné Zone (Fig. 1), the studied fan
delta conglomerate is represented by poorly sorted, pebbly sandstone
and matrix supported polimict conglomerate. The clasts mostly consist
of rock fragments, i.e. basic igneous rocks, hyaloclastite, radiolarite and
chert (Sztano and Jozsa, 1996).

In sandstone samples of the eastern Darné margin (Fig. 1), frame-
work grains predominantly show point contacts. In contrast, the samples
of the Darn6 conglomerate exhibit linear and concavo-convex grain and
clast contacts while point contacts are restricted concretions rich in
calcite-cement (Fig. 4A). In the sandstones of the basin centre, linear and
concavo-convex contacts are widespread (Fig. 4D, F).

In deposits, where the point contacts are observed (Fig. 4C, E),
diagenetic glauconite, siderite, pyrite, smectite and calcite are charac-
teristic and mark the pre-compactional diagenetic stage. Glauconite
occurs in the intragranular porosity of bioclasts. Siderite crystals form
grain-rims around dolomite grains. Siderite and pyrite are present
throughout the basin but they are absent in the conglomerate of the
Darné margin. In contrast, grain-rimming (Fig. 4A) and pore-occluding
smectite occurs only in the Darné conglomerate rich in altered basic
igneous rock clasts.

Along the eastern Darné margin, where point contact dominates
between the framework grains, circumgranular (Call), non-ferroan
(pink stained) calcite cement (Fig. 4C), occurs in the sandstone at site
M-Fa (Fig. 4C). Elsewhere, the bioclast-rich Darné conglomerates are
cemented by coarse crystalline, non-ferroan, mosaic calcite (Cal2)
(Fig. 4A). The calcite-cemented parts of the layers form concretions
within the deposits enriched in early diagenetic smectite.

Diagenetic minerals such as albite, ankerite, quartz and calcite engulf
linear and concavo-convex grain contacts which indicate they post-
dated mechanical compaction (Fig. 4 B,D,F). Diagenetic albite is non-
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Fig. 4. Photomicrographs of calcite cement generations in host rocks. A) Pink-stained blocky calcite spars (Cal2) in the calcite-rich part of conglomerate of M-Da. A
small amount of smectite is present among grains (yellow arrow). B) Blue-stained mosaic calcite (Cal3) occurs in the host sandstone at (M-So), where linear contacts
are widespread between grains. C) Pink stained circumgranular calcite cement (Call, green arrow) is predominant in the host sandstone at M-Fa. D) Blue-stained
calcite (Cal3) in vertically aligned concretions in the sandstone at C-Noé, where grains predominantly have linear contacts (yellow arrow). E) Pink-stained coarse
crystalline blocky calcite cement (Cal5) in which point contact dominates between the framework grains and occurs together with a minor amount of blue stained
sparry calcite at C-Sh. F) Blue-stained coarse crystalline blocky calcite cement occludes the pores between grains with frequent concavo-convex and linear contacts in
the sandstone at C-Kh. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

luminescent and occurs as replacive mottles within detrital K-feldspar
and as overgrowth cement on plagioclase grains. Albite is widespread
throughout the basin deposits; however, it is missing from the succession
of the easternmost marginal localities. Ankerite was observed only in the
core section in the central part of the basin (site C-Sh, Fig. 1), as
replacing the siderite cement crystals. Minor amounts of microcrystal-
line quartz and syntaxial quartz overgrowths were detected in the host

sandstones throughout the basin. Ferroan calcite (Cal3), characterised
by medium to coarse crystal size and blue to mauve staining, occluded
the pore space reduced by compaction (Fig. 4 B,D,F). This calcite (Cal3)
phase was chiefly observed at the central part of the basin and it is
missing in two sites (M-Da, M-Fa) at the eastern Darné margin.
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Fig. 5. Photomicrographs of calcite cement generations in deformation elements. A) Blocky and fibrous calcite (yellow arrow) occur in disaggregation band (phase
D3) from vertical concretion at C-Noé. Calcite fibres in coarser grained and pebbly sandstone indicate shear. B) Blue-stained calcite (Cal4) cement in and along
protocataclastic band (phase D3). Calcite cementation is not restricted to the band. Note: this band type requires porous rocks, therefore deformation must have
preceded pore occluding cementation. C) Closer view of the previous photo taken in a phase D3 band. The blue stained calcite is microcrystalline and entirely fills the
reduced pore space of the DB. D) Calcite domino (phase D3) in conglomerate. The wall is not sharp between the host rock and the domino; instead a ‘transition zone’
can be followed (between the yellow and pink arrows), where both host rock grains and sparry calcite are present. The pure calcite part of domino (pink arrow)
consists of coarse crystalline blocky calcite (red arrows). E) Phase D5 vein (yellow arrow) at C-Noé comprises of mauve-stained blocky calcite crosscutting the
concretions cemented by blue-stained (pink arrow) sparry calcite (along phase D3 DBs). F) Reactivated cataclastic DB (phase D6-7) at M-Fa. Reactivation is limited to
the left side of the DB and resulted in finer grain size and more matrix (including very fine grained pink stained calcite marked by yellow arrow) than on the right side
(calcite in DB marked by pink arrow) of the DB. G) Calcite of the host rock and the reactivated part of the DB shows identical bright orange cathodoluminescence.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.3. Petrography of deformation elements

Calcite cements (Cal2,3) within disaggregation bands (Fig. 5A) is
medium to coarse crystalline and show similar staining to the adjacent
host rock cement. The main difference between the DB calcites of the M-
Da and C-Noé sites (Fig. 1) is in the amount of calcite compared to the
host rock. In the latter case, where bands are inside calcite concretions
(Fig. 3B), the pores between coarser grains are locally enlarged and fully
occluded by mosaic, blue to mauve- stained ferroan sparry calcite
(Fig. 5E). On the other hand, early diagenetic smectite occludes the
intergranular pores in bands formed in the ophiolite-derived (marginal)
conglomerate. A minor amount of mosaic, non-ferroan calcite occurs
together with smectite, but in a smaller proportion compared to host

rocks.

Protocataclastic bands are characterised by minor amounts of fric-
tional matrix derived from minerals which are fragile, ductile (e.g.
phyllosilicates) or have good cleavage (e.g. feldspar) (Fig. 5B, Q).
Although, the porosity and permeability is reduced in bands compared
to the host sandstone, the remaining pores are entirely occluded by
calcite cement (Cal2 and Cal4) along bands and in the adjacent parts of
the host rock. The size of calcite cement decreases from spar to micro-
crystalline from the host rock through the outer zone of bands toward
their core. The calcite (Cal2 and Cal4) microspars are ferroan in the
bands of phase D3 (Fig. 5B, C), whereas they are non-ferroan (Cal3) in a
later generation of bands of phase D6 (Fig. 5F).

The advanced stage of cataclastic bands are characterised by large
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Fig. 6. Photomicrographs: CL and SEM images of authigenic minerals related to the advanced stage of cataclastic deformation bands. A and B) Cathodoluminescent
and combined light microscopic(PPL) and CL photo of the core zone of a cataclastic band at C-Kh. Fractured feldspar grains (luminescent) contain authigenic albite
(non-luminescent) as a fracture healing pattern. Inset picture shows a closer view of fracture pattern like non-luminescent albite stripes in a feldspar grain C) SEM-SE
image of the boundary zone between an advanced stage cataclastic band and the host sandstone. D) SEM-SE photo (taken from the area marked by a dashed rectangle
in the photo C) reveals that microcrystalline quartz covers quartz grains, but syntaxial quartz overgrowth occurs on the fracture plane of the grain.
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amounts of frictional matrix in which only a few rigid grains remained
intact. (Fig. 6B).

In the basin centre, no fractured calcite cement was detected in the
bands; however, the host sandstones are cemented by calcite (Cal3).
Instead, another type of diagenetic mineral is observed in DBs of the C-
Kh. Non-luminescent replacive and fracture-cementing, authigenic
albite can be found within feldspar grains both in the host rock and the
deformation bands. Adjacent to the band, authigenic albite appears

host rock
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oriented into the direction of shear indicated by the DB (Fig. 6A, B).
Syntaxial quartz overgrowths, engulfing microcrystalline quartz on
fracture surfaces, occurs preferentially along DB boundary zones
(Fig. 6C,D), but cannot be found in the core of the DBs.

At the Darné margin (site M-Fa), the matrix of the reactivated
cataclastic band (phase D7) consists of a small amount of comminuted
sedimentary grains among a large amount of fine crystalline calcite
(Fig. 5F,G). Both calcite cement phases in the host sandstones (Call) and

deformation structures
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associated with deformation elements. C-G) Stable isotope data trend of the studied sites (the relative chronology of structures marked by grey arrow).
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the earlier DB (Cal3) as well as microcrystalline calcite in the bands are
non-ferroan and show bright orange CL colour(Fig. 5G).

Calcite dominoes alternate along-dip or along strike with advanced
stage of cataclastic bands (Fig. 3E). The opening mode fracture with
calcite-fill, occurring together with DBs, is considered a tiny pull-apart
structure. In the pervasively cemented part of the host rock, calcite oc-
curs as individual veins without DB (Fig. 3F), which are less than 1 cm in
thickness. The veins generally consist of medium to coarse crystalline
non-ferroan mosaic calcite (Fig. 5D) at the Darné margin, whereas cal-
cites are ferroan in basin sites (Fig. 5E). In the case of calcite dominoes, a
‘transitional zone’ can be observed in the vicinity of the opening be-
tween the pure vein and the host rock. In this transitional zone, medium
crystalline calcite crystals occluded the enlarged intergranular pore
space of the host rock (Fig. 5D). The cement crystals engulf mostly intact
grains. In other cases (Fig. 5E), where the vein wall is a sharp zone, only
a few isolated fractured grains of the host rock are present among coarse
crystalline mosaic calcite.

4.4. Stable isotope data

Bulk rock stable carbon and oxygen isotope compositions of the
calcite cement exhibit a clear correlation between the host rock and
deformation elements (Fig. 7A,B). The measured calcite phases yielded
613CpDB values in a wide range from —18.5%o to +1.6%0 whereas 61801)])3
values range from —15.2%o to —1.3%o. Calcite bivalve and calcite cement
in the host sandstones containing circumgranular calcite (Call) are
characterised by 5'3Cppp values between +1.8%o and + 0.2%o and rela-
tively high 580PDB values (—1.5%o to —2.2%c). The majority of isotope
data from calcite (Cal2 and Cal3) show a linear trend; 613CPDB values
vary from —9.9%o to —1.0%o and 8'0PDB values yielded a wide range
from —15.2%0 to —2.1%o. Host rock bulk samples and most of the cement
phases from deformation elements belong to this group. As part of this
group, the isotope compositions of calcite dominoes and veins exhibit a
particularly narrow range in 8'3Cppp values (between —6.3%o and —
5.9%o0), which is paired with low 5'80PDB values (between —11.7%o and
— 6.7%o).

Two generations of calcite are shifted off the linear trend toward
lighter 613CPDB values. One calcite generation (Cal4) of phase D3 DBs (at
site M-Fa) has 8'3Cppg values of —10.7%o and — 9.6%o and 5'%0PDB
values between —3.7%o and — 3.1%o (Fig. 7 site by site). Another calcite
(Cal5) phase measured in the host rocks from the borehole sample shows
the most negative 5'3Cppp values from —18.5%o to —8.3%o), whereas the
5'80PDB ratio yielded a narrow range (—9.5%o to —7.2%o).

4.5. Fluid inclusion data

The observed fluid inclusions in calcite veins at site M-Da are aligned
along growth zones and contain a liquid phase. The one-phase liquid
filling of these primary fluid inclusions refers to entrapment below cc
50 °C (Goldstein and Reynolds, 1994). The petrographic features and
microthermometry data of the studied fluid inclusion assemblages are
summarized in Tablel. Fluid inclusion (FI) assemblages suitable for
microthermometry were only found in the C-Noé samples. The vast
majority of fluid inclusions in this sample are aligned along planes. Some
of these planes run parallel to each other and represent growth zones,
which are mostly outlined by tiny solid inclusions. Fluid inclusions occur
sporadically along these growth zones. The largest dimension of these
primary fluid inclusions does not exceed 3 pm. They are one or two-
phase inclusions containing liquid or liquid+vapour phases at room
temperature. All-liquid inclusions are dominant over the two-phase ones
within the assemblage. Hence, we suppose that two-phase inclusions
formed accidentally, and do not reveal the original fluid density. The
small size of these fluid inclusions inhibits their further analysis,
including microthermometry. In addition, fluid inclusions occur along
planes, running either within the clear crystal cores or crosscutting
growth zones. A characteristic feature of the latter textural type is that
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fluid inclusion planes crosscut only certain growth zones and do not
reach the outer rim of the crystals, i.e. they should be regarded as of
pseudosecondary origin. These inclusions have an elongated shape and
contain one liquid phase at room temperature. The size of these FIs
ranges up to 400 pm. In order to determine the salinity of the trapped
fluid, we stretched the vacuole of the FIs in order to nucleate a vapour
phase. After a stepwise heating process, bubbles finally appeared in
them at 230 °C. During subsequent cooling the liquid phase froze at ca.
-38 °C in all FIs. During the heating runs, ice melting took place in the
presence of a vapour phase, while the last ice crystal uniformly melted at
—0.1-0 °C (n = 13).

5. Discussion

5.1. Thermal constraints on deformation and the possible origin of
associated fluids

Isotopic compositions of calcite generations combined with the
calculated formational depth and temperature range of associated
deformation elements are applied to determine the possible origin of
pore fluid. Hence, this combination of methods involves independent
estimations of the potential thermal conditions of basin evolution and
related calcite cementation.

The possible depth of deformation was calculated by the integration
of relative timing, deformation mechanism and burial curves presented
in our earlier works (Beke et al., 2019). The obtained depth constraints
are transformed into temperature range using Petromod 1D modelled
isotherms based on the Sh-16 borehole considering the average heat
flow values (Horvath et al., 2015) in the Pannonian basin during pre-rift
and syn-rift phases. Additionally, certain authigenic minerals also pro-
vided temperature constraints. The initiation of pressure solution-
related quartz cement precipitation, which can be related to the tem-
perature limits the maximum temperature of studied sandstone forma-
tion. This type of quartz precipitation can also occur at 50 °C, McBride
(1989), but become widespread at cc 70-80 °C, Bjorlykke and Egeberg
(1993).

The 5'80PDB isotopic data, taking the 613CPDB values also into ac-
count, are applied as one of the independent constraints on calcite
precipitation (based on Kim and O’Neil, 1997). The intersection areas of
the temperature range, derived from burial modelling (Fig. 9) and the
curve of measured oxygen isotopic values determine the possible range
of initial isotopic composition, and hence the possible origin of the fluid
(see on Fig. 8).

All the obtained intersections reveal that §'30SMOW isotopes of pore
fluids from which calcites were precipitated fall between —1 and —10%o
(Fig. 8). The 5'%0SMOW value of —1%s is a slightly more depleted than
the general Early Miocene (Eggenburgian) marine isotope data (0%. and
+ 1%o) published from the Paratethys (Abreu and Haddad, 1998).
Nevertheless, the one of the extreme value (—10%o) of the recalculated
5'80gmow of the fluids is close to the modern meteoric water for this
latitude (ca.—10%o, Virag, 2018) at 0-200 m topographic elevation.
Similar Miocene isotopic values were reported in sandstones from fresh
groundwater affected systems in other regions at similar latitude (e.g.
Milliken et al., 2009; Balsamo et al., 2012). These isotopic constraints on
end-member fluid compositions together with positive correlation be-
tween wide range of 6180PDB (—15.2%o0 to +1.3%0) and 613CPDB values
can be either interpreted as variable amounts of calcite phases or mixing
between the fluid end-members in variable proportions (Banner and
Hanson, 1990).

Considering the lack of evidence for marine cement in the majority of
the samples (Sz6cs and Hips, 2018) and single-phase vein opening
(supported by vein texture, no signs of crack and seal), we assume
variable proportions of mixing between meteoric and connate marine
pore waters. However minor amounts of co-occurring calcite phases are
present in some samples (C-Sh borehole).

In addition, both all-liquid aqueous inclusions and the presence of



B. Beke et al.

o

Farkaslyuk (M-Fa)

Global and Planetary Change 199 (2021) 103434

1007 100
904 .
c +vein
§’ 801/ /\cc domino s
T 70 g ADB D3
g : ODB
© p HR
2 60 : OHR o
8 50 : JD6=48-50°C
£ 40 : ®HR
2 g
@ 304 : ADB D3
o 1
20 ; D3=15-20°C |p3=15-20°C
104 :
0+ : (P i A
10 8 6 4 2 0 +2 +4 +6 10 -8 6 -4 2 0 +2 +4 +6 10 8 6 -4 2 0 +2 +4 +6
Water 5'°0 (SMOW) Water 5'°0 (SMOW)
IEI T(°C) T(°C) Kishartyan (C-Kh) T(°C) Sdmsonhéaza 16/a borehole (C-Sh)
100 7 7 =
o c
[ =
£ <
® pCC vein
8 SA s
< =} mHR
— o
4 Y
g = |
i g cc along HR
pred HR alon,
g DB D3 whR along
4R al '
alon { 5
NpB D5 o | e
WHR 0 - ol .
-8

0 +2 +4 +6 -4

Water 5'°0 (SMOW)

-10 -8 6

= Possible thermal constraints Possible thermal constraints

at specific deformation phases

-2
Water 5'®0 (SMOW)

T Possible thermal constraints on s -
= derived from burial history derived from calcite 5'°0 (PDB) initial stage of quartz pressure solution;

0

2 0 +2 +4 +6
Water 5'®0 (SMOW)

+2

/'_' Obtained constraints from combination
of stable isotopes and burial history

Fig. 8. Estimations of possible pore fluid compositions based on temporally well-defined calcite generations. Constraints are gained from the combination of
5'0PDB isotopic data of calcite using Kim and O’Neil's (1997) equation and the possible temperature ranges derived from 1D burial modelling (Fig. 9). The
intersected area projected to x axis determines the potential §180gmow values. The oxygen isotopes of the original pore fluid are characteristic for waters between

marine and meteoric types in all cases (A-F).

Table 1
The petrographic features and microthermometry data of the studied fluid in-
clusion assemblages.

Sample FI genetic ~ Phase Trapping Tm(Ice) Size
ID type assemblage temperature
@Troom

M-Da P L <50 °C n.d. <5 pm

C-Noé P L (L + V, rare) ? n.d. <3 pm

C-Noé PS L <50 °C —-0.1- <400
0°C pm
13)

the extremely low-salinity fluid trapped in the pseudosecondary in-
clusions of calcite veins (C-Noé, Table 1), further supports the contri-
bution of meteoric fluid source.

As the variable ratio of admixing between two types of fluids is the
most plausible explanation for the wide range of §'%0ppg values paired
with a gradual decrease in SIBCPDB values, calculations were carried out
on the possible temperature range of precipitation for both end-member
cases (GISOSMOW —-10%o0 and —1%o). A paragenetic sequence tied to burial
curves provides additional constraints to the obtained values (Fig. 9).
The gradual change in isotopic composition (Fig. 7) together with the
different types of deformation mechanisms serve as input constraints for
reconstructing the timing of cementation (Fig. 9). In the following, we
discuss the possible temperature range and origin of calcite generations
in chronological order inferred from structural evolution and burial
modelling. Uncertainties are present in the preliminary assumptions
such as estimated burial depth (+100-150 m corresponding to 5-7 °C),
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geothermal gradients (+2 °C within 100 m) as well as the postulated
timing of cementation. In addition, we should take into consideration
that meteoric water supply circulating downward can be (several de-
grees) cooler than the expected host rock temperature.

At the eastern (Darnd) margin, the earliest band generation (phase
D2) and one host rock sample (M-Da) exhibit slightly more negative
5'80PDB and 5'3Cppg isotope values (Fig. 7E) than supposed marine
values. This band generation is relatively enriched in smectite and the
remaining pore space was occluded by calcite with similar composition
to the host rock. Preferential smectite enrichment was reported and
interpreted by Wilson et al. (2006) as an early diagenetic record of
meteoric fluid flow through DBs in non-welded ignimbrites. Both the
presence of early diagenetic smectite and the isotopes of coeval or
subsequent precipitation of non-ferroan calcite suggest slightly modified
marine water (Fig. 8).

The subsequent D3 phase of cataclastic DBs alternated with calcite
dominoes (M-Da) has significantly less depleted isotopic ratios than
phase D2 band (Fig. 7E), which corresponds well to their younger
structural chronology. This argument refer to pre-rift, early phase D2
band cementation (presumably together with host rock calcite) prior to
phase D3. Calcite dominoes related to phase D3 could have precipitated
at temperatures between 20 °C and 28 °C. The early phase D3 bands in
sandstone of the two other marginal sites (M-Fa, M-So) have similar
5'80PDB isotope values compared to the phase D2 band in conglom-
erate. The significantly lower 3'3Cppg values adjacent to one of the D3
bands (Fig. 7F) suggest that pore water may have been locally
contaminated with fluid rich in organic material during or shortly after
actively forming D3 bands. The additional amount of light carbon can
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derive from oxidation of organic matter either by upward migration
from deeply buried organic-rich source rock or by meteoric fluids
passing through organic-rich sediment. Indeed coal-bearing formation
deposited almost directly on the studied pre-rift sandstone during the D4
deformation phase (18.2-17 Ma). In this scenario cementation would
fall into this time span, after D3 band formation while the deposition of
the coal-bearing strata post-dates the formation of D3 bands. On the
other hand, the presence of deeply-seated organic-rich sediments, the
possibility of oil generation and migration at the time of deformation
together with well-known hydrocarbon occurrences both at the Darné
margin and in the basin centre support upward migration (Kovacs et al.,
2020). In this case, the outstanding carbon isotope values can be
considered as a local factor in fluid composition at the time of
precipitation.

All together phase D3 structures in the eastern (Darn6) margin with
calcite cement having more depleted 5180 value (=7.1%o0 and — 2.5%o)
could have formed between 0 °C and 46 °C assuming meteoric and
marine end-members, respectively (Fig. 8A,B,C). Burial history (Fig. 9)
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indicates that these temperature values are roughly between 15 °C and
28 °C. This burial constraint together with the carbon isotopic ratio
(—10.7%0 and —1.2%o0) suggest modified marine pore fluid, excluding
pure meteoric water (Fig. 8A,B,C).

At the basin centre, the vertically aligned concretions along phase D3
disaggregation bands (Fig. 3B) might have precipitated at 18 °C to
101 °C. Considering the thermal evolution of the basin together with the
initial stage of quartz pressure solution in the sandstone samples, tem-
perature above 80-90 °C is not realistic in this part of the Pannonian
Basin. Therefore, the the initial pore fluid composition was limited be-
tween modified marine and meteoric water. The wide range of 5'0PDB
(Fig. 8D) isotope values together with gradually varying carbon isotopes
in the phase D3 band associated concretions may have resulted from the
fact that the temperature of the pore fluid increased together with the
proportion of meteoric involvement in line with time. However, phase
D3 deformation is the earliest possible formation period, the main
period of vertical concretion formations could have lasted between
phases D3 and D5 based on the systematic crosscutting relationship with
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phase D5 veins (Fig. 5E). The wide range of isotopic composition may
reflect temporally continuous growth during ongoing subsidence.

The phase D4 individual calcite vein as the earliest syn-rift structure
occurred only at eastern (Darnd) margin exhibits even more depleted
5'80PDB isotopic values than the previous calcite phases (Fig. 7E). The
observed shift in oxygen isotopic values may refer to an increase in
temperature. The onset of rifting could have increased the heat flow,
thus the temperature even at shallow burial depth. The increased tem-
perature could have induced diagenetic alterations (van Balen and
Cloetingh, 1993). Phase D4 veins may reflect temperatures between
13 °C and 61 °C, while burial depth calculation suggests a narrower
26-33 °C interval during this phase of deformation (Fig. 8A). The pri-
mary single-phase fluid inclusions in this calcite vein generation also
indicate entrapment below cc 50 °C (Goldstein and Reynolds, 1994).
The obtained temperature suggests precipitation from significant
freshwater contribution admixed to residual marine pore water
(Fig. 8A). Many similar calcite veins of meteoric origin have been re-
ported from sandstones (e.g., Eichhubl et al., 2009; Milliken et al., 2009;
Andre et al., 2010; Beaudoin et al., 2014; Bertotti et al., 2017; de Graaf
et al., 2017). The isotopic range of some of the described calcite veins
and their potential formation depth are comparable with our examples.

The phase D5 structures occurred only at the basin centre. The
5'80PDB (around —11%s) of phase D5 veins permits temperatures of
23 °C to 75 °C, but the isotherm calculated from modelling proposes
narrower interval (35 °C to 70 °C) for host rock temperature during vein
precipitation (Fig. 8D, Fig. 9). According to all-liquid aqueous in-
clusions, we suggest trapping below 50 °C in the case of this assemblage.
The extremely low-salinity pseudosecondary fluid inclusions of C-Noé
represent an intermediate meteoric fluid signal during the precipitation
of the fracture-filling cement.

In the case of the phase D5 cataclastic deformation band other in-
dependent thermal indicators also helped determine the possible tem-
perature of the host sandstone during deformation. The presence of
fracture healing authigenic albite (Fig. 6A, B) in phase D5 band refers to
minimum 60-65 °C (Saigal et al., 1988). In contrast, the microcrystal-
line quartz and subsequent quartz overgrowth occur only in the porous,
slightly deformed boundaries of the band (Fig. 6C, D), but they are
completely missing on the quartz grains in the core of bands. This evi-
dence indicates post-deformational syntaxial quartz overgrowth, which
might have took place between phases D6 to D8 during burial (Fig. 9).
According to these thermal indicator diagenetic minerals, we envisage
that phase D5 deformation took place roughly between at 60 °C and
80 °C. All these above described constraints suggest 23 °C to 50 °C for
fluid and 35 °C to 70 °C for host rock temperature during phase D5
deformation.

The subsequent phase D6 of DBs at the eastern (Darnd) margin (site
M-Fa) show 5!'%0PDB values similar to those measured in phase D3
calcite dominoes at site M-Da (Fig. 7). Based on burial history, D6 bands
could have formed at a burial depth where 48-50 °C temperature was
assumed (Fig. 8B). This burial constraint suggests that the calcite of D6
bands might have precipitated from heated marine pore waters that
were enriched only in light carbon (—6%.). Nevertheless an alternative
explanation to the shallower burial meteoric origin of bands related to
phase D6 cannot be ruled out on the basis of isotope values and the
deformation mechanism (similar to phase D3 bands) that is character-
istic of shallower depths (Fig. 8B).

The next temporal tie point is the reactivation of the previous, phase
D6 band as a very narrow fault zone (D7), where the earlier generation
of calcite cement was comminuted during frictional slip. This faulting
also displaces stratabound concretions. The reactivated structure serves
as an upper time constraint for cement precipitation in previous phase
D6 deformation bands.

Overall, the central and marginal sites, the relative chronology of the
studied deformation structures in agreement with the deformation
mechanism suggest that the preserved records of fluid-flow mainly
formed during the phases D2 to D6 (Fig. 9). The progressive temporal
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depletion trend in isotopic ratios can be attributed to the increasing ratio
of the meteoric component (Fig. 8A) in pore fluids accompanied with a
parallel increase in temperature and burial depth. The evolution history
started with early and modified marine records during pre-rift defor-
mation phases (D2-D3) and meteoric component became more domi-
nant in the cement generations of the main syn-rift phases (D4-D6) of
the intense subsidence. The lack of calcite cement associated with
structural elements younger than the D6 phase suggests that favourable
conditions for structurally controlled massive calcite cementation
ceased before phase D7 deformation.

Host rock calcite cement is poorly constrained temporally and
possibly includes several calcite generations compared to deformation
structures. In some cases, the uplift-related telogenetic origin of host
rock calcite cannot be excluded.

Based on a systematic depletion trend in isotope ratios from the older
to the younger phase of calcite generations (Fig. 7), one would expect
identical values for each phase of calcite generations formed at similar
burial depth. On the contrary, in site M-Da, older structures show similar
isotope ratios to younger ones at the other sites (M-Fa, M-So). This
apparent contradiction can either be resolved by different burial posi-
tion at the time of calcite precipitation, or local spatial variation in the
rate of meteoric water infiltration. In the following, we infer the pro-
posed time of host rock cementation by combination of comparable
isotopic values and relationship with deformation structures (Fig. 9).

Concretion formation was widespread in eastern marginal sites all
along structural elements, while the pervasive host rock cementation
occurs only at sites M-Da and M-So. Calcite of host conglomerate (M-Da)
which is present together with smectite can mainly be attributed to
phase D2 based on the trend in isotopic values. Pervasive calcite
cementation in the host sandstone (at site M-So) can only be later than
the encasing phase D3 bands (Fig. 3C). Therefore, isotopic signals of the
host sandstone can represent a later stage of cementation than the D3
phase band’s (Fig. 9). These values are comparable to D4 veins in the
conglomerate at M-Da (Fig. 7).

At the other marginal sandstone site (M-Fa) the host rock is poorly
cemented with early marine calcite (Cal-1) and only a few stratabound,
partly asymmetric concretions occur at one side of the pre-existing
bands. The presence of both displaced and non-faulted, but asym-
metric stratabound concretions may refer to continuous layer parallel
concretion growth before and partly after the last phase (D6) of DB
formation.

The two outcrops of the basin centre (C-Noé and C-Kh) show an
overlapping range of isotopic signals (Fig. 7C, D), which may allow
narrowing the timing and origin of host rock cementation (Fig. 8D). The
calcite of C-Noé’s host rock (Fig. 7D) might have existed at the time of
phase D5 band formation (Fig. 7C,D), because these bands behave as
barriers to later fluid flow. On the other hand, we assume that the veins
at C-Noé as well as stratabound calcite concretions at C-Kh could also
have precipitated from meteoric water or fluid with significant meteoric
component based on the similarity in their isotopic ranges (Fig. 7C, D).
The stratabound cementation of the host rock at C-Kh could have formed
shortly after the phase D5 deformation and partly coeval with the quartz
overgrowth (Fig. 6C,D) together with kaolinite (Fig. 9). However, the
telogenetic origin of calcite cannot be excluded at site C-Kh (Sz6cs and
Hips, 2018), the similarity of isotopic values to the phase D5 vein at C-
Noé (Fig. 7C,D) rather supports formation closely after phase D5
deformation.

The borehole C-Sh deviates from the general trend due to the wide
range of more negative 5!°Cppp isotopes and a narrow spectrum of
5180PDB isotope values (Fig. 7G). The relative homogeneity of 5'®0OPDB
and the high variability of 5'3Cppp can be a characteristic of a meteoric
phreatic system water line (Lohmann, 1988), but the very low 613CpDB
isotopic values together with the presence of bitumen traces in pores
may refer to the involvement of hydrocarbon-bearing fluids. Micro-
scopic evidence implies that the predominant calcite cement (Fig. 4E) is
pre-compactional which refers to a relatively shallow burial origin
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(Szocs and Hips, 2018). The comparison with other calcite generations
in more compacted host rocks (Fig. 4B,D,F) indicates that calcite pre-
cipitation was earlier than the intense subsidence of phase D5. This
assumption constrains the timing of the cementation during the pre-rift
(D2 and D3) or early syn-rift (D4) phases (Fig. 9).

5.2. Model for the evolution of the fluid flow system during the
deformation history

The structural diagenetic evolution is distinctly expressed in the
eastern marginal and central areas during progressive burial. This
spatio-temporal difference is expected because the Early Miocene pre-
rift basin was subject to folding and thrusting, and the deformation
mostly concentrated on the eastern (Darnd) margin with contractional
character (Fig. 1C,D,E).

The basin margin outcrops recorded the earliest diagenetic alter-
ations, which started with marine calcite and (Fig. 7) followed by the
increasing influence of meteoric water during successive D2 and D3
deformation phases. These structural records are attributed to the pre-
rift history in a ~ 4 Ma long time span, from 22 to ~18 Ma. Similar
shallow burial, meteoric calcite cementation is frequently attributed to
compressional deformation (e.g. Travé et al., 1998; Mangenot et al.,
2018). The infiltration of meteoric water could possibly be initiated
along the basin margin due to active deformation and the elevated
hanging wall of thrust faults.

The pre-rift evolution occurred at very shallow burial depth from 0 to
400 m, in agreement with the type of deformation structures (Fig. 9). In
site M-Da, located at the base of the clastic formation, calcite precipi-
tation started from 0 to 100 m (phase D2) related to disaggregation band
that requires still unconsolidated sediments. However, in the slightly
younger part of sandstones at sites M-So and M-Fa, the calcite of phase
D3 deformation band could have also formed between 0 and 150 m
depths (Fig. 9). This narrow and comparable depth range for the for-
mation of phase D2 and D3 DBs and associated calcite phases correspond
well to the overlapping isotopic composition of pore fluids (Fig. 7B).
Already during the late stage of D3, but definitely from phase D4, calcite
precipitated in the Darn6 conglomerate as dominoes and veins between
300 and 600 m depth (Fig. 9).
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The change from pre-rift (phase D3) compression-transpression to
syn-rift (D4) extension tectonics does not correspond to significant
change in the isotopic composition of the circulating fluid (Fig. 7B).
Oxygen isotopic values were only slightly shifted toward more depleted
values referring to elevated temperature in line with greater depth and
heat flow. The switch in deformation mechanism from deformation
band to vein formation indicates that the host conglomerate uniformly
reached the consolidated state at that time (Fig. 3F). On the contrary, the
studied sandstone remained relatively porous rocks allowing DB for-
mation and considerable fluid-flow during the entire pre-rift and in the
early syn-rift stages. The presence of the early type of cataclastic DBs
related to phases D3 and D6 at site M-Fa suggests that host rock petro-
physical parameters might have not changed significantly between the
two deformation phases. This may be related to a specific syn-rift burial
history of this site (Beke et al., 2019).

In contrast, in the basin centre, syn-rift structures are predominant,
which are represented by an advanced stage of cataclastic bands and
discrete fractures (veins, fault-slip). The switch to discrete frictional slip
and vein opening in sandstone may have occurred between 400 m and
1200 m depth (Fig. 9) during or shortly after the accelerated subsidence
related to phase D5. Isotopic signals clearly reflect the increased
contribution of meteoric water in pore fluids expressed both in calcite
generations along earlier (phase D3) DBs and in phase D5 veins. This
possibly coincide with the pervasive cementation of the host sandstone
which could have also occurred when subsidence was the fastest and
fracturing the most intense during the syn-rift phases (Figs. 9, 10). The
estimated fluid temperatures related to syn-rift phases refer to hotter
water in basin centre sites than along the Darn6 margin (compare C-Noé
on Fig. 8D and M-Da, Fa on Figs. 8A,B), partly because M-Da veins
represent an earlier and shallower stage (D4) of subsidence. The increase
in temperature during syn-rift phases (Fig. 7B) can be attributed to the
deeper burial depth of the central sites than the marginal ones. However,
no calcite cement related to deformation elements was observed
younger than phase D5 in the central sites. The wider spectrum toward
more depleted isotopic ratios at C-Noé (Fig. 7D) suggest that water
percolation might have continued during the subsequent D6-D8 defor-
mation phases (depth can exceed 1400 m, Fig. 9).

We envisage that the studied porous sandstone and conglomerate
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may have acted as regional aquifer located between aquitard sediments
in a basin-scale fluid flow system (Fig. 10) and permitted considerable
fluid flow. Large-scale circulation was possible because pre-rift sand-
stone dipping toward the basin centre were exposed or were shallowly
buried at all margins of the rift systems. In the north, the Vepor crys-
talline and all pre-rift formations were tilted to the south and exposed
during the early part of the rifting, and only covered by ca. 15-13 Ma
volcanoclastics. Near the eastern Darn6 margin, within the Darné Zone
and in the Biikk Mts. Mesozoic carbonates prone to karstification formed
the margin of syn-rift grabens (Figs. 1D, E and 10). At the western
margin (Buda Hills), the western occurrences of the pre-rift sandstone
were elevated within the footwall of large-displacement syn-rift faults
(Fodor et al., 1999). From these potentially elevated areas (Fig. 10) the
gravity-driven recharge systems allowed the continuous percolation of
meteoric water that diluted residual connate pore fluids. The fluid-flow
toward deeper parts of the basin was coupled with the gradual heating of
circulating fluids. The water moved in sandstone aquifers primarily
along bedding planes and large faults, as demonstrated in basin-margin
carbonates by fluid flow modelling (Havril et al., 2016). During water
circulation, a specific type of early deformation bands and fractures cut
across beds and provided avenues for vertical ‘transbedding’ fluid flow
(Fig. 10). The lack of calcite in structural elements after the main phases
of subsidence may suggest that percolating water was either no longer
saturated for cement precipitation or it could not enter this aquifer due
to sediment cover. The ongoing subsidence reached its maximum
around 8 Ma (~1.5 km), ~10 Ma after the rift initiation. This was fol-
lowed by neotectonic inversion, uplift (Arato et al., 2019) and denu-
dation, but these left little trace in the study sites.

5.3. Relationship of deformation structures and fluid flow

Based on meso-, and microscopic observations together with isotopic
data of structurally controlled concretions, shallowly formed (<1 km)
deformation elements have variable relationship with fluid-flow.

5.3.1. Disaggregation band

This band type together with the intersection of coarse-grained strata
favoured massive calcite precipitation resultedin vertically alignedce-
mented concretions (Fig. 3A) in the sandstone. Such intersections, where
the porous space is the largest, certainly provided a preferential path for
fluid flow. Meanwhile, in the Darné conglomerate, disaggregation bands
favour the formation of early diagenetic smectite in agreement with
earlier observations on DBs (Wilson et al., 2006).

Stable isotope data of calcite in disaggregation bands partly overlaps
and shows the §'%0PDB and 5'Cppg depletion trend of host rock data.
The overlapping isotopic signatures suggests that calcite precipitation in
the host rock and in the bands can be regarded as concurrent processes.
This interpretation agrees well with the general observation that the
disaggregation band has no significant porosity change with respect to
the host rock (Fossen et al.,, 2007). However, the earliest type of
deformation bands is likely to preserve the earliest records of fluid-flow
suggesting that they rather enhanced diagenetic alterations It is in
accordance with our earlier observations that if the host rock is at least
partially cemented, this type of band also contains cement (Beke et al.,
2019).

5.3.2. Protocataclastic bands

The observed pervasive cementation (Fig. 3C,G and Fig. 5B, C) in this
type of bands (M-Fa, M-So) indicates that calcite precipitation favoured
these structures. Carbonate cemented protocataclastic type bands were
only described in a few places (Balsamo et al., 2012; Skurtveit et al.,
2015; Lommatzsch et al., 2015b; Del Sole and Antonellini, 2019). The
work of Lommatzsch et al. (2015b) assumed that the massive cemen-
tation of DB preserved the early phase of dilation during band formation.
We cannot recognise dilation within the studied DBs, and hence we rule
out this possible explanation in our case. On the contrary, Del Sole and
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Antonellini (2019) argue that fluid flow was retarded in the case of band
associated tabular calcite concretions (CSB). Their study hypothesis is
that carbonate cementation is promoted by the combination of
decreased porosity which slowed down fluid flow and the presence of a
great amount of reactive feldspar grain surfaces derived from commi-
nution. In our case, massive cementation is not restricted to the bands
but expands symmetrically into the surrounding host rock resulting in
tabular concretions of several centimetres in thickness along bands of a
few millimetres —1 cm thickness. Hence, the combination of retarded
fluid flow and reactive grain surfaces cannot solely explain the extensive
cementation. Despite the fact that grain size and porosity reduction are
in apparent contradiction with the promotion of fluid flow (except when
assuming capillary suction), we suggest that porosity contrast along the
outer and inner zones of bands plays a role in massive cementation. We
speculate that the breaking of grains, in the outer zone of band, creates
additional fracture porosity and more reactive fresh grain surfaces
without significant grain size reduction and pore occluding matrix.
Although porosity in the core zone of bands has reduced, it still remains
permeable enough for fluid migration. Thus, the enhanced cementation
of bands compared to the host rock can be the result of local decrease in
pCO; or the consequence of fluid mixing during increased fluid-flux
along the outer zone of bands.

Considering isotopic composition, Balsamo et al. (2012) reported
isotopic values (5'80OPDB —6%0 and — 1% paired with 5'3Cppg between
—4%o and 0%o) from the Crotone basin (Italy) from concretions related to
the early type of DBs. Their measured isotope values were interpreted as
precipitation in mixing marine and meteoric vadose zone during
eogenesis, which can be the case for the D3 and D6 bands of this study.
Skurtveit et al. (2015) demonstrated isotopic data from calcite of a
similar cataclastic band that differs from the host rock values, but no
further explanation was given for the deviating record.

Due to all the reported and demonstrated calcite in protocataclastic
bands differs from host rock, and even from different phases of calcite in
isotopic ratios (M-Fa site, D3 and D6, Fig. 7F), these early structures are
capable of preserving distinct records of fluid-flow evolution, which
cannot be identified in the undeformed host rock. These arguments also
suggest that the different conductivity properties of structural elements
and host rocks cannot be accounted for by the variable degree of mixing
in these cases.

5.3.3. Advanced stage of cataclastic bands

Carbonate cement was not identified in this type of deformation
bands, which suggests that this type of band behaves as barrier to fluid
flow (Fossen et al., 2007; Torabi and Fossen, 2009; Fossen et al., 2017;
Shipton et al., 2005; Ballas et al., 2012; Tueckmantel et al., 2012; Torabi
et al., 2013). Hence, these bands can provide clues to the former state of
host rock alterations at the time of deformation. This behavior of the
bands contributed to narrowing the time constraints of calcite and other
diagenetic minerals, whether or not was present (at least locally) in the
host rock pores. In our special case, deformation band related diagenetic
albite (Fig. 6A,B) could have precipitated after initial fracturing, but
before the greatest porosity reduction in the core zone of bands, while
later diagenetic minerals (calcite, syntaxial quartz overgrowth) are
missing.

Isotopic data from these bands show similar values in both sites, and
the signatures overlap with those of the host rocks in one of the sites (C-
Noé, Fig. 7C, D). In site C-Kh, where isotopes of calcite in the DB and in
the host rock are different, pervasive cementation of the host rock
postdates DB formation. This evidence also strengthen that isotopic
values in bands can represent the calcite phases of the host rock at the
time of deformation.

5.3.4. Calcite dominoes and veins

Calcite dominoes and veins (M-Da, C-Noé) formed partly together
with the advanced stage of cataclastic bands (Fig. 3E). This combination
of two different types of deformation mechanism is considered to be an
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important step in diagenetic evolution when part of the host rock layers
has been cemented while others still have enough porosity for band
formation (Davatzes et al., 2003; Beke et al., 2019).

All the isotopic values (Fig. 7E) of calcite veins and dominoes
(Fig. 7B) exhibit very similar 8'3Cppp isotopic signals (around —6%o).
The shift between subsequent calcite generations (phase D3, D4 and D5)
toward more depleted 5'%0PDB isotopic values can be mostly attributed
to increasing temperature in line with burial depth.

On the whole, distinct types of deformation elements have variable
behavior to fluid flow, which also manifested in variable isotopic re-
cords of the associated cementation (Fig. 7B). Comparing stable isotopic
signatures of calcite in the host rocks (Fig. 7A) and in the deformation
elements, host rock cementation seems to at least partly independent
from the deformation structures of good conduits.

6. Conclusions

1) The combined application of temporally variable deformation
elements, stable isotopic and fluid inclusion data of cement
generations and burial modelling proved to be a powerful tool for
the determination of the source of fluids and can be useful in
sedimentary basins worldwide.

Structural elements of variable age preserved distinct temporal
records of fluid composition and temperature. The projection of
deformation band related calcite isotope data to the subsidence
curve provided constraints for the formation depth of a given
deformation mechanism and related diagenetic process.

The established gradual shift in oxygen and carbon isotopes with
time reflects both the increase in fluid temperature and the pro-
portion of meteoric water in the percolating fluids. This is due to
continuous subsidence, increasing heat flow during rifting, and
the enlargement of fluid-flow cells. This trend in the isotopes was
not dramatically modified by the switch in tectonic settings from
pre-rift compression-transpression to synrift extension.

Cement precipitation shows a spatial variation and it can be tied
to the most active pre- and syn-rift deformation phases which
resulted in rapid subsidence along the burial path. No calcite-
cemented deformation structures were formed during the post-
rift or neotectonic phases.

The existence of a basin-wide trend in isotopic values reveals a
deviating, local contribution of a fluid enriched in light carbon
isotope to the regional paleo-fluid-flow system. In addition, their
connection to distinct deformation elements confirms the timing
of this local contribution.

The different types of structures reveal variable characteristics in
preserving the signals of the diagenetic process (calcite cemen-
tation). Calcite cement in disaggregation bands and host rock
shows overlapping oxygen and carbon isotopic signatures.
Therefore their cementation could be at least partly simultaneous
processes as a result of comparable fluid-flow conductivity
properties.

Protocataclastic bands strongly favoured calcite precipitation, in
which enhanced fluid flow along the porosity contrast between
the band core and margin may have played important role.

The 5'®0PDB and 613CpDB isotopic signals of calcite in proto-
cataclastic bands deviate from those in host rock’s. Accordingly,
this band type is capable of recording a distinct stage of diage-
netic alteration, referring to the paleo fluid-flow system which
reigned at very shallow burial conditions (<1 km).

All calcite veins preserved different 5'80PDB and 5'3Cppy iso-
topic values compared to the adjacent host rock and have con-
stant 813CpDB isotope values.

Coeval formation of the advanced stage of cataclastic bands and
veins suggest inhomogeneous cementation of the host rock that
influenced the mode of failure at the time of deformation.
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