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1. Introduction and aims

The constant increase in the atmospheric carbon-dioxide (CO2) concentrations,
related to anthropogenic emissions, gains special importance with respect to global
climate change. ‘Carbon-dioxide capture and storage’ (CCS) is widely believed to be
capable of attenuating the effect of human CO2 emissions, while relying on fossil fuels
for energy production until alternative sources of energy are developed (IPCC, 2005;
2022).

Mineral storage of carbon-dioxide is one of the most promising ways of storing
COz2 safely underground. Several different host rocks such as basalts and ultramafic rocks
(Matter et al., 2016; Pogge von Strandmann et al., 2019; Snabjornsdéttir et al., 2020),
sandstones (Worden, 2006) and carbonates (Stevens and Tye, 2007) have been studied
for this purpose. Although these results may be adapted to the long-term storage of COz,
upscaling of these experiments to the industrial level (Gt CO:2 injection/annum) faces
difficulties. The study of natural CO2 reservoirs helps to understand and predict what
processes are likely to take place when storing anthropogenic CO2 underground over
geological times (e.g., Baker et al., 1995; Forray et al., 2021; Gao et al., 2009; Gilfillan
etal., 2009; Kirdly et al., 2016a; Pearce et al., 1996; Qu et al., 2022). When a large amount
of CO:2 floods a sandstone reservoir, the dynamic equilibrium between porewater and
rocks is likely to be shifted. Firstly, CO2 will be trapped in the pores via structural trapping
then it will dissolve in the porewater (solubility trapping) (Bachu et al., 2007; Bickle et
al., 2013; Oelkers et al., 2008), which will cause the drop of the reservoir fluid pH. As a
result, carbonates and alumosilicates will start dissolving, other carbonates and clay
minerals will (re)precipitate. Most laboratory experiments (e.g., Cheng et al., 2022;
Hellevang et al, 2005) and geochemical models on sandstone reservoirs and COz2 injection
fields predict precipitation of common carbonate minerals (e.g., calcite, dolomite,
siderite, magnesite) as well as the formation of a rare carbonate, dawsonite
[NaAICO3(OH):] (e.g., Gaus et al., 2005; Lu et al., 2022; Szabd et al., 2016; Xu et al.,
2003, 2005). Dawsonite is believed to be one of the carbon-dioxide “incorporating”
minerals in CCS, therefore it is necessary to understand its stability, precipitation and
dissolution in the reservoirs over time.

Dawsonite mainly crystallizes as a result of high partial pressure of COz2. It is
widespread in deep saline or sedimentary reservoirs naturally flooded by CO2, which

generally has magmatic origin (e.g., Baker et al., 1995; Cseresznyés et al., 2021; Gao et



al., 2009; Kirdly et al., 2016a; Liu et al., 2011; Li and Li, 2017; Worden, 2006; Yu et al.,
2014; Zhao et al., 2018; Zhou et al., 2014). Additionally, dawsonite can also be found in
other geological environments, i.e., in coal (Loughnan and See, 1967), oil shale (Ming et
al., 2017), volcanoclastic rock (Comerio et al., 2014), vitric tuff (Zalba et al., 2011) and
in zeolitic weathered soil profile (Hay, 1966) as well. It can also appear in fluid (e.g.,
Aradi et al., 2019; Coveney and Kelly, 1971) and melt inclusions (Fei and Liu, 2022),
and rarely in surface occurrences as well (e.g., Smith and Milton, 1966). Despite its
relatively large abundance in the subsurface environment, dawsonite appears on the
surface only in a few localities e.g., USA (Smith and Milton, 1966), Japan (Aikawa, 1972)
and Argentina (Zalba et al., 2011).

Stable isotope geochemistry of C and O in carbonate minerals has been widely
used to determine the origin of fluids. Most of the studies related to CCS used the
carbonate stable isotope composition inferred from the bulk rock measurements (e.g. Liu
et al., 2011; Zhao et al., 2018) to evaluate the processes that take place both in natural
CO:z2 reservoirs (Baker et al., 1995; Gao et al., 2009; Liu et al., 2011; Zhao et al., 2018)
and during COz injections (Higgs et al., 2015; Stevens and Tye, 2007; Worden, 2006).

The main aim of this research was to shed light on the formation process of
carbon-dioxide fixing minerals, and to develop a protocol that can clearly distinguish
between carbonates that are related to diagenesis from those who’s formation is related
to CO2-floodingand to determine the origin of the formation fluid of the latter. In order to
achieve these goals three different areas, two from deep saline reservoirs in the Little
Hungarian Plain (Olb8, Mihalyi-Répcelak fields, Hungary) and one from a surface
occurrence in the Eastern Carpathians (Covasna, Transylvania, Romania) were studied.
The common feature of these localities is the natural presence of large amount of COx.

To reveal the precipitation properties and environments of dawsonite (and other
cogenetic carbonates), beside detailed petrographic and geochemical studies, stable
isotope analyses were conducted. To understand the meaning of the stable isotope data of
carbonates, experimental work was also carried out in this study. Additionally, to carbon
and oxygen isotopes, hydrogen isotope composition of dawsonite was measured for the
first time worldwide. This might be a new promising tool, which helps to constrain the
conditions of the dawsonite formation.

Finally, to better understand the chemical processes, taking place during a CO2
injection project, geochemical modelling was also applied. The novelty in the modelling

part of the thesis is that it could be validated with data acquired from natural rock samples.
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The sandstone samples, which were not flooded naturally by CO2 (Olbé) were used as
initial starting material, which represent the stage before CO: injection in the rock. The
well-known and already described sandstones of Mihalyi-Répcelak represented the final
stage, millions of years after CO2 flooded the reservoir. Hence, the dissolution and
precipitation of minerals in the modelling results could be validated.

2. Geological background of natural CO; occurrences

Three areas, where large amount of COz is naturally present, were selected for this
work: 1) Mihalyi-Répcelak area is well-known as a natural CO2 occurrence in the Little
Hungarian Plain (Hungary) where the CO2 trapped (and is produced nowadays) in a
sandstone formation. 2) Olbg area, located close to the Mihalyi-Répcelak field, where
CO:z2 is produced from Miocene limestone reservoir. However, in this study the focus is
not on the limestone reservoir, it is on the overlying sandstone formation, identical to
those, which contain CO2 in the Mihalyi-Répcelak area. The third area is found in
Covasna along a creek of Hanko Valley (Eastern Carpathians) and it is well-known of the
continuous CO2 emanations (CO2 mofettas) and the occurrence of rare mineral

assemblages.
2.1. Mihalyi-Répcelak and Olbd areas

The Mihalyi-Répcelak and Olbd areas are located in Central Europe (Fig. 1A), in
the western part of the Pannonian Basin (Hungary; Fig. 1B). The study site is on the
Mihalyi-high, bordered by the Csapod Trough from the west, and the Réaba tectonic line
from the east (Fig. 1C). Mihdlyi, Répcelak and Olbd sites are located ~20-27 km far from
each other (Fig. 1C).

Carbon-dioxide at the Mihalyi-high has been explored since 1930s with various
geophysical (both gravity and seismic) methods, but the detailed examination of natural
gas reserves started only in the 1960s (Mészaros et al., 1979; Koérossy, 1987; Palké and
Deék, 1974). The Mihalyi-Répcelak fields consist of 26 CO2 reservoirs in Alfoldi and
Dunantuli Formation Group (earlier named as Lower and Upper Pannonian) sediments
(Late Miocene; Szamosfalvi, 2014). The Pannonian sandstone bodies are interbedded
with clayey/siltstone layers that have prevented CO2 migration to the surface (Kiraly et
al., 2016b and references therein). Conglomerate bodies also stratigraphically underlay
these CO2-flooded sandstone reservoirs (Forray et al., 2021). The studied COz2 reservoirs
in Mihalyi are found at ~1200-1650 m depth, meanwhile the Répcelak reservoirs are



around ~1150-1450 m deep. The hydraulic connection of the two parts (Mihalyi and
Répcelak) is still under debate (Palcsu et al., 2014). The gas naturally present in the CO2
reservoirs consists of 95 v/iv% COz, 1.3 v/v% nitrogen and 3.3 v/v% hydrocarbons
(Mészéros et al. 1979).

The Olbs area was also flooded by large amount of CO2, however, it trapped here
mostly in the Middle Miocene (Serravallian-Upper Badenian) Lithothamnium-bearing
limestone at ~1700-1900 m depth. Only minor part of the COz is trapped in the Paleozoic
metamorphites underlying the limestones. These two lithologic formations (limestone
and metamorphites) form a single COz reservoir. The natural gas found in Olbd consists
of 96.2 viv% CO2, 1.3 v/v% nitrogen and 2.4 v/v% hydrocarbons (Selmeczi, 2018),
similar in composition to Mihdalyi-Répcelak gas. The Sarmatian clay marl overlying the
limestone likely is acting as impermeable caprocks in Olbd (Palké and Deék, 1974). In
addition, this clay marl sequence is also preventing the sandstones located in higher
stratigraphic level (~1490-1690 m depth) to be flooded by COz2. Indeed, sandstones of
both Alfoldi and Dunantdli Formation Group are gas-free in the Olbd area. The sandstone
of the Alfoldi Formation Group is the same formation as the COz2 reservoirs located in
Mihalyi-Répcelak area. Thus, the Olbé area gives an excellent opportunity to study the
same sandstone formation, which was not flooded naturally by large amount of COz2, and
compare with the flooded one in Mihalyi-Répcelak area to better understand the potential
chemical processes (e.g., mineral dissolution and precipitation) in a sandstone reservoir

before COz2 injection and after millions of years of interaction with COa.
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19, Olbé: OI-1, OI-2, OI-3, OI-6) in the area (C). The pre-Cenozoic depth contour map (C) was
redrawn after Zilahi-Sebes (2013).

2.1.1. Evolution of the Little Hungarian Plain

The Pannonian Basin is filled up mostly by Neogene sediments, covering the
basement rocks of the ALCAPA (from the Africa-microplate) and the Tisza-Dacia units
(from the Eurasia-microplate) (Csontos et al., 1992). The basement of the Little
Hungarian Plain is built up by medium grade metapelites, originated from the Lower
Austroalpine nappes, and low grade metapelites of the Upper Austroalpine nappe units
(Tari and Horvath, 2010). These are called as the “Rabamenti” Metamorphites, which
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compose the Mihalyi-high (+1000-1200 m elevation from the basement level) in the NE-
SW direction in the Little Hungarian Plain (Fuldp, 1990). The basement is built up by
Devonian para-metamorphic and sedimentary rocks with high carbonate contents. The
Lower Devonian formations consist of dolomitic chlorite shale, coarse-grained sandstone
shale lenses, sericite shale and limestone (Palk6 and Deéak 1964). The upper parts of the
Devonian are represented by dolomite.

During the Alpine orogenic cycle, the emerging Eurasian Mountain range divided
the Tethys Ocean. As a consequence, the Paratethys was formed and as a sub-basin, the
Pannonian Basin was developed (Nagymarosy and Muller, 1988; Sacchi and Horvéth,
2002). During the Oligocene and the Early Miocene, the Paratethys had connection
periodically with the world ocean, therefore formation of marine sediments characterized
the whole Pannonian Basin. In the Little Hungarian Plain during the Karpatian (Early-
Middle Miocene, Burdigalian-Langhian), fine-grained sediments were deposited in the
middle of the basin, meanwhile terrestrial and alluvial coarse-grained detrital rocks were
typically deposited on the margins of the basin (Hamor, 1995; Nagymarosy and Hamor,
2012). Fine-grained sediments accumulated during the Early Badenian (Middle Miocene,
Langhian-Serravallian) in the Karpatian grabens, furthermore abrasion-derived basal
conglomerates formed close to the coastal zones. Due to the sea level rise during the Late
Badenian, Badenian sediments form the largest marine formations in the Little Hungarian
Plain (Kovac et al., 2007). The Badenian Leitha limestone represents a reef facies in the
peripheral zone, which is distributed on the western and eastern part of the basin edges
and on the Mihalyi-high (Kovac¢ et al., 2007). Among the marine sediments, tuff layers
occur, which are present in the Pasztori, Szany and Tét volcanic areas (Balazs and
Nusszer, 1987). The Badenian formations vary in thickness and are extremely
heterogeneous lithologically. Based on the variable but small thickness of the Badenian
sediments, an uneven, slow subsidence was proposed. This tendency prevailed during the
following geological ages as well (Palké and Deak 1964).

The Sarmatian formations (Middle-Late Miocene, Serravallian-Tortonian) formed
in a low/reduced-salinity water environment compared to the normal salinity waters of
the Badenian. In the shallow coastal regions, the formation of carbonates and calcareous
sands continued, whereas in the deeper part of the basin a marl sequence formed. Based
on the evolution of the basin, the Mihalyi-high unroofed before the sediments of the
Alfoldi Formation Group were formed, therefore the erosion affected these sediments

(Mészaros et al., 1979). By the end of the Sarmatian (Upper Serravallian-Lower
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Tortonian), the basin lost direct connectivity to the world seas, consequently the
Pannonian Lake formed. The salinity of the Pannonian Lake started to decrease, and a
new endemic fauna developed (Magyar et al., 1999).

During the continuous uplift and erosion of the surrounding Alpine-Carpathian
Mountain belts, significant amount of sediments were transported to the basin by the high-
yielding rivers from NW direction (Pogacsas, 1984; Vakarcs et al., 1994; Juhasz, 1994,
1998; Magyar et al., 1999, 2013). Since the deposition rate exceeded the space created by
the thermal subsidence of the basin, the Pannonian Lake started to be filled up by a
prograding delta system. This prograding delta system formed a several kilometers thick
fluvial sedimentary sequence from the Sarmatian (Juhasz, 1992). The rate of the
deposition was extremely fast: the first shelf-margin slope appeared in the Little
Hungarian Plain nearly 10 million years ago and in the following 1 million years the basin
was filled up completely (Magyar et al., 2013).

The Alf6ldi Formation Group sequence is characterized by alternating marl and
clay marl sediments (Endr6d Formation), which is followed by a turbiditic sandstone
(Szolnok Formation) and by siltstone layers (Algyd Formation) with sandstone
interbeddings (Szamosfalvi, 2014). The Dunantdli Formation Group sequences
composed of alternating siltstone, sandstone, and claystone (Ujfalu and Zagyva
Formations) (Mészéros et al., 1979).

Based on petrologic and geochemical studies, two phases of volcanic activity
occurred in the vicinity of the study area, along the Raba tectonic line (Ké6rossy, 1987):
the Pasztori volcano (12-10 Ma) and the Kemenesalja volcanoes (6 Ma) (Harangi et al.,
1995; Jugovics, 1970; Tari, 1994). According to the K/Ar and “°Ar/*®Ar ages, the
Kemenesalja volcanoes formed between 5.5. to 4.2 Ma (Balogh et al. 1982, 1986;
Wijbrans et al., 2007).

2.1.2. Petrography of the studied rock formation

The Mihalyi-Répcelak caprock, reservoir and conglomerate samples were
described by Kiraly et al. (2016b, 2017) and Forray et al. (2021). Dawsonite in Mihalyi-
Répcelak area occurs in the clayey caprock and in the sandstone reservoir. Additionally,
dawsonite appears also in kaolinitic clasts of conglomerates in Mihalyi-Répcelak, but its
appearance is limited compared to the overlying sandstones (Forray et al., 2021). The
samples contain 72-74 vIv% quartz (Q), 2-6 v/v% feldspar (F) and 15-25 v/v% lithoclast
(L). Based on the McBride (1963) QFL classification the samples are sublitharenites. One
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of the most spectacular petrographic features of the sandstone is its complex carbonate
association such as calcite, dawsonite, dolomite, ankerite and siderite. In the samples
where dawsonite is present around 8-16 m/m% (Table 1), the ankerite rims occur in two
generations. The generations differ in their Fe+Mn contents with ~10 m/m% and ~18
m/m%, respectively (Fig. 2 A-B). Late generation ankerite can be found along the cracks
of the early ankerite and dolomite (Fig. 2A). Based on the petrographic observations,
dawsonite and late generation of ankerite (i.e., the outer rims) are in close textural
relationship (Fig. 2C). Calcite grains (RM6-7R1, RM6-7R2, RM6-7R3, RM32-5R2) are
rare and occur in the pores of the sandstones and often show signs of dissolution (Fig.
2D). Siderite appears as a pore filling, fine grained carbonate and as a pseudomorph of
silicates (probably biotite, Fig. 2B). Siderite also appears in iron rich clayey clast (RM6-
7R3) and as thin layers in ~200 um patches in the dawsonite-bearing sandstones (RM6-
9R, Fig. 2C) (Cseresznyés et al., 2021). Siderite can also intermix with fibrous dawsonite
(Fig. 2D). Only sample of RM32-5R2 does not contain siderite (Table 1). Dawsonite
occurs as a fibrous, pore filling mineral. Dawsonite is present in close textural relation
with ankerite, kaolinite and quartz overgrowths (Fig. 2E). Dawsonite is replacing the
partially dissolved albite (Fig. 2F).

Table 1. Mineral composition of dawsonite-bearing sandstones. Ankerite+siderite is

redefined with per point counting (Kiraly, 2017). Values are expressed in m/m%b. 1
sigma uncertainty is 1 %. ND: not detected. *sample does not contain siderite.

Area Sample : . . Ankerite Muscovite . )
p Calcite Dawsonite Dolomite + Siderite Quartz +llite Kaolinite  K-feldspar
RM6-9R ND 16 7 21 36 15 3 2
o RM6-7R3 8 4 9 13 43 15 7 1
Mihalyi
RM6-7R2 8 3 6 15 43 16 6 3
RM6-7R1 10 3 11 10 42 14 9 1
RM32-5R2 <1 8 8 27* 45 8 3 1
Répcelak
RM19-6R ND 3 10 9 52 12 12 2
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Fig. 2. Backscattered (A-D and F) and secondary (E) electron images of dawsonite-bearing
sandstones from the Mihalyi-Répcelak area (Cseresznyés et al., 2021; Kiraly, 2017). A:
Ankerite is present in two-generation rims Ank1 (early) and Ank2 (late) around dolomite (Dol).
B: Ank1 shows rudimentary features on dolomite. C: Ank2 in close textural relation with
dawsonite (Daw), siderite (Sd) forms large patches. D: Area-1 indicates dissolution of calcite
(Cc). Area-2 shows the relationship of early (Ank1) and late (Ank2) as generations of zoned
ankerite cement. Area-3 shows the textural relationships of simultaneously forming siderite (Sd)
and dawsonite (Daw). E: Assemblage of dawsonite (Daw), quartz (Q) and ankerite (Ank2),
suggesting coeval formation. F: Albite (Ab) dissolution and dawsonite (Daw) precipitation.
Abbreviations: Ank1: ankerite with low Fe + Mn content, Ank2: ankerite with high Fe + Mn
content, Daw: dawsonite, Dol: dolomite, Sd: siderite, Ab: albite, Kfs: K-feldspar, KIn1: early
generation of kaolinite, KIn2: late generation of kaolinite, Ms: muscovite, Q: quartz.
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In the area of Olbd, Neogene formations are located directly above the Devonian
formation (Palké and Deéak 1964). Most of the Miocene formations consist of the
sediments of the Badenian, which is mainly composed of Lithothamnium-bearing
limestone and calcareous marl (Palkd and Dedk 1964). Above the Badenian, the
Sarmatian clay marl is present, but only scarcely due to the destructive effect of uneven
subsidence or erosion (Palk6 and Deadk 1964). The AIlf6ldi Formation Group is
characterized by the varying marl, fined-grained clay marl and sandstone. The Upper
Pannonian consists of siltstone, sandstone, and claystone layers. The Olbd area was
mainly investigated for hydrocarbon production purposes, therefore the detailed
petrography of the investigated Olbé samples is not available. This work fills this hiatus
especially focusing on the same sandstone formation, which can be found in Mihaly-

Répcelak area.
2.1.3. Origin of gases

The basin of the Little Hungarian Plain entered the oil window during the Late
Miocene (8-7 Ma), oil traces and gas (mostly CH4) accummulations have been found in
the area (Mészaros et al., 1979). The genetic link between oil and CHs has been
established by stable isotope study (Koncz and Etler, 1994). A mixture of CHa-N2
migrated to the Pannonian Formations from the Silurian metasediments (Csizmeg et al.,
2012; Vet6 et al., 2014). Most of the CH4 has been exploited for industrial purposes and
the reserves were considered as depleted (Vet6 et al., 2014). According to recent research
(Palcsu et al., 2014, Vet6 et al., 2014), the CO2 inflow occurred during the Late
Miocen/Early Pliocene in Mihélyi-Répcelak.

The origin of the accumulated CO2 in the Mihalyi-Répcelak area has been a matter
of debate. Koncz (1983) assumed metamorphic or volcanic/magmatic origin for CO2
based on measured §*Ccoz values (range between —7.0 %o and —4.0 %o). Cornides et al.
(1986) measured carbon and helium isotope ratios (8*Ccoz = -6.5 %o t0 -5.2 %o,
SHe/*Hemax = 3.93 Ra, where Ra is the atmospheric ratio of 1.399 x 105, Mamyrin et al.,
1970). It was suggested that the CO2 probably has mantle origin, which is in line with
typical magmatic derived isotopic ratio ranges (-8 %o - -4 %o) (Ohmoto and Rye, 1979;
Gyore et al., 2015). Additionally, the CO2 measurements of Nador (2002) (6**Ccoz = -5.5
- -3.1 %o) also agree with this assumption.

A comprehensive stable and noble gas isotope study from the Mihalyi-Répcelak

field also confirmed that most of the CO2 has mantle origin (Palcsu et al., 2014). In
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addition, the observed 8*Cco2 values agree well with those proposed for the European
Subcontinental Lithospheric Mantle (SCLM) (- 3.9 %o - —2.1 %o) (Weinlich et al., 1999).
Palcsu et al. (2014) and Vet6 et al. (2014) concluded that the CO2 originates from
degassing melts ascending from the asthenosphere. The CO2 probably migrated along the
Raba tectonic line towards the Mihalyi-Répcelak area, where it has accumulated in the
Pannonian sediments (K6rossy, 1987).

The latest study (Gyore et al., 2022) in the area raised the possibility of different
sources for the CO: in the Mihalyi and Répcelak counterparts. Based on noble gas
analysis, °Ne/?Ne and #’Ne/?’Ne ratios show that gas in the Répcelak exhibits a mixing
between air derived gases and magmatic gases trapped in the crust, consistent with the
proposed Miocene age of the COz. In contrast, these neon isotope measurements of
Mihalyi gases lie on the air-European SCLM mixing line showing a complete lack of
nucleogenic or crust components (Gyore et al., 2022). This finding suggests a direct
mixing between magmatic and air derived gases in case of Mihalyi and indicates
significantly younger age (Gyore et al., 2022). In case of Olbd, the CO2 field is entirely
separated from the Mihalyi-Répcelak occurrence both from geographic and probably in

hydraulic points of view. The origin of CO2 in Olbd has not been studied before.
2.2. Covasna - Eastern Carpathians

Area of Covasna is located in the boundary of Targu Secuiesc Basin and outer
Moldavides, Eastern Carpathians (Fig. 1). The study area is composed of three Carpathian
nappes: Tarcau, Macla-Zagon and Audia nappes which are partly covered by different
fluvial deposits (Fig. 3A). The Tarcau nappe outcrops in Covasna (Melinte-Dobrinescu
et al., 2011). The area lies on a complex fault system where two large faults appear in
NE-SW and SE-NW directions (Fig. 3A; Dumitrescu et al., 1970).

Two main tectonic events affected the Carpathian Bend in the Pliocene-
Quaternary: slab-pull, steepening of the Vrancea slab and upwelling in the asthenosphere;
and inversion tectonics (Matenco et al., 2007; Seghedi et al., 2011). During the inversion
(from the late Pliocene), as a result of asthenospheric upwelling Na-alkalic magma rose

to the surface, most likely along crustal faults (Seghedi et al., 2011).
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Fig. 3. Geological map of Covasna (A), dawsonite and water sampling points (B).

The area of the Targu Secuiesc Basin and the Eastern Carpathians is well-known
for its CO2 emanations (mofettes) and thousands of COz-rich mineral water springs
(Szakécs, 2010). The CO2 emanations in the Eastern Carpathians (from the Kelemen until
Harghita) are likely related to the Neogene volcanic and seismic activity in the region
(Incze et al., 2016) and is assumed as post-volcanic activity (Szakacs, 2010). In contrast,
the springs found in the Targu Secuiesc Basin are linked to metamorphic reaction (Vaselli
et al., 2002). In the centre of Covasna, a ‘mud volcano or bath’ called Balta Dracului
(Devil’s Pond) erupted several times in the past (noted from 1837), the last recorded
eruption was in 1984 (Dénes, 2005; Palfy, 1905; Réth, 2001; Wanek 2006). These
eruptions are still active in the Covasna area, a COz-rich water eruption was recently
observed in the Hanko Valley in 2019 by Lange et al. (2022). The CO2-rich water erupted
from an uncovered old well (F1950, drilled in 1950, Georgescu et al., 1978) close to the
creek of Hanké Valley (Fig 3B), in irregular intervals.

In the study area the Tarcau nappe (Kliwa sandstone formation) and the Audia
nappe (Black flysch) meet along the NE-SW directed fault (Fig. 3A) and outcrop mainly
the Cretaceous and Paleogene flysch (Néda et al., 2008). Bitumenous shale also appears
in the flysch (Wanek, 2000). Gas emanations caused extensive mineral formation in the
Audia Beds of the Internal Flysch areas. These emanations can be connected to the deep
fractures related to the Neogene-Quaternary volcanic rocks of the region (Laczké et al.,
2007). As a result of the intensive gas emanation in the studied area (Hankd Valley,
Covasna), carbonates, sulphides and sulphates were observed in the rocks of the Audia-
nappe (marls, sandstones, breccias) along the creek of Hankd Valley (Laczko et al., 2007).
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The creek of Hankd Valley reveals a calcite-aragonite-orpiment-realgar-pyrite-marcasite
mineral association in the fine-grained black flysch (sandstones, breccias) of the Audia
nappe, which is characteristic for the whole area (Hauer 1860; Koch 1885, Banyai 1933,
Dénes et al. 2005; Papucs, 2000). Hauer (1860) and Béanyai (1957) described sulphur in
the carbonate deposits of spring water. Arsenic sulphide assemblages (mostly realgar) are
cropping out in the sedimentary formations of the flysch belt as a result of low
temperature, post-volcanic activity (Kristaly et al., 2006). Pararealgar, pharmacolite and
arsenolite were also determined and described as an alteration product of realgar (Kristaly
et al., 2006). Orpiment was mentioned together with realgar, aragonite and calcite (Koch,
1885; Banyai 1957), but after the re-investigation of the area, Kristaly et al. (2006)
concluded that the orange and red phases are realgar and pararealgar, and orpiment is not
a common mineral in the area. Carbonates (i.e., aragonite, calcite and siderite) are
characteristic for spring-water deposits, which usually occur in the flysch zone (Bielz,
1889; Jakab 1998). Papucs (2000) described an additional carbonate mineral, dawsonite
[NaAICO3(OH):] along the creek of Hanko Valley, which was the first documented
occurrence of dawsonite in the Eastern Carpathian region. Dawsonite was described as
white powdery or fine fibrous aggregates with silky lustre in the cracks of the sandstones
(Papucs, 2000).

The genesis of the mineral assemblage is still under debate, hydrothermal activity,
recent precipitation from the creek post-volcanic fluid migration along tectonic lines were
all proposed (Dénes et al., 2005). As a source for arsenic and sulphur, the underlying
Cretaceous-Paleogene flysch sequence was suggested (Dénes et al., 2005). Based on
recent results of the mineral deposits of Covasna (Kristaly et al., 2006), Papucs (2016)
reconsidered the mineral association and distinguished marcasite-pyrite and aragonite-
calcite-realgar-pararealgar-pharmacolite associations. According to Papucs (2004), the
formation of the mineral association is related to the Neogene volcanism assuming that
the precipitation of the arsenic minerals in Hanké Valley could be a process of the

fumarole activity (Dénes et al., 2005; Papucs, 2004).
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3. Determination of stable C and O isotopes of carbonates — Sequential acid
extraction (SAE) method

Carbonates in geological systems are very sensitive to the presence and partial
pressure of CO2. To understand the carbonate dissolution and crystallization processes in
a rock formation with complex carbonate mineralogy, requires precise determination of
carbonates stable isotope composition, being a sensitive measure of formation conditions.
Moreover, most of the CCS related studies invoked isotope techniques, like sequential
acid extraction (SAE) method to reveal the origin of fluids during carbonate formation
(e.g., Baker et al., 1995; Gao et al., 2009; Liu et al., 2011). This is crucial, especially for
dawsonite formation which is reported in several basins worldwide in different geological
systems (Table S1). The Mihalyi-Répcelak and Olbd sandstone samples contain various
carbonates such as calcite, dawsonite, dolomite, ankerite and siderite; therefore, the
method proposed to analyse these kind of samples for stable isotopes are crucial.
However, the stable carbon and oxygen isotope analysis of carbonate minerals are not
straightforward when the different carbonates cannot be physically separated. To
minimize potential cross-contamination, selective acid extraction method is often utilized
to determine the isotopic composition of the samples with multiple carbonates in them
(Al-Aasm et al., 1990; Epstein et al, 1964).

The above mentioned CCS related studies used phosphoric acid to dissolve
carbonate minerals for isotopic analysis according to McCrea (1950). Al-Aasm et al.
(1990) published a SAE method to determine the stable isotope composition of samples
containing multiple carbonate phases. Al-Aasm et al. (1990) used pure calcite, dolomite,
siderite, and magnesite, which were dissolved in 100 % phosphoric acid at 25 °C and 50
°C. For the pure minerals at 25 °C, 2 h reaction time was determined for calcite, 24 h
dissolution time for dolomite, at 50 °C 4 h was enough for dolomite, and 72 h reaction
time was needed for siderite. Baker et al. (1995) reacted dawsonite with 100 %
orthophosphoric acid at 25 °C for 24 h to extract CO2 for C and O isotope analysis. They
suggest based on the work of Boussaroque et al. (1975), that this technique allows to
measure the isotopic composition of the COs% of dawsonite, without interference from
the OH" in it.

Liu et al. (2011) reacted whole sandstone samples (containing calcite, dawsonite,
ankerite) with 100 % orthophosphoric acid at 25 °C for 6 h, 24 h and 48 h to extract the

COz2 from carbonates for carbon and oxygen isotope analysis. 6 h reaction time was used
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for calcite, 24 h dissolution time was applied for dawsonite (based on Baker et al., 1995)
and 48 h for ankerite.

Cseresznyes (2018) carried out experiments on pure carbonates: calcite
(international standard provided by Merck KGaA), dawsonite (separated from the RM6-
9R sample, Mihalyi, Hungary), dolomite (Biikfiirdé, Hungary), ankerite (Dobsina,
Slovakia) and siderite (Birotelek, Hungary) to verify the suitability of above-described
methods in case of a complex carbonate assemblage. The minerals were dissolved in 100
% orthophosphoric acid at 25 °C for 1, 6, 24 and 48 hours. In case of siderite, 70 °C and
24-, 48-, 96- and 144-hours dissolution time was applied. The assumption was that the
orthophosphoric acid starts to dissolve all carbonate minerals at some rate in the sandstone
sample and the isotopic composition of the yielded CO:z2 is not representative for only one
mineral. Following on these experiences, the new experiments were carried out in this
study to achieve more detailed picture applying different reaction times (see in the Result
and Discussion).

4. Samples

The investigated samples derived from drilling cores from Mihalyi-Répcelak and Olbd
areas. Additional rock and water samples from Covasna and the samples used for the
laboratory experiments, including pure phases, artificial mixtures and natural samples are

also described.
4.1. Samples from natural CO2 occurrences
4.1.1. Mihaly-Répcelak — Rock samples

From the Mihalyi-Répcelak fields 6 sandstone reservoirs out of the 26 (Fig. 1)
contain dawsonite (Kiraly et al., 2017), which were selected for this study (Table 2). Four
samples (7R1, 7R2, 7R3, 9R) derived from the RM®6 drill core from the Mihalyi field
(1419-1461 m). Sample 6R (1396-1415 m) and 5R2 (1375-1392 m) were selected from
RM19 and RM32 drill cores, respectively, from the Répcelak field (Mészaros et al.,
1979). All samples, except RM6-9R and RM32-5R2, are from COz reservoirs currently
under production by Linde Gas Hungary.
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Table 2. Summary of the Mihalyi-Répcelak sandstone samples and the applied
methods. daw: dawsonite, sd: siderite, ms: magnetic separation.

Area Mihalyi Répcelak
Sample name RM6-9R RM6-7R1  RM6-7R3  RM32-5R2 RM19-6R
Sample type sandstone sandstone  sandstone  sandstone  sandstone
Separated mineral daw, sd sd sd daw sd
Separation method hand-picking, ms ms ms hand-picking ms
XRD of the bulk sample X X X X X
Micro-XRD of separated mineral X X
Infrared spectroscopy of the bulk sample X X X X X
Infrared spectroscopy of separated mineral X X
Infrared spectroscopy after hydrogen isotope measurement X X
Raman spectroscopy of mineral X
Measured 5'3C and 50 composition of separated mineral X X X X X
Measured 8D composition of bulk rock (250-63 pm) for
dawsonite X X X X X

4.1.2. OIb6 — Rock samples

From the Olbé field, 32 core samples were collected. Seven sandstones and five
siltstones were selected from the Ol-1, OI-2, OI-3 and OI-6 wells (at 1498-1687.5 m
depths) for investigation (Table 3). Six samples (Ol 1-7, 1-8-1, 1-8-2, 1-9B1, 1-9B2, 1-
10) derives from the Ol-1 well, three samples (Ol 2-5, 2-7A, 2-7B) comes from OI-2 well,
moreover two (Ol 3-5-1, 3-5-2) and one (Ol 6-4A) samples derived from OI-3 and OI-6
wells, respectively. These rocks originate from the same geological formation (Alféldi
Formation Group) as the samples from Mihalyi-Répcelak fields. The OI-1 and OI-3 wells
are under operation by Messer Hungarogaz Ltd. and OI-6 is used as a monitoring well in
the area (Fig. 1).

4.1.3. Covasna — Rock samples

Dawsonite-bearing rock samples were collected in the Hanko Valley, along the creek
in Covasna area in 2018 and 2019. Thirteen brecciated sandstone samples were collected

from an outcrop and debris (fluvial deposit) along the creek (Fig 3B, Table 4).
4.1.4. Covasna — Water samples

Water samples were collected in three different sites in the Hanko Valley (Fig. 3B),
two sampling points were in bank of the creek where dawsonite-bearing rock samples
was found (GPS coordinates: N 45°51°10.48” E 26°12°15.55” and N 45°51°12.29” E
26°12°23.13”) and one was in a registered spring located close to the dawsonite sampling
points (GPS coordinate: N 45°51°12.06” E 26°12°18.65”) (Fig. 3B). All together 29 water
samples were collected during 4 years between 2018 and 2021. In 2020, from January to

July a detailed monitoring campaign was carried out when water samples were collected
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for chemical, stable isotope analyses. Also, physical parameters (e.g., temperature) were
determined in the field on a monthly base (Table 5). In the creek water, CO2-bubbling
was observed close to the sampling points where the dawsonite-bearing rocks were
collected. In addition, this registered spring water also appears to be rich in CO2 (Stroescu,
1982).
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Table 3. Summary of the Olbé sandstone and siltstone samples and the applied methods. sd: siderite, ms: magnetic separation.

Area Olbé
Sample name Ol1-7  0Ol1-81 O11-82 0O11-9B1 Ol1-982 Ol1-10 Ol2-5 Ol2-7A  0O12-7B 01351 0O13-5-2 Ol 6-4A
Sample type sandstone sandstone siltstone sandstone siltstone  siltstone sandstone sandstone siltstone sandstone siltstone sandstone
Separated mineral sd sd sd sd sd sd sd
Separation method ms ms ms ms ms ms ms
XRD of the bulk sample X X X X X X X X X X X X
Infrared spectroscopy of the bulk sample X X X X X X X X X X X X
Measured §"3C and 50 composition of separated mineral X X X X X X X

Table 4. Summary of the Covasna rock samples and the applied methods. br.sandstone: brecciated sandstone, daw: dawsonite, cc: calcite,
ahcal: alumohydrocalcite.

Infrared Measured
— Infrared Infrared spectroscopy 13 18 Measured 6D
Separated Separation XRD of - Micro-XRD spectroscopy spectroscopy after Raman 8”C and 50 composition C_Iumped
Area Sample name  Sample type - the bulk of separated spectroscopy  composition isotope
mineral method ; of the bulk  of separated hydrogen . of separated o
sample mineral b : of mineral of separated . composition
sample mineral isotope : mineral
mineral
measurement
KOV-8 br. sandstone daw hand-picking X X X X X X
KOV-10 br. sandstone daw hand-picking X X X X X X
KOV-10/1 br. sandstone daw hand-picking X X X X X X X
KOV-10/1 Cc mineral cc hand-picking X X X X

KOV-12 br. sandstone daw hand-picking X X X X X X
KOV-12/2/]1  br. sandstone daw hand-picking X X X X X X
KOV-12/2/2  br. sandstone daw hand-picking X X X X X
Covasna KOV-12/2/3  br. sandstone daw hand-picking X X X X X X
KOV-2B/1 br. sandstone daw hand-picking X X X X X X
KOV-2G/1 br. sandstone daw hand-picking X X X X X X X
KOV-2G/2 br. sandstone daw hand-picking X X X X X X
KOV-2G/3 br. sandstone daw hand-picking X X X X X X X
KOV-2G/4 br. sandstone daw hand-picking X X X X X X X
KOV-2G/5 br. sandstone daw hand-picking X X X X X X

KOV-13 br. sandstone X X

KOV-13 Ahcal mineral ahcal hand-picking X X X




Table 5. Creek and spring water samples from Covasna and the used analytical
techniques.

Determination of Chemipal Measured 5D
Area Sample name Sample type composition of and §'°0 of
temperature
water water

K-M18-1 creek water X
K-M18-2 spring water X
K-A19-1 creek water X X
K-A19-2 spring water X X
K-A19-3 creek water X X
K-J20-1 creek water X X
K-J20-2 spring water X X
K-J20-3 creek water X X
K-F20-1 creek water X X
K-F20-2 spring water X X
K-F20-3 creek water X X
K-M20-1 creek water X X
K-M20-2 spring water X X
K-M20-3 creek water X X
Covasna K-A20-1 creek water X X
K-A20-2 spring water X X
K-A20-3 creek water X X
K-MJ20-1 creek water X X
K-MJ20-2 spring water X X
K-MJ20-3' creek water X X
K-J20-1 creek water X X
K-J20-2 spring water X X
K-J20-3 creek water X X
K-JL20-1 creek water X X
K-JL20-2 spring water X X
K-JL20-3 creek water X X
K-JL20-3' creek water X X
K-AU21-1 creek water X X
K-AU21-2 spring water X X

4.2. Carbonates for laboratory experiments
4.2.1. Pure carbonate minerals and synthesized dawsonite

Pure carbonate minerals were used first to determine the original isotopic composition of
the minerals using different reaction times. For the measurements, calcite (KALC,
Készarhegy, Hungary), dolomite (DOL, Kapnikbanya, Romania), dawsonite (DW,
synthetized dawsonite), ankerite (ANK, Als6sajé, Slovakia) and siderite (SID, Birdtelek,
Hungary) were used (Table 6). For the dissolution 1, 6, 12, 24, 36, 48 and 72 hours were
applied at 25 °C.



Table 6. Summary of the pure phases, artificial mixtures and natural samples used
in the experiments. KALC: calcite, DW: synthetized dawsonite, DOL: dolomite,
ANK: ankerite, SID: siderite.

Infrared Measured 6*°C and

Sample name Origin Sampletype ~ XRD spectroscopy  5°0 composition
KALC limestone of Készarhegy pure phase X
DW synthetized dawsonite pure phase X X X
DOL dolomite from Kapnikbéanya pure phase X
ANK ankerite from Alsdsajo pure phase X
SID siderite from Birdtelek pure phase
ME1 artificial mixture X
ME2 mixed from pure phases artificial mixture X
ME3 artificial mixture X
RM6-9R sandstone from Mihalyi natural sample X X X
RM32-5R2 sandstone from Répcelak natural sample X X X

Dawsonite was synthetized for the lab experiments (used as pure phase and in the
artificial mixtures) in order to have pure dawsonite phase which is not contaminated with
other minerals and can be used in the experiments. To control the purity of the synthesized
dawsonite, X-ray diffraction and Infrared spectroscopy were applied.

Dawsonite synthesis was carried out at the Technical University of Graz (Austria)
by Martin Dietzel and Bettina Purgstaller. Dawsonite was synthetized in a titanium
reactor at 175 °C following the method described by Van Der Heem (1980). During the
experiment 15 g of gibbsite (Riedel-De Haen), 45 g of Na2COs (Roth), 18 g of NaHCOs
(Roth) and 281 g of ultrapure water (Millipore Integral 3: 18.2 MQcm™) were
continuously mixed in a 600 mL titanium reactor (Parr Instruments) for 24 h at 175 °C, 7
bars and pH=10.1.

4.2.2. Artificial mixtures

Artificial mixtures (ME1, ME2, ME3) were made by mixing of the pure phases in
different ratios. ME1 sample contains 40 % calcite (KALC), 30 % dolomite (DOL), 10
% dawsonite (DW), 15 % ankerite (ANK) and 5 % siderite (SID) (Table 6). ME2 samples
compose by 15 % calcite, 30 % dolomite, 10 % dawsonite, 35 % ankerite and 10 %
siderite. ME3 sample contains 40 % calcite, 20 % dawsonite and 40 % ankerite (Table 6).
This sample does not contain dolomite and siderite at all. For the dissolution 6, 24 and 48

hours were applied at 25 °C.
4.2.3. Natural samples

Two natural samples were selected from the Mihélyi-Répcelak field to test the
selective acid extraction method. The samples contain dawsonite (RM6-9R, RM32-5R2)
but not calcite (Table 7), to keep the system simple. The following reaction times were
applied at 25 °C: 6, 24 and 48 hours. To verify the results, dawsonite (RM6-9R, RM32-

25



5R?2) was separated and stable C, O isotope composition was determined (Cseresznyés et
al., 2021).

Table 7. Mineral composition of the selected natural samples for the experiments in
m/m%. ND: not detected.

ot & + ] 8
s s 2 p 58 2 £ g2 % 2 S
<} = s 3 i) S S o a8 ©
% & S S o < Lo ] g 5] 9]
3 S 5] o — (@) o = = z S
S X ¥ o < a} ©
RM6-9R 15 3 36 2 ND 7 21 16 bulk rock Kiraly (2017)

27 8 bulk rock Kiraly (2017)

[N

<1

©

RM32-5R2 8 3 45

5. Analytical methods

Different analytical methods were applied to determine the mineral composition of the
rock samples, the water chemistry and the isotopic composition both of the carbonate
minerals (pure phases, artificial mixtures and natural samples) and the water samples. The
analytical techniques are summarized in tables. Table 2-4. contain the analysis on the
natural rock samples, Table 5 shows the measurements of natural water samples and

Table 6 contains the samples which are related to the experimental work.
5.1. Phase identification and analytics

Petrographic features of the natural samples from Mihalyi-Répcelak, Olbd and Covasna
(Table 2-4) area were characterized by both optical and electron microscopy, thin sections
were studied under polarization microscope at the Lithosphere Fluid Research Lab, ELTE
(Budapest, Hungary). Scanning electron microscopy of the thin sections and fresh broken
surface was carried out on AMRAY 1830 I/T6 scanning electron microscope (SEM)
coupled with EDAX PV 9800 energy dispersive X-ray-spectrometer at the Department
of Petrology and Geochemistry, ELTE (Budapest, Hungary), and with Hitachi TM4000
Plus scanning electron microscope equipped with AztecOne EDS (15kV, 0.8 nA) at the
Research and Industrial Relations Center (RIRC), ELTE (Budapest, Hungary).

5.1.1. X-ray diffraction

The mineralogical composition of bulk rock powders (<63 um), mineral separates and
synthetized dawsonite (DW) (Table 2) were determined at the Supervisory Authority for
Regulatory Affairs (SARA, Budapest, Hungary) with a Bruker D2 Phaser XRD powder
diffractometer (CuKa radiation, 30kV, 10mA) in Bragg—Brentano geometry, in
Theta/Theta vertical goniometer alignment. Patterns were recorded in 5-70° (260) range,
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with 0.04° (20) steps, with an SSD detector. Phase identification was made with
Search/Match on Crystallography Open Database (COD) in EVA. Quantitative
evaluation was made by Rietveld refinement in TOPAS6 software. The spectra

visualization was carried out with OriginPro 2021 (9.8.0.200 version) software.
5.1.2. Micro X-ray diffraction

Micro X-ray diffraction (MicroXRD) analysis of separated dawsonite samples and one
separated calcite (KOV-10/1 cc) sample were performed at Institute for Geological and
Geochemical Research (IGGR, Budapest, Hungary) using a RIGAKU D/MAX RAPID
II diffractometer, which is a unique combination of a MicroMax-003 third generation
microfocus, sealed-tube X-ray generator, and a curved imaging plate (IP) detector. The
diffractometer was operated with CuKa radiation generated at 50 kV and 0.6 mA. The
powdered samples for the micro-diffraction measurements were encapsulated in a
borosilicate-glass capillary, with a diameter of 0.3 mm and a wall thickness of 0.01 mm,
by a vertical manual charging process. Then, the capillary was analysed by the micro-
diffractometer in transmission mode, with a beam spot diameter of 100 um (Kovéacs et al.
2021). For each measurement, 0.5-1 mg sample was placed in the funnel end of the
capillary, and the sample was tapped into the narrow portion. Acquisition time for each
measurement was set to 5 minutes. The IP was read by a laser scanning readout system
in approximately 1 min. 2DP RIGAKU software was used to record the diffraction image
from the laser readout, allowing to determine the area to integrate for a 26 versus intensity
plot. This plot was read into the RIGAKU PDXL 1.8 software for data analysis. For the
quantitative analysis, the diffraction patterns were processed using the Siroquant V4

software and the modal contents were determined by Rietveld method.
5.1.3. Infrared spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy is a very
sensitive non-destructive method to identify OH-bearing phases. ATR-FTIR technique
was used for more purposes. Firstly, to identify dawsonite, secondly to check the presence
or absence of dawsonite in the natural samples. Lastly, the method was applied to check
the success of the separation without material loss before the hydrogen isotope
measurements. Following hydrogen isotope measurements, the OH" release from the
heated dawsonite sample was confirmed. The analysis of the samples was repeated

minimum three times.
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The samples were analysed by a Bruker Vertex 70 Fourier-transformation infrared (FTIR)
spectrometer equipped with a Bruker Platinum diamond ATR cell and a DTGS detector
at IGGR and SARA (Budapest, Hungary). The samples were dried at 70-80 °C for at least
30 min to remove the adsorbed water on the samples (Udvardi et al., 2014, Toth et al.,
2012). During the measurement 70N/cm constant pressure on the ATR cell, 4 resolution,
64 scan/sample were applied. For the interpretation OPUS 7.2 software was used. On the
spectrum’s atmospheric compensation (H20 and CO2 compensation), average of three
spectra/samples, baseline correction (concave rubberband correction, number of baseline
points: 64, 1 iteration) were applied, and cut it in the mid-infrared spectral range (400-
4000 cmt). The spectra visualization was carried out with OriginPro 2021 (9.8.0.200

version) software.
5.1.4. Raman spectroscopy

Micro-Raman spectroscopic analysis is a non-destructive method which was used to
identify separated minerals like dawsonite, siderite, calcite (KOV-10/1 Cc),
alumohydrocalcite (KOV-13 Ahcal) and also minor constituents in the bulk rock such as
anatase, realgar etc. The analysis was carried out at the RIRC of the Faculty of Science,
ELTE (Budapest, Hungary). A confocal HORIBA Labram HR800 spectrometer was used
with Nd:YAG laser (A = 532 nm) excitation, 600 grooves/mm optical grating, 100 um
confocal hole, 2x30 s acquisition time and a 100x objective (numerical aperture: 0.9).
The laser power was ~25 mW on the sample surface. The spectral resolution was 3.0

cm L. The spectra were elaborated with OriginPro 2021 (9.8.0.200 version) software.
5.2. Isotope analyses

Isotope analysis was carried out on the samples used for laboratory experiments (pure
phases, artificial mixtures and natural samples) and on the samples from natural CO2
occurrences (Mihalyi-Répcelak, Olbd and Covasna).

Based on the previous experiences by Kiraly (2016a) and Cseresznyés et al. (2021) on
the Mihalyi-Répcelak samples, a new method was applied to disintegrate the rock
samples, which allows the physical separation of dawsonite and siderite from each other
and from other carbonates, to determine their isotopic compositions individually. Due to
textural reasons, the other carbonates could not be separated from each other (see section
2.1.2and 6.2.1).
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This method was not reasonable to use for samples from Covasna because dawsonite
precipitated on the surface of the brecciated sandstone and could be easily separated in

most cases.
5.2.1. Preparation for isotope analysis - Mineral separation from natural samples

The Mihalyi-Répcelak and Olbé rock samples were disintegrated by H20 freezing-
melting cycles. The advantage of this method, compared to crushing, is that the majority
of minerals is preserved in their original grain size, shape and habit which helps their
separation. Following disintegration, wet sieving was carried out producing grainsize
fractions: >250 um, 250-63 um, <63 pm.

In case of the Mihalyi-Répcelak samples, dawsonite grains were separated by hand
picking under stereomicroscope from the 250-63 pm grain size fractions from samples
RM6-9R and RM32-5R2, which have the highest modal content of dawsonite (Table 7).
Under stereomicroscope dawsonite is easily distinguishable from the other carbonates
because dawsonite is the only white fibrous mineral phase in the samples.

For siderite separation from the Mihalyi-Répcelak and Olbé samples, the same size
fractions (250-63 um) were used in a Frantz Isodynamic Magnetic Separator (0.6 A
magnet current, Parfenoff etal., 1970) at SARA (Budapest, Hungary) from samples RM6-
9R, RM6-7R3, RM6-7R1 (Mihélyi), RM19-6R (Répcelak), and Ol 1-7, Ol 1-8-1, Ol 1-
9B1, Ol 2-5, Ol 2-7A, Ol 3-5-1, Ol 6-4A (Olbs). The purity of the separates depends on
the mineral composition of the host rock and the quality of the mineral grains (Strong and
Driscoll, 2016). Therefore, the success of the magnetic separation was checked under
stereomicroscope (siderite has an orange color and isometric grain shape) and also with
SEM (Hitachi TM4000 Plus AztecOne) at RIRC, ELTE (Budapest, Hungary).

In Covasna samples, dawsonite occurs on the surface of the sample, therefore hand-
picking was used to separate dawsonite. From one sample (KOV-10/1), calcite was also
separated by hand-picking for clumped isotope measurements. The success of the
separation was checked with MicroXRD and Raman spectroscopy.

5.2.2. Carbon and oxygen isotope determination of carbonates

Stable carbon and oxygen isotope compositions were determined on 150-200 pg of
carbonate powders. Carbonate powders were prepared from pure phases, artificial
mixtures and natural bulk samples (Table 6-7). The powders were reacted with

orthophosphoric acid at 25 °C for 1, 6, 12, 24, 36 and 72 hours.
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The same amount of powders were made from the mineral separates, dawsonite and
siderite (from Mihalyi-Répcelak, Olbé and Covasna, Table 2-4.) by reacting the powders
with orthophosphoric acid at 72 °C for 1 hour for dawsonite and for 24 hours for siderite
(Spotl and Vennemann, 2003; Cseresznyés et al., 2021). Acid fractionation factors
determined by Rosenbaum and Sheppard (1986) and Kim et al. (2007) were applied for
siderite and dawsonite, respectively (the fractionation factor for calcite was also applied
to dawsonite in other studies, e.g., Baker et al., 1995; Liu et al., 2011).

The separated CO2 was analysed, using an automated GASBENCH II sample
preparation bench attached to a Thermo Finnigan Delta Plus XP Isotope Ratio Mass
Spectrometer (IRMS) at IGGR (Budapest, Hungary). The isotopic compositions are
expressed as  8PC  (8"3C=(("*C/"Csample)/(1*C/?CvppB)-1)*¥1000) and  §'80
(880=(("30/"°Osample)/(**O/'*Ovsmow)-1)*1000) values (in %o) relative to Vienna Pee Dee
Belemnite (VPDB) and Vienna Standard Mean Ocean Water (VSMOW) standards,
respectively (Coplen, 1996). Three laboratory standards (calibrated against NBS-18,
NBS-19 and LSVEC) provided by the International Atomic Energy Agency were applied
for standardization (Flesch et al., 1973; Friedman et al., 1982). A Harding Iceland Spar
(Landis, 1983) sample was measured as unknown, and yielded §'*C and §'30 values of —
4.84 £0.05 %0 and —18.56 £0.07 %o (n=24), respectively. These values are within error of
the published values of —4.80 and —18.56 %o, respectively (Landis, 1983). Based on these
results and measurement reproducibility, the accuracies of 8'°C and §'80 values are

estimated to be better than £0.1%o.
5.2.3. Hydrogen isotope measurement of dawsonite

Stable hydrogen isotope composition of the hydroxyl group of dawsonite
(NaAICO3(OH)2) was determined using an LGR LWIA-24d type laser analyser attached
to an in-house built inlet system at IGGR (Czuppon et al., 2014; Demény et al., 2016).
Bulk rock samples (250-63 um fraction) containing dawsonite from Mihalyi (RM6-9R,
RM6-7R1, RM6-7R3, Table 2) and Répcelak (RM32-5R2, RM19-6R, Table 2) were
heated up to 350 °C to release the OH™ group (Cseresznyés et al., 2021). In this instance
bulk rock sample could be used because the only other OH™-bearing mineral present
(kaolinite) decomposes thermally at temperatures as high as 580 °C (Foéldvari, 2011),
leaving it intact at the above mentioned temperature. In the separated dawsonite from
Covasna (13 samples, Table 4), 8 mg separated dawsonite was used. The liberated fluids

(H20 and CO2) were trapped in a liquid nitrogen-cooled cold finger. The trapped CO:2
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was liberated at —80 °C (using melting Ethyl alcohol) and removed from the system, and
then the H20 was liberated at 80 °C and introduced into the laser analyser (Cseresznyeés
etal., 2021).

The isotopic compositions are expressed as 8D (SD=((*H/*Hsample)/(?H/*Hv-smow)-
1)*1000) values relative to VSMOW (Coplen, 1996), the reproducibility of the

measurements is estimated to be £2 %o based on synthetic dawsonite (DW) analyses.
5.2.4. Clumped isotope measurement of calcite (KOV-10/1 Cc)

Carbonate clumped isotope analysis was carried out on the separated calcite sample
(KOV-10/1 Cc from Covasna, Table S2) with a Thermo Scientific 253 Plus 10 kV isotope
ratio mass spectrometer (IRMS) at Isotope Climatology and Environmental Research
Centre, Atomki (Debrecen, Hungary). The details of the measurements are found in the

Supplementary text 12.1. section.
5.3. Analyses of water samples

The physical and chemical analysis of water samples from Covasna (Table 5) was carried
out at SARA (Budapest, Hungary). The temperature of the water samples was measured
on site. The details of the analysis of water are found in Supplementary text 12.2. section.

5.3.1. Determination of hydrogen and oxygen isotope composition of water samples

(Covasna)

Stable hydrogen and oxygen isotope analyses of 29 water samples from Covasna were
carried out (Table 5) using a Liquid-Water Isotope Analyser-24d manufactured by Los
Gatos Research at IGGR (Budapest, Hungary). The isotopic compositions of the water
samples are expressed as D and 580 in %o relative to V-SMOW (Vienna Standard Mean
Ocean Water; Coplen et al., 1996). The precision is better than 1.0%o and 0.15%o for
hydrogen and oxygen isotope ratios, respectively. More details of the stable isotope

analyses are described in Czuppon et al. (2018).
5.4. Geochemical modelling

Geochemical modelling was used to simulate the chemical processes which take place
after large amount of CO2 injection into a sandstone reservoir. For the thermodynamic
calculations PHREEQC 3.0 geochemical modelling software (Parkhust and Appelo,
2012) was used with the PHREEQC.dat database.
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For the models, the mineral composition of Olbd sandstone samples were used, as they
were not flooded naturally with COz2 (as in Mihalyi-Répcelak case) (explanation in section
7.2.1). The aim of the modelling was to better understand the mineral dissolution and
precipitation in the sandstone reservoir over 200 years and compare the modelling results
with the observed reactions in the Mihalyi-Répcelak samples. In addition, sensitivity
analysis of the water composition was also performed on three different water types (ion-
free water, Na-Cl type and Na-HCOs type water), and reservoir pressure (140-215 bar)
and temperature (70-100 °C) were also varying in the models. Thermodynamic-batch,
Kinetic-batch and Kkinetic-reactive transport models were run with and without
supercritical CO2. Thermodynamic-batch models show the equilibrium state of the
reactions and do not consider the time dependence of reactions. Kinetic-batch models
consider time but run without fluid flow. Porewater is flowing through the rock and
mineral reactions are time dependent and a more realistically described by kinetic-

reactive transport models.
5.4.1. Input parameters

In the models the following parameters must be defined: equilibrium phases, secondary
minerals, porosity of the rock, composition of the solution and gas, the pressure and
temperature of the reservoir.

To add the equilibrium phases for the thermodynamic calculations, the average mineral
composition of the Olbé sandstone samples was used and calculated based on Szabé et
al. (2018) to mol/kgWater unit (Table 8). Dolomite was eliminated from the model based
on the petrographic observations by Kiraly (2017) on the Mihalyi-Répcelak reservoir
samples (dolomite always has ankerite rim, therefore it is sealed off from reaction with
porewater; see section 2.1.2). Chlorite (Chloritel4A) was also eliminated because its
thermodynamic parameters sometimes blocked the model, chlorite has no important
influence on the reactions. The other challenge was the presence of ankerite in the rocks.
The PHREEQC.dat database contains ankerite, but its thermodynamic data was not
suitable to use in the CO2-water-sandstone system. Therefore, ankerite was tested with
four different thermodynamic data and chemical composition in thermodynamic-batch
models (Gysi and Stefansson, 2012; Koenen et al 2014; Tesfay, 2006; Voigt et al., 2018).
In agreement with the results of Kiraly (2017) and Sendula (2015), the data of Koenen et
al. (2014) proved to be appropriate and was used in all models and defined in the PHASES

block of the geochemical model script. The Olbd sandstones contain mica which was
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divided into 50 % illite and 50 % muscovite, muscovite is present as K-mica in the
PHREEQC.dat database. Plagioclase is mostly albite in the Mihalyi-Répcelak sandstone
reservoirs (Kiraly, 2017). Albite, K-feldspar and K-mica was not allowed to precipitate
in the models (for details see 7.2.1).

Table 8. Average mineral composition of Olbé sandstone samples (m/m%b) used in

PHREEQC as equilibrium phases. p: density of the mineral, M: molar mass of the
mineral, c: amount of mineral in mol/kgWater.

input input input used in PHREEQC
P Equilibrium
Average of Olbé sandstones phases m/m% p (g/cm?) M (g/mol) ¢ (mol/kgW)

Plagioclase albite 11.00 2.62 262 5.67
Kaolinite kaolinite 2.89 2.60 258 151
Calcite calcite 6.46 2.71 100 8.72
Chlorite chlorite(14A) 0.00 2.65 554 0.00
Dolomite dolomite 0.00 2.85 184 0.00
Mica K-mica 4.68 2.82 399 1.58
Mica illite 4.68 2.75 384 1.64
K-feldspar K-feldspar 4.67 2.56 278 2.27
Quartz quartz 43.17 2.63 60 97.12
Ankerite ankerite 5.77 3.05 206 3.77
Siderite siderite 231 3.96 116 2.69

Dawsonite dawsonite 0 242 144 0

Secondary minerals also need to be listed in the modelling code. Based on the
petrographic observation on the Mihalyi-Réepcelak samples by Kiraly (2017), dawsonite
should precipitate as a response of CO: flooding. Dawsonite is missing from the
PHREEQC.dat database, therefore thermodynamic data of dawsonite was added from the
LLNL.dat database (thermo.com.V8.R6.230 thermodynamic database compiled at
Lawrence Livermore National Laboratory) according to Hellevang et al. (2010) and
Szabo et al. (2016), and defined in the PHASES block of the geochemical model script.
The density of the rock was 2.71 g/cm?®.

The kinetic-batch models were run for 200 years in different time steps. For the kinetic-
batch modeling, minerals have to be defined in the KINETICS block of the geochemical
model script with the following parameters: starting amount of the minerals (Table 8 last
column) and secondary minerals (dawsonite, m0= 0 mol/kgW), and the molar mass of the
minerals (Table 8). The specific surface area of the mineral phases was defined with the
highest value for the given mineral in the Rossendorf Expert System for Surface and

Sorption Thermodynamics (RES®T database) (Table 9, www.hzdr.de).
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Table 9. Specific surface areas of the minerals in m?g (RES®T database,
www.hzdr.de).

Q E ® Q
2 = s 8 3 oy g T £ <
s 5 § §F £ 2 § £ 3 ¢
< g S v ; o S > 8
Specific surface area 216 200 22 0.68 200 12 58 0.1 0.175 2.8

The reaction rates of mineral dissolution and precipitation in acidic, neutral and alkaline
environments (Rate constant: log k, Arrhenius activation energy: E, Reaction order: n)
were defined in the RATES block of the geochemical model script for all of the minerals
if rate constants were available (Palandri and Kharaka, 2004; Szabd et al., 2018). The
mineral precipitation was controlled, since it is approximately 100 times slower than the
mineral dissolution (Falus et al., 2016; Pham et al, 2011; Szabo et al., 2016; 2018).

Sensitivity analyses were carried out for the solution (reservoir fluid) composition, ion-
free water, Na-Cl type and Na-HCO3 type waters from Olbg area were used (Table 10).
Aluminium is a limiting factor in the models but usually it is not measured in the general
water chemistry, therefore 0.05 mg/L aluminium was added in the SOLUTION block of

the geochemical model script.

Table 10. Three different solution compositions in mg/L for sensitivity analysis in
the models.

Chemical parameters use in the PHREEQC lon-free water Na-ClI type water Na-HCOs type water

pH pH 7 6.75 8.03
Na* Na 2052.8 1795.3
ca* Ca 186.3 2303
Mg?* Mg 26.2 66.3
Fe Fe 130.4 218
cr cl 3315.1 897.8
HCOy Alkalinity 919.3 2430.2
SOy S(6) 36.2 64.2
Si0, Si 13.3 321
AP Al 0.05 0.05

For the gas composition, 100 % pure CO2 was used in the CO2 flooded models
(GAS_PHASE block) at the calculated reservoir pressures (140-215 bar) and
temperatures (70-100 °C). The pressure and temperature values were calculated based on
the depth of the Mihalyi-Répcelak and Olbé sandstone samples. For the temperature
calculation, the geothermal gradient (40 °C/km) of the Little Hungarian Plain (Dévényi
et al., 1983) and the annual average surface temperature (12 °C) were used. According to
Szamosfalvi (2014), who reinterpreted the well logs in the Mihalyi-Répcelak area, the

studied samples were located 700 m deeper than now, therefore these values were added
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to the current depth to calculate the maximum paleo pressure and paleo temperature of
the reservoirs.

The 1D-reactive transport model ran with one selected pressure and temperature pair (166
bar, 78 °C) for ~50 years in 300 meters distance. Time steps were 1 year in sec, cell length
was 10 m. The dispersivity was 0.5 m and the diffusion coefficient was 2 x 10° m?/s.

6. Results
6.1. Carbonates dissolution — reaction time and CO: yield

The determination of the isotope composition of carbonates from bulk rocks
which contains more than two carbonate phases is not straightforward. To investigate
time of dissolution of various carbonates, a series of experiments was carried out.
Following dissolution times were used: 1, 6, 12, 24, 36, 48 and 72 hours at 25 °C. Pure
phases (calcite, dawsonite, dolomite, ankerite and siderite), artificial mixtures (MEL,
ME2, ME3, Table 6) and natural samples (RM6-9R, RM32-5R2, Table 7) were subject
in these experiments. The artificial mixtures and natural samples were measured after 6,
24 and 48 hours of reaction time to test whether the method suggested by Liu et al. (2011)
IS appropriate to separate the carbonate phases.

In the following, the isotopic composition and CO: yields (amount of the extracted
CO2 gas from the carbonate) of pure carbonates (calcite, dawsonite, dolomite, ankerite
and siderite) are presented with the increasing reaction time (Fig. 4-8) during the selective
extraction experiments.

The §*3C value of calcite (KALC) is between 1.6 %o and 1.7 %o during the 1-72 h
experiments, the 520 values are varying between 19.3 %o and 19.6 %o, the average value
is 19.5+0.1 %o. The integrated area of the extracted CO2 seemed to stabilize after 12 hours

(Fig. 4). Moreover, note that majority of calcite dissolved within the 1 hour.

3.0 200 3.0

‘ ‘ T T T T T T T T
B KALC B KALC
2.8 B KALC r19.8 284 Integrated area [VS]
] . L ]
261 o . i 196 3 26
241 " . L1945 _ 244
2 . 5 g
222+ 102 3 g 221
£20] [190 ¢ of 201
U 1.8 _ . [188 T L 18 _ N
7 . 2 g = . = . st
“ 164 ' . . é . by I Liss7e * 16 by I -
1.4 4 L18.4 1.4
1.2 F18.2 1.2
1.0 T T T T T T T 18.0 1.0 T T T T T T T
1 6 12 24 36 48 72 1 6 12 24 36 48 72

Dissolution time [hour] Dissolution time [hour]

Fig. 4. Sequential acid extraction of calcite (KALC). Calcite 6**C and 6'®0 values (left), and the
integrated area of the extracted CO- gas (right) during the 1-72 h experiment.
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The §'3C values of dawsonite (DW) are between —2.9 %o and —3.0 %o, whereas the 580
values vary between 8.3 %0 and 8.6 %.. However, the isotopic values do not show
systematic trend with time. The extracted CO2 gas neither reveals systematic trend

implying that majority of the CO2 can be evolved in the 1% hour (Fig. 5).
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Fig. 5. Sequential acid extraction of dawsonite (DW). Dawsonite 6**C and §**0 values (left),

and the integrated area of the extracted CO; gas (right) during the 1-72 h experiment.
In dolomite (DOL), it seemed to be some slight positive shift in both 5'C and 580 values
(Fig. 6). Although the change is small: the **C values vary between —3.3 and —3.4 %o;
whereas the 580 values range from 10.9 to 11.1 %o. The amount of CO2 shows significant
increase with time and stabilizes after 36 hours (Fig. 6). The liberated CO: after 6 hours

reached 50 % of the maximum value.
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Fig. 6. Sequential acid extraction of dolomite (DOL). Dolomite 5**C and ¢6*®0 values (left), and
the integrated area of the extracted CO; gas (right) during the 1-72 h experiment.

The isotopic values of ankerite also showed relative high variability, the §!3C values are
between —4.3 %o and —4.6 %o, meanwhile 50 values are 19.0-19.3 %o (Fig. 7). In
addition, the 5'3C values reveal systematic trend in the beginning of the experiment, it
stabilized after 12 hours. The amount of CO2 of ankerite shows an increasing trend within
36-hour reaction time when it reached the maximum value (Fig. 7). More than 50 % of

ankerite dissolved after 12 hours.
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Fig. 7. Sequential acid extraction of ankerite (ANK). Ankerite 5**C and ¢6*®0 values (left) and
the integrated area of the extracted CO- gas (right) during the 1-72 h experiment.

Siderites (SID) were investigated just after 24 hours reaction time. Its carbon isotope data
are between —6.3 %o and —6.5 %o, the oxygen isotope data are increasing with the reaction
time, varying from 16.1 %o to 17.4 %o (Fig. 8). The liberated CO2 from siderite showed a
continuous increase from 1.5 to 19.2 VS [velocity secundum] and reached the maximum

value in the 72" hour (Fig. 8).
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Fig. 8. Sequential acid extraction of siderite (SID). Siderite 5**C and 6'*0 values (left), and the
integrated area of the extracted CO- gas (right) during the 1-72 h experiment.

In the artificial mixtures and natural samples, 6, 24, 48 hours reaction times were applied
to test the applicability of the method of Liu et al. (2011). These samples are composed
of varying amounts of carbonates (calcite, dawsonite, dolomite, ankerite and siderite).
Values of §1C and 580 in sample ME1 are (—0.6 %o) - (-3.2 %o) and 15.7 %o - 17.3 %o,
respectively (Table 11). The values in ME2, §'3C are between —2.2 %o and —3.7 %o, §'80
values fall in the range from 15.0 %o to 18.2 %o (Table 11). In ME3 sample, !3C and §'80
values ranges (—0.7 %o) - (—4.0 %o) and 17.1 %o - 20.9 %o, respectively (Table 11). The
natural sample RM6-9R (bulk) from Mihalyi shows 1.6 %o - 2.7 %0 83C values, and 20.7
%o - 26.6 %o 580 values (Table 11). The RM32-5R2 (bulk) natural sample from Répcelak
shows §'3C values from 0.0 %o to 0.5 %o, and the &30 values are between 22.6 %o and

26.9 %o (Table 11).
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Table 11. 8*3C, 880 values and the integrated area of the extracted CO, gas for pure
phases, artificial mixtures and natural samples from the experiments. KALC:
calcite, DW: dawsonite, DOL: dolomite, ANK: ankerite, SID: siderite, PDB: Pee Dee
Belemnite, SMOW: Standard Mean Ocean Water, VS: velocity secundum.

Sample Sample Temperature Reaction time 8tC 80 80 Integrated area
name type [hour] [%0, PDB] [%0, PDB] [%0, SMOW] [VS]
1 1.7 -11.0 195 36.8
6 1.7 -11.0 19.6 42.1
12 1.7 -11.2 19.4 455
KALC pure phase 25°C 24 1.7 -10.9 19.6 43.8
36 1.6 -11.1 19.5 47.1
48 1.7 -11.2 19.4 44.9
72 1.7 -11.3 19.3 44.1
1 -3.0 -21.7 8.5 455
6 -3.0 -21.8 8.4 50.0
12 -3.0 -21.8 8.4 45.2
DW pure phase 25°C 24 -3.0 -21.7 8.5 48.2
36 -3.0 -21.8 8.5 48.4
48 -2.9 -21.7 8.6 48.4
72 -3.0 -22.0 8.3 39.8
1 -3.4 -19.4 10.9 17.0
6 -3.4 -19.4 10.9 34.3
12 -3.3 -19.3 11.1 39.8
DOL pure phase 25°C 24 -34 -19.3 11.0 42.3
36 -3.3 -19.3 11.1 49.9
48 -3.3 -19.2 11.1 50.5
72 -3.3 -19.2 11.1 44.6
1 -4.3 -11.4 19.1 5.0
6 -4.5 -11.5 19.0 15.2
12 -4.6 -11.5 19.0 32.2
ANK pure phase 25°C 24 -4.6 -11.4 19.1 22.4
36 -4.6 -11.3 19.3 38.1
48 -4.6 -11.3 19.2 38.0
72 -4.6 -11.4 19.2 37.9
24 -6.3 -14.3 16.1 15
o 36 -6.4 -13.4 17.1 7.0
SID pure phase 25°C 8 63 132 174 87
72 -6.5 -13.3 17.2 19.2
ificial 6 -0.6 -14.4 16.0
ME1 ?;ti'xlc'rae 25°C 24 -3.2 -14.8 15.7
5 48 2.8 -13.2 173
ificial 6 -2.2 -15.4 15.0
ME2 art ;C'a 25°C 24 37 -135 17.0
mixiure 48 3.4 -12.3 182
ificial 6 -0.7 -13.4 17.1
ME3 e 25°C 24 4.0 -10.6 200
48 -3.4 -9.7 20.9
natural 6 1.6 -9.9 20.7
RM6-9R sample 25°C 24 2.3 -6.6 24.1
48 2.7 -4.2 26.6
natural 6 0.1 -8.0 22.6
RM32-5R2 sample 25°C 24 0.0 -5.5 25.3
48 0.5 -3.9 26.9
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6.2. Natural CO2 occurrences
Mihalyi-Répcelak and Olbé fields
6.2.1. Mineral composition of Olbé rock samples

The selected samples from Olbé field are fine-grained greyish sandstones and brownish
siltstones. The mineral composition of sandstones is 30-58 m/m% quartz, 9-13 m/m%
plagioclase, 6-15 m/m% dolomite, 3-19 m/m% calcite, 5-6 m/m% ankerite, 1-4 m/m%
siderite (the Ol 6-4A sample does not contain siderite, Table 12), 3-7 m/m% K-feldspar,
4-24 m/m% mica, 1-4 m/m% kaolinite and 4-5 m/m% chlorite (the Ol 6-4A and Ol 9-B1
samples do not contain chlorite, Table 12). Thin sections of three sandstone sample (Ol
1-8-1, Ol 1-9B1, Ol 3-5-1) were used to count 300 points per image for the QFL (quartz,
feldspar, lithoclast) classification which is based on McBride (1963). The Olbd samples
contain 51-62 v/v% quartz (Q), 10-11 v/v% feldspar (F) and 28-35 v/v% lithoclast (L)
and they can be classified to feldspathic litharenites (Fig. 9).

Quartzarenite Sublitharenite A )1 1-9B1
O ol 3-5-1} Olbé (this study)
25% 25% O O11-8-1
O RM32-5R2, Répcelak (Kiraly, 2017)
@® RMI9-6R, Répcelak (Kiraly, 2017)
RM6-9R, Mihalyi (Kiraly, 2017)
RM6-7R1, Mihalyi (Kirély, 2017)

+"* Sandstone from the Szolnok Formation
«* (Matyas and Matter, 1997)

Feldspathic
litharenite

Feldspar 10 % 50 % 10% Lithoclast

Fig. 9. Quartz, feldspar and lithoclast triangle of the Ol 1-8-1, Ol 1-9B1 and Ol 3-5-1 sandstone
samples from Olb6. Relevant samples from Mihalyi-Répcelak and sandstone from Lower
Pannonian formation are also shown (Kiraly, 2017; Méatyas and Matter, 1997). Redrawn after
McBride (1963).

Dolomite is usually ~200-300 um in size, slightly rounded and often filled with cracks
(Fig. 10 A-D). Dolomite has a 10-100 um wide ankerite rim, forming euhedral crystals
(Fig. 10 A-C). The outer rim of the ankerite is often more enriched in Fe+Mn (due to its

higher brightness on the BSE images, Fig. 10 B). 100-200 um sized calcite grains are
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rounded (Fig. 10 A, C, E). Siderite appears as pore filling mineral, usually occurs in larger
patches (~500 pum) (Fig. 10 D). These patches are composed of small, zoned siderite
grains (~3-5 um) due to their varying Fe-Mg content (Fig. 10 E). Albite is varying in size
(between 50-250 um), its shape is rounded and often irregular containing cracks as well
(Fig. 10. A-C, F). Muscovite sometimes occurs as lithoclast with albite grains (Fig. 10
A). Potassic-feldspar is ~250 um, and shows rectangular shape, often can contain quartz
and albite grains (Fig. 10 A, B, F). Kaolinite appears as 100-200 um pore filling
aggregates in the sandstones (Fig. 10 A, D).

HITACHI TM4000 15KV 10.3mm x800 BSE M S0 oum W HITACHI TM4000 15KV 10.4mm x400 BSE M 100um

Fig. 10. Backscattered electron images of the sandstone samples from OIbé.

Abbreviations: Ab: albite, Ank1: ankerite with low Fe-Mn content, Ank2: ankerite with high Fe-
Mn content, Cc, calcite, Chl: chlorite, Dol: dolomite, Kfs: K-feldspar, Kin: kaolinite, Ms:
muscovite, Q: quartz, Sd: siderite.
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The mineral composition of the siltstones based on the XRD result is the following: 21-
40 m/m% quartz, 10-33 m/m% mica, 5-16 m/m% plagioclase, 1-7 m/m% K-feldspar, 7-
14 m/m% dolomite, 6-15 m/m% calcite, 3-12 m/m% ankerite, <1-5 m/m% siderite (Ol 3-
5-2 sample does not contain siderite), 2-9 m/m% chlorite (Ol 1-10 and Ol 2-7B samples
do not contain chlorite), 2-8 m/m% kaolinite (Table 12). Pyrite is only present in the Ol
1-10 sample (4 m/m%, Table 12).

Table 12. Mineral composition based on XRD data of the investigated core samples

from Olbé. Values are expressed in m/m %. 1 sigma uncertainty is 1 %. ND: not
detected.

—_ 8 < @
] 2 é 2 < 2 g N g E Q 2 2 2 @
g g p= = g £ & s £ 8 = 5 g 5 %
a = o] S < = o
<8 g £ ¢ 6 o § & & 3 z & ¢
wn
0l 1-7 11‘;%%' sandstone 7 4 ND 43 4 11 8 11 9 3 ND
Ol 1-8-1 1??23? sandstone 8 3 ND 51 4 10 5 11 6 2 ND
Ol 1-8-2 1?%2?? siltstone 20 2 2 28 6 14 10 13 <1 5 ND
- 1561.5-
0Ol 1-9B1 1565.5 sandstone 6 3 5 49 3 9 5 15 5 <1 ND
- 1561.5- .
Ol 1-9B2 15655 siltstone 20 3 9 28 7 10 6 14 3 <1 ND
Ol11-10 1729.5- siltstone 33 8 ND 21 1 5 15 7 6 <1 4
L 1730.5
Olbd . 1535-
Ol 2-5 15375 sandstone 4 2 ND 58 6 12 3 9 5 1 ND
Ol 2-7A 1632.5- sandstone 12 4 ND 35 4 13 19 6 5 2 ND
1637.5
M 1632.5- .
0Ol 2-7B 16375 siltstone 19 3 ND 34 5 10 6 12 6 5 ND
Ol 3-5-1 11%67% sandstone 24 4 ND 30 6 12 3 11 6 4 ND
" 1668- .
Ol 3-5-2 1673 siltstone 10 2 3 40 7 16 <1 10 12 ND ND
- 1682.5-
Ol 6-4A 16875 sandstone 7 1 4 48 7 13 4 10 6 ND ND

Based on the previous experiences with the Mihalyi-Répcelak samples by Kiraly (2017),
the ATR-FTIR analysis of Olbé samples was carried out. The main aim of the analysis
was to check the presence or absence of the OH-bearing minerals, especially dawsonite
in the samples. The strongest O-H stretching vibration of dawsonite can occur at 3275-
3280 cm (Frost and Bouzaid, 2007). On the Fig. 11., the kaolinite O-H stretching
vibration at 3697-3695, 3668-3664, 3621-3619 cm™ is clearly shown, however the
dawsonite characteristic O-H stretching vibration at 3275-3280 cm™ is missing from the
spectra (more details for the dawsonite IR spectra in the 6.2.4. section). To confirm the
absence of dawsonite, the second derivate of the spectra was also checked but dawsonite

was not recognizable in the samples.

41



0.14 T T T T T T T T T T T T

Dawsonite O-H streching vibration
0.12 | =

] —o0l64a
0.10 4 ——0O13-51

— 01352
% 1 —0123
O12-7A
O12-7B
O11-7
— 01 1-8-1
—O011-8-2
—— 0Ol 1-9B1

1 1-9B2
| ——011-10

0.02 -_ﬂ _
S e 1

0.00 3

o

(=]

oo
1

Absorbance
<
(e}
N
I
1

<
=]
=

T T y T T T T T T T T T T
3800 3700 3600 3500 3400 3300 3200 3100

Wavenumber (cm™)

Fig. 11. Infrared (ATR-FTIR) spectra of OIbS samples in the 3800-3100 cm™ spectral range.
The gray rectangle indicates the position of the strongest O-H stretching vibration of dawsonite.

6.2.2. Isotopic composition of the separated carbonates from Mihalyi-Répcelak and Olbé

areas

Isotopic composition of separated dawsonite from Mihalyi-Répcelak, separated siderite
from Mihalyi-Répcelak and Olbs areas, was determined. The §*3Cppg values of dawsonite
vary between +1.5 %o and +1.3 %o, whereas the §'®Osmow Vvalues range from +19.5 to
+22.2 %o (Table 13). In contrast, the stable isotope compositions of siderite from Mihalyi-
Répcelak area show larger variation defining two generational different groups. The
siderite 5'*Cppg and 8*0smow values of Group-1 range from +4.2 to +4.3 %o and from
+24.8 to +25.1 %o, respectively. Siderite carbon and oxygen isotope compositions of
Group-2 are characterized by lower values (5'3Cpps: from +1.3 to +2.1 %o; 5'Osmow:
from +22.2 to +22.3 %o; Table 13). The separated siderites from Olbd show —0.69 %o -
+1.72 %o 8*Crps values and +24.12 %o - +25.62 %o 580smow values (Table 13).
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Table 13. 83C and 680 composition of separated dawsonite and siderite from
Mihalyi-Répcelak and Olbé. Uncertainty of $:3C and 20 is 0.1 %o.

Area Sample name Separated mineral 8°C [PDB, %] 8%0 [PDB, %o] 350 [SMOW, %]
RM6-9R dawsonite/1 1.6 -11.0 19.5
RM6-9R dawsonite/2 15 -11.1 19.5
Mihalyi RM6-9R Sider?te/l 2.1 -7.7 23.0
RM6-9R siderite/2 1.9 -8.3 22.3
RM6-7R3 siderite 4.3 -5.6 25.1
RM6-7R1 siderite 4.2 -5.9 24.8
Répcelak RM32-5R2 da\_/vso.nite 1.3 -8.4 22.2
RM19-6R siderite 1.3 -4.9 25.9
Ol 1-7 siderite 1.7 -5.6 25.1
O11-8-1 siderite 1.1 5.1 25.6
Ol 1-9B1 siderite 0.7 5.4 25.3
Olbs Ol 2-5 siderite 0.0 -5.7 25.0
Ol 2-7A siderite 1.7 -6.0 24.7
01 3-5-1 siderite -0.7 -6.0 24.8
0l 6-4A siderite 15 -6.6 24.1

The determined 8D values of dawsonite-bearing samples from the Mihalyi field cover a
narrow range between —61 %o and —59 %o (Table 14), except for one sample (RM6-9R)
that shows a lighter value (—74 %o). The hydrogen isotope composition of dawsonites

from the Répcelak field ranges between —62 %o and —57 %e.

Table 14. 8D values of dawsonite from Mihalyi-Répcelak field. Uncertainty of 8D is
2 %o.

Area Sample name OD dawsonite [%0, SMOW]
RM6-9R 74
L RM6-7R3 -60
Mihalyi RM6-7R2 59
RM6-7R1 61
Répealak RM32-5R2 57
RM19-6R 62

Covasna

6.2.3. Mineral composition of the dawsonite-bearing samples from Covasna

The studied rocks containing dawsonite are breccias, their clasts are sandstones
(Fig. 12A), originating from the Cretaceous flysch zone (Dénes et al., 2005). The rocks,
sampled along the creek of Hanko Valley (Fig. 3B), are generally fractured, grey-greyish
green sandstones with millimetre-wide calcite veins. In some cases the breccias are
silicified and covered with clays.

Based on the XRD, the bulk rock is composed of quartz, calcite+Mg-calcite,
illite+illite/smectite, muscovite, plagioclase, dawsonite, goethite, chlorite, ankerite,
siderite and dolomite. Quartz is between 51 and 83 m/m% except for two samples (KOV-
2G/1 and KOV-2G/3) where it is only 31 and 25 m/m%, respectively (Table 15). The host
rock samples contain calcite+Mg-calcite (1-34 m/m%), illite+illite/smectite (5-22

m/m%), muscovite (2-22 m/m%), plagioclase (<1-15 m/m%), goethite (<1-12 m/m%),
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chlorite (1-7 m/m%), ankerite (1-4 m/m%) and siderite (<1-2 m/m%) (Table 15).
Dolomite is only present in two samples (KOV-12/2/1 and KOV-12/2/3), kaolinite only
occurs in one sample (KOV-8) (Table 15). The quantity of dawsonite ranges from 1 to 14
m/m% (Table 15). The alumohydrocalcite-bearing KOV-13 sample contains 63 m/m%
quartz, 12 m/m% calcite, 10 m/m% muscovite, 7 m/m% chlorite, 5 m/m% illite/smectite,
3 m/m% dolomite and <1 m/m% pyrite (Table 15).

Table 15. Mineral composition of the bulk rock and separated alumohydrocalcite
(KOV-13 Ahcal) from Covasna. Values are expressed in m/m%o. ND: not detected.
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KOV-8 6 ND 2 ND 71 4 1 ND 1 2 3 <1 ND ND
KOV-10 3 ND ND ND 72 <1 7 ND 1 1 4 12 ND ND
KOV-10/1 3 ND ND ND 69 <1 16 ND 2 1 2 7 ND ND
KOV-12 2 5 ND 1 8 3 3 ND 2 <1 1 ND ND ND
KOV-12/2/1 9 21 ND 6 51 8 ND 2 ND <1 3 ND ND ND
KOV-12/2/3 8 22 ND 5 53 8 ND 1 ND ND 3 ND ND ND
KOV-2G/1 19 16  ND 7 31 15 3 ND 4 ND 5 ND ND ND
KOV-2G/2 4 7 ND 2 713 5 6 ND 2 ND 1 ND ND ND
KOV-2G/3 22 ND ND 7 25 10 9 ND 3 ND 14 ND ND ND
KOV-2G/4 5 ND ND 3 70 2 18 ND 1 ND 1 <1 ND ND
KOV-2G/5 6 ND ND 1 55 1 3 ND 2 ND 1 <1 ND ND
KOV-2B/1 4 12 ND 3 67 7 1 ND 3 ND 3 ND ND ND
KOV-13 10 5 ND 7 63 ND 12 3 ND ND ND ND <1 ND
KOV-13Ahcal ND ND ND ND 10 ND ND ND ND ND ND ND ND 90

Dawsonite appears as a white, fibrous mineral with silky lustre (Fig. 12B) and also
occurs as fine fibrous or powdery aggregates. It covers the breccia surface and appears
along the small fractures and cracks of the brecciated sandstone (Fig. 12C-D). It can fill
the small fractures and the cracks in the studied rocks (Fig. 13A-B), and it can also form
large patches ~1500 pum in size (Fig. 13A) and approximately 50 um long fibres (Fig. 13
C and D). Dawsonite crystals intermix with other carbonates, e.g., siderite (Fig. 13C) and
calcite (Fig. 13D). Dawsonite and calcite can appear in close textural relationship with
each other, where dawsonite needles are growing into the calcite crystals (Fig. 13D).
Additionally, dawsonite appears powdery on the surface of rocks and fluvial deposits in
the creek (Fig. 12E-F).
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10 mm

5 mm

Fig. 12. Appearance of dawsonite and alumohydrocalcite. A: Dawsonite appearance (white
patches) on the brecciated sandstone along the creek of Hanké Valley, B: White dawsonite
fibers under the stereomicroscope, C: Dawsonite appears in the crack of the brecciated
sandstone, D: Dawsonite covers the brecciated sandstone ’s surface, E-F: Powdery dawsonite
appearance on surface of the fluvial deposit, G: Alumohydrocalcite (white) patches on the rock
surface.

Calcite appears as radial crystals (Fig. 13E) and in veins. Siderite occurs as
rhombohedral crystals (Fig. 13F) and is usually observed along the edges of quartz or
calcite crystals (Fig. 13A-B). Anatase (Fig. 13G) and pyrite can occur as minor
constituents, and realgar is also present in the calcite veins (Fig. 13 E and H). Realgar

usually appears in close textural relationship with calcite (Fig. 13H-E).
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Satelite ©Tescan DATE: 04/25/18 20 um
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Satellite ©Tescan DATE: 04/25/18 1mm

Fig. 13. Dawsonite-bearing brecciated sandstone from Covasna. A: Dawsonite patch
(microphotograph, +N), B: Dawsonite and siderite with calcite as fracture filling materials in
guartz grains (BSE image), C: Rhombohedral siderite crystals within fibrous dawsonite (BSE
image), D: Dawsonite and calcite aggregates, containing rhombohedral siderite crystals (BSE

image), E: Realgar on radial calcite crystals (BSE image), F: Aggregates of rhombohedral
siderite crystals with calcite (BSE image), G: Aggregates of dawsonite, anatase and minor
calcite (microphotograph, 1N), H: Realgar in a calcite aggregate (microphotograph, +N).
Abbreviations: Anat: anatase, Cc: calcite, Daw: dawsonite, RIg.: realgar, Q: quartz, Sd:
siderite.
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The presence of alumohydrocalcite [CaAl(CO3)2(OH)4 x 4H20] was proved in the
KOV-13 sample by XRD, ATR-FTIR and Raman spectroscopy (Fig. 14-16, Table 15).
The alumohydrocalcite only appears on the surface of the sample, the separated
alumohydrocalcite (90 m/m%) occurs with quartz (10 m/m%) (Fig. 14, Table 15).
Alumohydrocalcite forms white, needles or columnar like crystals and it generally
appears together with quartz (Fig. 12G). This is the first description of alumohydrocalcite

from Covasna.
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2 Theta (Coupled Two Theta/Theta) WL=1.54060

Fig. 14. X-ray diffractogram of separated alumohydrocalcite and quartz (KOV-13 Ahcal).
Ahcal: alumohydrocalcite, Qz: quartz.
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Fig. 15. Infrared spectrum (ATR-FTIR) of separated alumohydrocalcite (KOV-13 Ahcal) in the
4000-400 cm™ spectral range.
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Fig. 16. Raman spectrum of alumohydrocalcite (KOV-13 Ahcal) in the 100-1800 cm™ range.
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6.2.4. Dawsonite, calcite and alumohydrocalcite separates
Micro-XRD of dawsonite and calcite

Separated dawsonite and calcite were measured by micro-XRD analysis to verify
the purity of the separation. Most of the dawsonite separates contain 70-100 m/m%
dawsonite, 9 samples out of the 13 contain 1-15 m/m% calcite, 4-15 m/m% quartz, one
sample contains 4 m/m% feldspar, whereas clay minerals are present in only two
separates (Table 16). Calcite separates (KOV-10/1 Cc) contain only calcite.
Table 16. Micro-XRD data on the separated dawsonite and calcite samples in

m/m%. Daw: dawsonite, Cc: calcite, ND: not detected. Note that almost each
separate contains quartz and calcite.

Rock sample Separated phase Dawsonite  Calcite Quartz  Feldspar  Clay mineral

KOV-8 Daw 100 ND ND ND ND
KOV-10 Daw 90 3 7 ND ND
KOV-10/1 Daw 70 10 20 ND ND
KOV-12 Daw 90 5 5 ND ND
KOV-12/2/1 Daw 70 15 14 ND ND
KOV-12/2/2 Daw 80 1 10 ND 9
KOV-12/2/3 Daw 85 ND 15 ND ND
KOV-2G/1 Daw 85 5 4 4 2
KOV-2G/2 Daw 95 5 ND ND ND
KOV-2G/3 Daw 95 5 ND ND ND
KOV-2G/4 Daw 90 5 5 ND ND
KOV-2G/5 Daw 86 6 8 ND ND
KOV-2B/1 Daw 95 5 ND ND ND
KOV-10/1 Cc Cc ND 100 ND ND ND

Infrared spectroscopy (ATR-FTIR) of dawsonite

Infrared spectroscopy of the separated dawsonite samples was carried out before
the hydrogen isotope measurements. The two most intensive bands of dawsonite occur at
1391-1393 cm* and 1570-1580 cm™, which correspond to the asymmetric stretching of
COs?%, whereas the bands at 3271-3273 cm® belong to the O-H stretching vibration (Fig.
17). The dawsonite ATR-FTIR spectra also show the OH-AI bending at ~950 cm™* and
the other COs?-bending at 1090-1100, 863, 846, 731 and 685-690 cm™* (Fig. 17). Some
harmonics and external stretching were also observed at 1722, ~539 and ~495 cm™ (Fig.
17). The measured bands of dawsonite fall in the spectral range (1390-1400, 1550-1588
and 3275-3280 cm™) and agree with previously reported data on dawsonite (e.g., Frueh
and Golightly, 1967; Estep and Karr (1968), Serna et al. (1985), Frost and Bouzaid
(2007).
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In 6 rock samples (KOV-12/2/1, KOV-12/2/2, KOV-12/2/3, KOV-2B/1, KOV-
2G/1, KOV-2G/2), bands appear at 1164-1166, 799-801, 779-780 cm™* in the ATR-FTIR
spectra (Fig. 17), which is related to the Si-O band of quartz (Van der Marel and
Beutelspacher, 1976; Hlavay et al., 1978). However, typical calcite vibration (e.g., 712-
713 cml; Farmer, 1974; Vaculikovd and Plevova, 2005; Van der Marel and
Beutelspacher, 1976) was not detected on the ATR-FTIR spectra, in contrast to the micro-
XRD results (Table 16).

The ATR-FTIR spectra clearly showed that the typical dawsonite OH" band
(~3270 cm) disappeared in the samples after the hydrogen isotope measurements,
therefore the elimination of dawsonite OH™ group was successful (Fig. 17).
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Fig. 17. Infrared spectra (ATR-FTIR) of separated dawsonite in the 4000-400 cm™ spectral
range. Red color (KOV-2G/3 sample) shows dawsonite spectra, blue color (KOV-12/2/2) shows
dawsonite spectra with quartz before the hydrogen isotope measurements, and green color
(KOV-2G/3 after measurement) indicates the sample after the hydrogen isotope measurement.

Raman microspectroscopy of dawsonite

Raman microspectroscopy was applied on the surface of the rocks, before the
separation to identify dawsonite. The spatial resolution of Raman microspectroscopy is

much higher than the ATR-FTIR and XRD analyses, therefore single dawsonite fibres
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were analysed. The typical O-H stretching vibrations of dawsonite occur at around 3285
and 3254 cm™, 898 and 825 cm™ Raman shifts (Fig. 18). Bands of COs? appear at 1506,
1092, 1069 and 730 cm, Al-O stretching vibration bands are observed near 588, 518,
389 cm™ and the external vibrations at 262, 219, 192, 153 cm™ (Fig. 18). The Raman
spectra of the dawsonite in this study are very similar to those of reported data (Frost and
Bouzaid, 2007; Frost et al., 2015; Serna et al., 1985).
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Fig. 18. Raman spectrum of separated dawsonite (KOV-2G/4) over the 100-4000 cm™ range.
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6.2.5. Stable isotope composition of separated dawsonite

The 8%C values of dawsonite are between +8.0 %o and +10.1 %o, the 5*80 values
of dawsonite fall between the +40.7 and +46.7 %o range (Table 17). The measured 3D
values of dawsonite range from —55 to —42 %o (Table 17).

Table 17. 813C and $'80 data of dawsonite and calcite, and 8D data of dawsonite
from Covasna. Uncertainty of 8'3C and 80 are 0.1%e, for 3D is 2%.. Daw:
dawsonite, Cc, calcite, NM: not measured.

Rock sample Separated phase 8°C [%o, PDB] 820 [%0, SMOW] 3D [%o]
KOV-8 Daw 8.6 44.2 -54
KOV-10 Daw 8.1 40.7 -55

KOV-10/1 Daw 8.3 44.1 -53
KOV-12 Daw 8.0 44.6 -48

KOV-12/2/1 Daw 9.1 44.8 -47

KOV-12/2/2 Daw 8.4 43.1 -50

KOV-12/2/3 Daw 10.0 45.2 -46

KOV-2G/1 Daw 9.4 44.9 -44
KOV-2G/2 Daw 8.4 45.0 -42
KOV-2G/3 Daw 10.1 46.1 -43
KOV-2G/4 Daw 8.2 45.7 -45
KOV-2G/5 Daw 9.0 46.7 -48
KOV-2B/1 Daw 8.1 44.5 -47
KOV-10/1 Cc Cc -1.5 24.0 NM

6.2.6. Chemical and stable isotope composition of creek and spring water

Chemical analyses were carried out only on two water samples: K-AU21-1
represents the creek water, whereas K-AU21-2 stands for the spring water (Table 18).
These two samples show considerable differences in every value (Table 18). The creek
water pH is higher (7.55) than the spring water (6.89). The major ions concentrations in
the creek water sample (e.g., Na*, CI" and HCOz") are considerably lower than in the
spring water (Table 18).
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Table 18. Chemical composition of creek (K-AU21-1) and spring (K-AU21-2) water.
The units are the following: EC is pS/cm, for the major elements is mg/L, for trace
elements (in italic) is pg/L.

K-AU21-1 (creek) K-AU21-2 (spring)
pH 7.55 6.89
EC 2010 16460
Na* 320 4037
K* 11.7 168
ca?* 82.4 73.7
Mg?* 20.9 102
Fe? 0.187 0.655
AR+ 29.9 2
NH* 0.22 <0.1
Mn? 0.12 0.0155
CI 247 2370
NOs 2.07 <0.1
NO, <0.1 <0.1
HCO3 866 8662
COs* <0.3 <3.0
PO <0.15 0.21
SO.% 32.3 3.09
OH" <0.1 <0.1
H,SiO3 15 45.9
TDS 1598 15463
As 128 391
B 13065 162368
Ba 133 778
Cd <5.0 <5.0
Cu <5.0 <1.0
Li 601 8377
Sr 455 654

The isotopic compositions of all collected water samples are summarized in Table
19. The hydrogen (D) and oxygen (5*30smow) stable isotope compositions of the creek
water samples vary from —79.7 %o to —56.8 %o, and from —10.9 %o to —7.4 %o, respectively
(Table 19). The 6D values of spring water show heavier isotope compositions relative to
creek water, varying between —50.9 %o and —48.4 %o.. The oxygen isotope values are also
characterized by heavier isotopic data ranging from —0.1 %o to +2.5 %o (Table 19).

Temperature of the creek and spring water were also measured during the 7
month-monitoring. The temperature of the creek water shows relatively large variation,

varying from 1 °C to 22 °C as a consequence of the sampling time (Table 19).
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Table 19. 8D and 'O values of collected creek and spring water samples.
Uncertainty of 8D and 820 are 1%o and 0.15%, respectively. NM: not measured.
Sample name refers to location, month and year of collection, the number 1 and 3
(or 3’) represent the creek water from two different sampling points, number 2

indicates the spring water.

Water Date of the . Temperature 3Dwater 8" 0water
sample sampling GPS coordinates  Water type ["Cl [%, SMOW]  [%o, SMOW)]
K-M18-1 N45°51'10.48" E creek NM 721 91
26°12°15.55
March 2018\ 4se51°12.06” E
K-M18-2 26°12°18.65” spring NM -50.5 -0.1
N 45°51°10.48” E
K-A19-1 26°12°15.55” creek 21 -73.5 -10.1
. N 45°51°12.06” E .
K-A19-2 April 2019 26°12°18.65” spring 9 -49.6 2.1
N 45°51°12.29” E
K-A19-3 26°12°23.13” creek 185 -74.1 -10.2
N 45°51°10.48” E
K-J20-1 26°12°15.55” creek 1 -73.4 -9.6
N 45°51°12.06” E .
K-J20-2 January 2020 26°12°18.65” spring 8 -48.4 2.7
N 45°51°12.29” E
K-J20-3 26°12°23.13” creek 1 -73.0 -10.0
N 45°51°10.48” E
K-F20-1 26°12°15.55” creek 4 -79.4 -10.6
N 45°51°12.06” E .
K-F20-2 February 2020 26°12°18.65" spring 8 -50.6 2.2
N 45°51°12.29” E
K-F20-3 26°12°23.13” creek 4 -79.7 -10.9
N 45°51°10.48” E
K-M20-1 26°12°15.55” creek 7 -76.5 -10.5
N 45°51°12.06” E .
K-M20-2 March 2020 26°12°18.65" spring 8 -49.1 2.1
N 45°51°12.29” E
K-M20-3 26°12°23.13” creek 7 -76.1 -10.5
N 45°51°10.48” E
K-A20-1 26°12°15.55” creek 11 -73.7 -9.9
. N 45°51°12.06” E .
K-A20-2 April 2020 26°12°18.65”" spring 8 -49.9 2.5
N 45°51°12.29” E
K-A20-3 26°12°23.13” creek 11 -73.4 -9.9
N 45°51°10.48” E
K-MY20-1 26°12°15.55” creek 12 -56.8 -7.4
N 45°51°12.06” E .
K-MY20-2 May 2020 26°12°18.65” spring 10 -50.0 2.2
, N 45°51°12.29” E
K-MY20-3 26°12°23.13” creek 11 -64.3 -8.7
N 45°51°10.48” E
K-J20-1 26°12°15.55” creek 21 -69.1 -9.6
N 45°51°12.06” E .
K-J20-2 June 2020 26°12°18.65” spring 12 -50.9 1.8
N 45°51°12.29” E
K-J20-3 26°12°23.13” creek 18 -68.4 -9.7
N 45°51°10.48” E
K-JL20-1 26°12°15.55” creek 22 -62.1 -8.7
K-JL20-2 N45°51712.06™ E spring 13 -48.9 2.2
(RN
K-JL20-3 26°12°23.13” creek 19 -63.1 -9.0
. N 45°51°12.29” E
K-JL20-3 26°12°23.13” creek 20 -62.8 -8.9
K-AU21-1 N 45051, 10'48,, E creek NM -60.0 -1.7
26°12°15.55
AUgUSE2021 145051012067 E
K-AU21-2 26°12°18.65” spring NM -48.8 2.2
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6.2.7. Calcite stable and clumped isotope results

The isotope composition §**C and §*®0smow from the separated calcite of KOV-
10/1 cc sample is -1.50 %o and +24.04 %o, respectively (Table 17). Calcite A47(-cpeseo)
value is 0.3787 +£0.0289 %o (Table 20 and S2), the calculated temperature by Anderson
equation is 143 °C (Table 20, Anderson et al., 2021).

Table 20. Average of As; values of separated calcite (KOV-10/1 cc) and Asr-
temperature calibration by Anderson et al. (2021). SD: standard deviation, SE: 1o
standard error, ND: not determined.

Value A(A47) +1SD +1SE Equation

Ay

0,
[I-CDES90°C] 0.3738 %o ND 0.0289  0.0077

6
Anderson Temperature 143 °C -920.80 ND 7 Dy7a-cpesoosc)= 0-0391(10.0004) T2 +0.154 (+0.0004)
r’=0.97

7. Discussion

Different geological environments (Mihalyi-Répcelak, Olbé, Covasna) were investigated
to better understand the formation of dawsonite. The applicability of sequential acid
extraction method was tested to determine the isotopic composition of carbonates. The
presented petrographical results, geochemical parameters, and isotopic result (C, O, H)
of natural carbonates are discussed in the following sections to determine the origin of
the parental fluid (CO2 and H20) of dawsonite. In addition, geochemical modelling was
applied to understand the formation of dawsonite and constrain the reactions which can

take place during a COz2 storage project in sandstone reservoir.
7.1. Sequential acid extraction method

Since the 1960’s many publications focused on the sequential acid extraction of
carbonates with off-line and on-line method as well (Al-Aasm et al., 1990; Baudran et al.,
2012; Epstein et al., 1964; Ray and Ramesh, 1998; Yui and Gong, 2003; Walters 1972).
However, these studies mostly investigated the calcite-dolomite SEA. Clayton et al.
(19684, b) and Walters et al (1972) emphasized the effect of grain size and temperature
during phosphoric acid reaction and demonstrated that substantial fraction of the dolomite
was dissolved in the first hour of reaction in the case of the smaller grain size (Table S3).
Al-Aasm et al. (1990) suggested a three-step procedure, for calcite-dolomite mixture at
25 °C and 50 °C, with a step in-between when pumping out the CO2 (Table S3). Ray and
Ramesh (1998) have also developed a method to reduce the grain size effect and

efficiently separate CO2 from pure end-members without any significant mixing. Yui and
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Gong (2003) found that nonstoichiometric calcite-rich dolomite reacts more easily with
the phosphoric acid. These observations might question the usage of the acid extraction
method on partially dolomitized samples. In addition, it was not advised to compare the
published isotopic data of coexisting dolomite and calcite if the grain size and the
stoichiometry of dolomite were not considered (Yui and Gong, 2003). Baudrand et al.
(2012) used mass balance equation to determine the isotopic composition of dolomite in
a calcite-dolomite mixture (Table S3). Most recent studies (Du and Song, 2020; Liu et
al., 2019) try to optimize the pre-treatment conditions and introduce a whole workflow to
reduce the interference from dolomite. Liu et al. (2019) concluded that the isotopic ratios
of calcite are unavoidably affected by simultaneous reactions of dolomite with phosphoric
acid, even at 25 °C (Liu et al., 2019). Du and Song (2020) modified the procedure and
tested it at low temperature (2 °C), because dolomite is immediately digested at 25 °C
(Table S3). Du and Song (2020) explained that the traditional SAE method produces (25
°C) at least three times more contamination from dolomite than at 2 °C.

Morera-Chavarria et al. (2016) investigated the reaction rate of siderite as well
beside calcite and dolomite under different pH and temperature conditions, considering
both grain size and the used acid, later validating with different natural samples (Table
S3). Chloroacetate buffer was applied for calcite digestion and maleate solution was used
for dolomite. Siderite was dissolved completely with both organic solutions.

The above introduced studies show that SEA method can still be used in a simple
system like calcite-dolomite. However, a special care is needed and attention to the grain
size, composition and crystallinity of the carbonates, beside the acid and temperature
used.

Beside of simple system like dolomite-calcite, the SEA is widely used to
determine the stable isotope composition of rock samples containing more than two
carbonates (Al-Aasm et al., 1990; Epstein et al, 1964; Liu et al., 2011). Most recent one,
Liu et al. (2011) reacted whole sandstone samples (containing calcite, dawsonite,
ankerite) with 100% orthophosphoric acid at 25°C for 6 h, 24h and 48 h to extract the
CO2 from carbonates for carbon and oxygen isotope analysis. 6 h reaction time was used
for calcite, 24 h dissolution time was applied for dawsonite (based on Baker et al., 1995)
and 48 h for ankerite.

Moreover, to use the SEA method on a bulk rock arises more questions and the
meaning of the yielded isotopic result is even more ambiguous. Therefore, series of

experiments were conducted on pure phases and bulk rock samples.
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7.1.1. Applicability of selective acid extraction (SAE) of pure carbonates

The majority of calcite (~80 %) was dissolved in the first hour of the experiment
(Fig. 4). The difference in §'3C and 880 values in the first hour (1.69 %o and 19.53 %o,
respectively) and when the derived CO2 reached the maximum value (5'3C: 1.63 %o and
5180: 19.50 %o in the 36. hour) are in the range of the measurement error (0.1 %o). In
agreement with Liu et al. (2011), 6 h is sufficient at 25 °C for calcite dissolution, but it is
also worth to note that 1 hour of reaction time can already give a representative
information. To compare, Al-Aasm et al. (1990) determined 2 hours, meanwhile Liu et
al. (2019) 45 min for calcite at 25 °C, with grain size of <75 um or 75-80 pm, respectively.
Extracted CO2 gas from dawsonite reached its maximum after 6 h of dissolution, but more
than 90 % of dawsonite dissolved in the first hour (Fig. 5). The proposed reaction time
(24 hours, Baker et al., 1995; Liu et al, 2011) for dawsonite is probably too long, it can
give reliable results after 1 hour. Al-Aasm et al. (1990) reported representative isotopic
results for dolomite after 24 h reaction time at 25 °C. On the other hand, CO2 yield from
dolomite reached its maximum after 48 h dissolution at 25 °C in the experiments, while
~70 % of dolomite reacted in the first 6 hours (Fig. 6). Ankerite started to dissolve in the
first hour (Fig. 7), but the COz yield reached its maximum in the 36" hour, while ~80 %
of ankerite was dissolved after 12 hours. According to these results, 48 hour dissolution
(Liu et al., 2011) at 25 °C is not required to determine ankerite’s carbon and oxygen
isotope composition. Siderite was not investigated by Liu et al. (2011) work, but both
study sites (Mihalyi-Répcelak and Olbd) contain siderite, therefore this mineral was also
included in the sequential dissolution experiments. After 24 hours (Fig. 8) siderite started
to dissolve, and measurable COz2 gas could be extracted. This observation is important if
the studied samples contain siderite beside of the above mentioned carbonates.
Experimental results on the pure phases indicate that after one hour calcite, dawsonite

and ankerite show different rate of dissolution.
7.1.2. Testing the SAE method on artificial mixtures and natural samples

According to Liu et al. (2011), the isotopic composition should be representative
for calcite after 6 hours reaction time, for dawsonite after 24 hours and for ankerite after
48 hours dissolution time. The artificial mixtures, which contain different amount of the
investigated carbonates were also measured by the same method, with varying dissolution

times. ME1 sample mainly contains calcite (40 %) and dolomite (30 %) but ankerite (15
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%), dawsonite (10 %) and siderite (5 %) are also present. The ME2 sample is ankerite-
(35 %) and dolomite-rich (30 %), however contains 15 % calcite and 10-10 % dawsonite
and siderite as well. ME3 sample contains only three carbonate phases, 40-40 % calcite
and ankerite, and 20 % dawsonite. Comparing the isotopic composition of the artificial
mixtures and the pure phases, it is clearly shown that the results of artificial mixtures are
not approaching neither the isotopic values of calcite after 6 hours of dissolution, nor the
dawsonite’s isotopic composition after 24 hours of dissolution (Fig. 19). The isotopic
composition of calcite dominated samples (ME1 and ME3) are closer to the pure calcite
than the ankerite dominated ME2 sample, but the influence of all carbonates is
recognizable (Fig. 19). The ankerite dominated samples (ME2, ME3) are closer to the
ankerite isotopic composition after 24 and 48 hours but the siderite isotopic signature may
also influence it (Fig. 19). These results show that the carbonate ratios have a significant
effect on the isotopic composition of the mixtures, so it is not negligible when the bulk

sample contains more than two carbonate phases.
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Fig. 19. 63C and 6'®0 values of pure phases (KALC, DW, DOL, ANK, SID) and artificial
mixtures (ME1, ME2, ME3) after 6, 24 and 48 hours of dissolution. ANK: ankerite, DOL:
dolomite, DW: dawsonite, KALC: calcite, SID: siderite.

To test the method on real natural samples (RM6-9R and RM35-5R2), calcite
“free” (the amount of calcite is trace or not detectable by XRD, Table 7) but dawsonite-
bearing (16-8 m/m%, Table 7) samples were chosen. These samples also contain dolomite
(7-8 m/m%, Table 7) and ankerite+siderite (21-27m/m%, Table 7). In these two natural
samples dawsonite separation was possible. Therefore, it gives the opportunity to
compare results of the bulk and the separates’ isotopic composition. The isotopic results
of the bulk rock samples are shown after 6-, 24- and 48-hours dissolution (Fig. 20). The
isotopic composition of dawsonite separates represent the final data that the sequential
method should give. The results show that after 24 hours reaction time, the isotopic
composition of the bulk sample is different both in carbon and oxygen isotope values and
does not represent the dawsonite’s isotope data (Fig. 20). Thus, the other dissolving
carbonates in the sample (dolomite, ankerite, siderite) influence and shift the isotopic

composition/isotopic signature (Fig. 20).
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Fig. 20. 63C and "0 values of dawsonite separates (circle) and natural bulk samples
(asterisk) after 6, 24 and 48 hour of dissolution. Natural samples are RM6-9R (left), RM32-5R2
(right). Daw: dawsonite.

It can be concluded that the widely used SEA methods are not suitable to obtain
accurate isotopic composition for each carbonate phase, especially if the rock contains
calcite, dawsonite ankerite, dolomite and siderite as well. Therefore, the separation of
carbonate in the complex carbonate assemblage is not possible using this method.
Although calcite could be eliminated from the samples with acetic acid (Pierre and
Rouchy 1990, Swart and Melim, 2000) or ethylenediamine tetra acetic acid (EDTA,
Glover, 1961; Humphrey, 1988), but it may partly dissolve dawsonite in the sample too.
If a sample only contains calcite, dawsonite and dolomite: dawsonite can be separated by
hand-picking (if it is possible), calcite can be eliminated with weak acid, which probably
dissolve the rest of the dawsonite as well, and the isotopic composition of the remaining
dolomite can be measured.

To get a representative result for each carbonate, mineral separates are
recommended to use. Consequently, mineral separates were used in the rest of this study.
It should be noted that the most commonly used density separation method, with
bromoform+alcohol mixture, can shift the oxygen isotopic values of dawsonite. Freezing
and melting of the rocks, instead of pulverizing (as in all the above cited studies), is an
excellent tool to prepare it for the physical separation (dawsonite: hand-picking, siderite:

magnetic separation) for isotope analyses.
7.2. Natural COz2 occurrences

Based on the results of laboratory experiments, to avoid any questionable effect of the
sequential dissolution of carbonates, separated minerals’ isotope compositions were used
to determine the origin of the parental fluid of the carbonate minerals and to shed light on

the effect as well as the presence of CO2 during their precipitation.
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Mihalyi-Répcelak and Olbé fields

7.2.1. Crystallization and dissolution processes in the sandstone reservoir

Mineral compositions and textural relationship between mineral phases were
studied to find traces of CO:2 flooding in the reservoir rock of Mihalyi-Répcelak, by
comparing with unaffected Olbd sandstones. The samples from Olbd are feldspathic
litharenites, meanwhile the Mihalyi-Répcelak sandstones are sublitharenites (Fig. 9). This
indicates the difference in feldspar contents between the samples: plagioclase (albite) is
9-13 m/m% in the Olbd samples, however, it is not detectable by XRD in the investigated
sandstone reservoirs from Mihalyi-Répcelak. K-feldspar is also more abundant (3-7
m/m%) in the Olbd sandstones relative to the samples of Mihalyi-Répcelak (1-3 m/m%)
(Table 1 and 12). Kaolinite content is lower (1-4 m/m%) in the Olbé samples compared
to the Mihalyi-Répcelak sandstone samples (3-12 m/m%). The amount of dolomite is
similar, 6-15 m/m% and 6-11 m/m% in the Olbé and Mihalyi-Répcelak sandstones,
respectively (Table 1 and 12). In case of calcite, Olbd sandstones contain more calcite (3-
19 m/m%) than the samples from Mihalyi-Répcelak (<10 m/m%). The abundance of
ankerite+siderite in the Olbé sandstones (5-12 m/m%) is lower than the Mihalyi-Répcelak
samples (9-27 m/m%). Dawsonite [NaAICO3(OH)z] content of the Mihalyi-Répcelak
sandstone samples is <16 m/m%, which is the indicator mineral of the large amount of
COz2 inflow in the reservoir (e.g., Worden, 2006). Dawsonite has not been found with
XRD, ATR-FTIR and SEM methods in the Olbd sandstone (and siltstone) samples which
can mean that these rocks have not been flooded by large amount of CO:2 as in the
Mihalyi-Répcelak case.

Ankerite often occurs as a rim around dolomite grains, and it appears in two
generations in both areas. Magnesium and iron (+manganese) content of carbonates
shows a continuous transition between dolomite and ankerite in the Olbé samples (Fig.
21, Table S4), differently from the Mihalyi-Répcelak samples where ankerite were
distinguished into two groups (Kiraly, 2017) (Fig. 21). The outer rim (late generation) of
ankerite is usually richer in iron than the inner rim (early generation) around the dolomite.
However, the position of the Fe-rich and Fe-poor rims of ankerite may switch around the
dolomite both in the Olbd and Mihalyi-Répcelak samples (Fig. 2A, 10B, and 21A).
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Fig. 21. BSE image of Ol 3-5-1 sample (A) and the chemical composition of carbonates (B;
Chang et al., 1996; Karim et al., 2010). Dolomite, Fe-dolomite and two generations of ankerite
are shown. Abbreviations: Ab: albite, Ank1: ankerite with low Fe + Mn content, Ank2: ankerite

with high Fe + Mn content, Ap: apatite, Dol: dolomite, Fe-dol: Fe-dolomite, Kfs: K-feldspar,
KlIn: kaolinite, Ms: muscovite, Q: quartz, Sd: siderite

Siderite is present as a pore filling mineral in both areas, but in the Mihalyi-Répcelak
sandstone samples siderite grains can be mixed with dawsonite fibers. Siderite also shows
zonation in the Olbg sandstone, with varying Mg-Fe(+Mn) content (Fig. 10E).

Based on their textural and chemical characteristics (Table S4, Fig. 2 and 10), the
carbonate minerals can be separated into three groups: 1) detrital, 2) early-diagenetic
(formed during the sandstone diagenesis) and 3) late-diagenetic (formed during and after
CO:2 flooding) (Cseresznyés et al., 2021). Dolomite most likely represents as a detrital
carbonate phase that was originally deposited during sedimentation. Calcite remnants,
low-Fe+Mn ankerites surrounding dolomite and most likely some of the siderites are
considered to be early-diagenetic minerals in the Mihalyi-Répcelak samples. Calcite, at
least, is also partially detrital, whereas siderite is clearly replacing flake-like silicates,
presumably biotite and clay minerals, providing the necessary Fe+Mn for siderite
precipitation in the Mihalyi-Répcelak area. The low-Fe+Mn ankerite could be the early
cement phase in the studied sandstones, partially dissolving dolomite and probably calcite
in the Mihalyi-Répcelak area (Fig. 22A).

In Mihalyi-Répcelak area dawsonite occurs in the pores as cement or replacing
partially dissolved feldspars (K-feldspar, albite), representing a late diagenetic phase (Fig.
22B). This agrees with the literature on dawsonite formation induced by CO:2 flooding
(e.g. De Silva et al., 2015; Worden, 2006). Other carbonates, i.e. the Fe+Mn-rich ankerite
and siderite, occurring in the pores in textural equilibrium with the pore filling and
cementing dawsonites, could have also formed in relation with the CO2 flooding event
(Fig. 22B). Studies proposed (e.g. De Silva et al., 2015; Forray et al. 2021; Worden, 2006)
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that the source of Na*, necessary for the crystallization of dawsonite, comes from the
dissolving albite or porewater, whereas AI** may derive from the potential dissolution of
aluminosilicates (feldspars and clay minerals). These ions become available in the
porewater or in a thin fluid film around the grains (e.g. in a microenvironment, mineral
replacement; Forray et al., 2021; Kiraly et al., 2016a) when CO:2 floods the reservoir,
dissolves in the porewater, which starts to dissolve the minerals in the sandstone. These
effects are reflected in the Mihaly-Répcelak sandstones, as their lower calcite contents
may indicate dissolution by CO2. Moreover, the higher abundance of ankerite+siderite
associations in Mihalyi-Répcelak also suggests that some part of ankerite+siderite could
have precipitated after the CO: inflow. Kiraly (2017) assumed that the second generation
of ankerite precipitated after the CO2 was introduced to the reservoir. The petrography of
the Olbé sandstone samples (Fig. 10A-B) can neither support nor disprove this
assumption. The COq-flooding related dissolution process can also explain the
considerable difference in feldspar content of sandstones in the two areas.

In contrast to Mihalyi-Répcelak, kaolinite is present only in a single generation in the
Olbs sandstone samples. The absence of a second generation of kaolinite, which probably
precipitated after the CO2 flooding (Forray et al., 2021; Kirély, 2017), further supports
the assumption that Olbd sandstone was not flooded with CO2, contrarily to those in
Mihalyi-Répcelak. Thus, it can be used as an initial (unchanged) sandstone for modelling

geochemical interactions with COa.

Initial stage Early stage
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‘ Calcite Ankerite 1 ’ Ankerite 2

. Siderite

Fig. 22. Schematic figure of mineral changes in sandstone before the CO; inflow (A), during the
CO;, dissolution into the porewater (B) and after the CO- flooding (C).
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7.2.2. The origin of carbonate forming CO2

In order to constrain the source of the carbonate forming CO:2 and to identify
which minerals could form during and/or after the CO2 flooding, stable carbon and
oxygen isotope compositions of the separated carbonates were determined. The measured
isotopic compositions of the dawsonite and siderite were used in the carbonate-CO:2
fractionation equations of Bottinga (1968), Ohmoto & Rye (1979) for dawsonite and
Golyshev et al. (1981) for siderite, to define the carbon isotope composition of CO:2 that
was present during the formation of these carbonates (Eq. S1-S3 in Suppl.). Fractionation
factors were calculated for temperatures of 70 °C and 98 °C, obtained from the
geothermal gradient of the Pannonian Basin (40 °C/km; Dévényi et al. 1983; Lenkey et
al. 2002), according to the current reservoir depths of 1375-1461 m (as a lower limit at
70 °C) and the assumed reservoir depths (~2100 m) maximum 98 °C before the inversion
and tectonic uplift (Szamosfalvi, 2014), and an annual average surface temperature of 12
°C. These fractionation factors were used to calculate carbon isotope composition of CO2
(8%3Cco2) for the Mihalyi field (§*Cco2: —4.5 %o and 2.0 %o) and for the Répcelak field
(8%3Cco2: —4.8 %o and —2.2 %o) which was present during dawsonite formation (Table 21)
(Cseresznyés et al., 2021).

Table 21. Calculated 8'*Cppg in CO2 — dawsonite and COz - siderite equilibrium at

70 and 98 °C. Calculations used carbonate-CO> fractionation equation (Bottinga,
1968; Golyshev et al., 1981; Ohmoto & Rye, 1979) see Eq. S1-S3 in Suppl.

8%°Ccoz [%0, PDB]

Area Sample name  Separated mineral T=70°C T =98 °C References
N . -3.9 -2 Bottinga (1986)
RME-9R dawsonite/1 45 26  Ohmoto & Rye (1979)
N . -4 -2 Bottinga (1986)
i RME-9R dawsonite/2 45 26  Ohmoto & Rye (1979)
y RM6-9R siderite/1 8.2 6.1
RM6-9R siderite/2 -8.4 -6.3
RM6-7R3 siderite 6 39  Colyshevetal (1981)
RM6-7R1 siderite -6 -4
) . -4.2 -2.2 Bottinga (1986)
Répcelak RM32-5R2 dawsonite 48 28  Ohmoto & Rye (1979)
RM19-6R siderite -8.9 -6.8 Golyshev et al. (1981)
Ol1-7 siderite -85 -6.5
Ol1-8-1 siderite -9.2 7.1
0Ol 1-9B1 siderite -95 -75
Olbs o125 siderite -10.2 8.2 Golyshev et al. (1981)
Ol 2-7A siderite -8.5 -6.5
013-5-1 siderite -10.9 -8.8
Ol 6-4A siderite -8.8 -6.7

The calculated 8*3Cco2 values in equilibrium with dawsonite (Fig. 23) overlap
with those that are characteristics for mantle/magmatic derived carbon sources (—8 %o to
—4 %o0; Ohmoto & Rye, 1979) and they agree well with the estimation of the European
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subcontinental lithospheric mantle (SCLM, &*3C = —3.9 %o - —2.1 %o; Weinlich et al.,
1999). Interestingly, the calculated $*3*Cco2 values also overlap with those ones measured
in the current free CO2 gas from the Mihalyi-Répcelak field: —5.5 %o - —3.1 %0 (Nador,
2002) and -3.3 %o - —2.1 %o (Palcsu et al., 2014). Note that the reported isotopic
composition of CO2 may differ from the original source, because of the ongoing mineral
forming reactions (isotopic fractionation) in the reservoir. It was assumed that the original
volume of the CO2 gas (which may not be limited to the reserve estimate of 25 Mt) is
orders of magnitude higher than what can be consumed by mineral reactions (Gilfillan et
al. 2009), leaving the overall isotopic composition of the gas intact. The assumed isotopic
fractionation, caused by the potential CO2 dissolution in the formation water, would cause
only an insignificant fractionation compared to the degree of overlap observed here
(Gilfillan et al. 2009). The isotope values of dawsonite suggest magmatic origin for the
majority of the CO2 from which the dawsonite crystallized (Fig. 23) (Cseresznyés et al.,
2021).

8"C o [%0, PDB]
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Fig. 23. Calculated 5Ccoy in equilibrium with separated dawsonite and siderite along with
carbon isotope ranges of free CO- fluid from Mihalyi-Répcelak, compared to that of a selection
of carbonate reservoirs worldwide. Calculated 6**Cco in equilibrium with siderite is presented

from both Olb6 and Mihalyi-Répcelak field.

In contrast, the calculated 5*Ccoz values in equilibrium with siderite and
ultimately the source of the CO2 from which siderite precipitated is not obvious. Based

on the measured carbon isotope composition of siderite from Mihalyi-Répcelak, two
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groups can be distinguished: Group-1 (heavy): from +4.2 %o to +4.3 %o and Group-2
(light): from +1.3 %o to +2.1 %o (Table 13) (Cseresznyés et al., 2021). In the Group-1
samples, the calculated §*Ccoz values in equilibrium with siderite (—6.0 %o - —3.9 %o;
Table 21) fall closer to the calculated values from dawsonites and to the European SCLM
(Fig. 23). This means that, at least part of the siderite may also have precipitated as an
effect of CO2 flooding in Mihalyi-Répcelak. The inter-mixed petrographic feature of
dawsonite and siderite in these sandstones (Fig. 2D) might support this scenario.
However, in case of Group-2, the calculated §*Ccoz values (—8.4 %o - —6.1 %o; Table 21)
are significantly lighter than those calculated from dawsonites and lighter than what is
observed in the free CO2 gas (Fig. 23). Interestingly, the calculated §*3Cco2 values (-10.9
%o - —6.5 %o; Table 21) of siderite from Olbd overlap with these siderites in Group-2.
These findings can indicate two scenarios: 1) the CO:2 present during the
precipitation of Group-2 siderites did not have a different origin, but went through some
degree of fractionation by dissolution into water, relative to its isotopic composition when
Group-1 was formed (along with dawsonite). This could imply that Group-2 siderites
have a different age than Group-1. Although dating siderite is beyond the scope of this
work, this may be a reasonable explanation considering the variety of its fabric features
(Fig. 2 and 10); 2) the CO2 present during the precipitation of Group-2 siderites has a
different origin. This is difficult to envisage in light of the consistency of the dawsonite
data, along with the conclusions on a single CO2 source in the Mihalyi-Répcelak field
(Palcsu et al., 2014, Veto et al. 2014) and considering the overlapping data with siderite
from Olbd area. However, since not all the siderite shows close textural relationship to
dawsonite, at least some part of the siderite could have formed before CO:2 flooding, likely
representing an early diagenetic mineral (Cseresznyés et al., 2021). The presence of
siderite and the calculated data of siderite from the unflooded Olbé sandstones also
support this scenario. These observations reinforce that stable carbon isotopes provide an
excellent tool to distinguish diagenetic carbonates from CO2 flooding-related mineral

precipitations and/or the timing of formation.
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7.2.3. Origin of the porewater

Theoretically dawsonite provides an exceptional opportunity to determine the
origin of porewater during CO2 flooding as, besides oxygen, it contains hydrogen within
its structural OH", of which isotopic composition must be strongly related to the fluid
from which it was formed (Cseresznyes et al., 2021). However, it has not yet been
exploited as all studies to date focused only on carbon and oxygen isotope analyses (Baker
etal., 1995; Comerio et al., 2014; Ferrini et al., 2003; Gao et al., 2009; Golab et al., 2006;
Li and Li, 2017; Liu et al., 2011; Ming et al., 2017; Uysal et al., 2011; Zhao et al., 2018;
Zhou et al., 2014). As the hydrogen isotope fractionation factor is not known for the
dawsonite-water system, a fractionation factor of another OH-bearing mineral needs to
be utilized. Based on experiments (Chesworth, 1971) and natural samples (e.g. Goldbery
and Loughnan, 1977), the polymorph of AI(OH)s (gibbsite, bayerite, nordstrandite;
Chesworth, 1971) or boehmite [AIO(OH)] can form in a geological reservoir similar to
the one presented in this study, which grants further investigation into these candidates.
It has been found that at T<51 °C gibbsite incorporates the lighter hydrogen isotope
during its formation (Chen et al., 1988; Vitali et al., 2001). Since the OH" in the dawsonite
is also connected to Al octahedrons (Lodziana et al., 2011) therefore the H isotopic
fractionation in the gibbsite — H20 system can be similar to dawsonite — H20 systems
(Cseresznyés et al., 2021). Therefore, the hydrogen isotope composition of porewater in
equilibrium with dawsonite was calculated using the gibbsite-H20 fractionation equation
(<150 °C; Meheut et al., 2010; Eq. S4 in Suppl.) (Table 22).

Table 22. Estimated 8D values of porewater from the dawsonite-bearing sandstone
samples calculated with gibbsite-H>O fractionation factor.

0DH20 [%0, SMOW]

Area Sample T=70 °C T=98 °C References
RM6-9R -103 -86
S RM6-7R3 -89 -72
Mihalyi
RM6-7R2 -88 -71 .
RM6-7R1 -90 73 Méheut et al. (2010)
Répcelak RM32-5R2 -86 -69
P RM19-6R -91 74

The measured 6D values of dawsonite from Mihalyi-Répcelak field, scatter
around —60 + 2 %o, except in the RM6-9R sample, which is characterized by value of —74
%o (Table 14). The calculated 6Dn20 values are between —86 %o and —91 %o at 70 °C and
—69 %o - — 74 %o at 98 °C for the RM6-7R1, RM6-7R2, RM6-7R3, RM32-5R2, RM19-
6R, and for RM6-9R are —103 %o at 70 °C and —86 %o at 98 °C (Table 22). To determine

the oxygen isotope composition of porewater in equilibrium with dawsonite, the calcite-
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water fractionation factor was used (O’Neil et al., 1969; Eq. S5) at temperatures of 70 °C
and 98 °C. The calculated §'®0w20 values for RM6-9R ranges from —1.4 %o to +2.1 %o,
whereas the calculated §'30H20 values in dawsonite from the RM32-5R2 range between
+1.3 %o and +4.7 %o (Table 23).

Table 23. Calculated oxygen isotope composition of porewater (8%Ow20) in
equilibrium with dawsonite at two different temperatures in the Mihalyi-Répcelak
field. Calculation used calcite-water fractionation equation (O’Neil et al., 1969) see
Eq. S5 in Supplementary.

8 ”
Area Sample Separated mineral 37Orzo [%0, SMOW]

T=70°C T=98°C
Mihalvi RM6-9R dawsonite/1 -1.4 2.1
y RM6-9R dawsonite/2 14 2
Répcelak RM32-5R2 dawsonite 1.3 4.7

The calculated §DH20 and 80r20 values in equilibrium with RM6-9R and RM32-
5R2, and available groundwater data (Biikfiird; N&dor, 2002) are presented in the dD-
5180 diagram (Fig. 24). The calculated isotope values are plotting on the right side of the
Global Meteoric Water Line (GMW.L,; Craig, 1961). Assuming that the original fluid has
a meteoric origin (falls on the GMWL) the observed systematics (i.e. enrichment in *20)
can be caused by interaction with country rock with an elevated oxygen isotope
composition. Generally, the carbonate, metamorphic and magmatic rocks are
characterized by 880 values above 2 %o (Clark and Fritz, 1997), thus this shift in the data
relative to GMWL indicates enhanced modification of the isotopic ratios of the porewater
due to (CO2-)water-rock interactions (Clark and Fritz, 1997).

As the data plot close to the global magmatic field, some contribution from a
magmatic source (Taylor, 1974) can be envisioned as well. This possibility can especially
be realistic because it was found that the majority of the COz that triggered the dawsonite
formation, also has a magmatic origin (Cseresznyés et al., 2021). However, the
contribution of the magma-originated water is likely subordinate compared to the
groundwater circulating in the basin (T6th et al., 2016).
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Fig. 24. Estimated porewater 6D and 6'*0 values in equilibrium with dawsonite (RM6-9R: red
square; RM32-5R2: orange square). Groundwater data from the vicinity (i.e., Bukflirdg; green
circle) of the studied location and ranges of major water types is shown as well. Magmatic and
metamorphic values are from Taylor (1974). Modified after Brownlow (1996), Rice (1993),
Sheppard (1986).

7.2.4. Geochemical modelling — simulation of the sandstone-water-CO2 system

To simulate the interactions in the rock-water-CO2 system of the sandstone
reservoirs, the petrographic observations of Olbé and Mihalyi-Répcelak sandstone
samples were utilized. (in section 7.2.1). The aim of the modeling was to understand and
predict the geochemical reactions, which take place on the timescale of decades, after
CO2 is injected into a sandstone reservoir. To simulate this complex system,
thermodynamic-batch model type is the first step to check which reactions are realistic
and which should be ignored. The thermodynamic-batch models shown similar changes
in the porewater, mineral dissolution and precipitation as kinetic models, therefore only
kinetic model results are described in detail. Important to note, that in the kinetic-batch
models, dissolved CO2 was injected into the system just once.

For the sensitivity analysis of water, three different water types were utilized. The
initial ion concentration was different in ion-free water, NaCl and NaHCOs type waters
(Table 10). Most of the ions show similar trend in the 200 years following the CO2

injection. Small differences can be recognizable in Na* (Na) and Ca?* (Ca) content in the
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first few seconds of the simulation (Fig. 25). The Fe?* (Fe) content also shows small
increase in the first half year in the NaHCOs type water but unfortunately, this simulation
was blocked after the first half year.
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Fig. 25. Kinetic-batch model shows the changes in the ion concentration (mol/kgW) on log scale
over 200 years in the ion-free water-CO- (A), NaCl type water-CO; (B) and the NaHCOs type
water-CO; (C) systems.

The effect of water chemistry on the mineral dissolution and precipitation processes
during the simulation are shown in Fig. 26. The models (irrespective of different initial
water compositions) mainly show similar results. Dawsonite, kaolinite, ankerite and
quartz are precipitated meanwhile albite, calcite, illite, and siderite are dissolved (Fig.
26). Due to the different order of magnitude, quartz was excluded from the figure for
better visualization. Significant differences in the model results were not observed

therefore, ion-free water was used in the rest of the models.
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Fig. 26. Kinetic-batch models show the rate of mineral dissolution/precipitation (mol/kgW) on
log scale over 200 years in the ion-free water-CO; (A), NaCl type water-CO; (B) and the
NaHCO; type water-CO- (C) system. Quartz was excluded from the figure for better
visualization.

Focusing on the changes in mineral abundances in the kinetic-batch models, the
amount of albite is decreasing after the COz injection, and dawsonite precipitates parallel
to albite dissolution (Fig. 27A-D). The amount of calcite and illite is also decreasing,
meanwhile ankerite and kaolinite precipitate. The model also indicates quartz
precipitation (Fig. 27B, D). Considering the time scale, the majority of the reactions take
place in the first 30 years (Fig. 27A-D) and reach equilibrium state around 125 years (Fig.
27B). Based on the model the first twelve year period is the most intensive, where most

of the mineral dissolution and precipitation reactions take place (Fig. 27C-D).
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Fig. 27. Kinetic-batch model results for 200 years (A, B) at fixed temperature (70 °C) and
pressure (190 bar). Amount of minerals (left) and the rate of mineral dissolution/precipitation
(right) in mol/kgW unit are shown. C and D figures show the first 50 years. Quartz was
excluded from the A and C figures for better visualization.

The sensitivity analysis of temperature and pressure were run on three different scenarios:
1) fixed pressure (190 bar) and the temperature changing between 70 °C and 100 °C, 2)
fixed temperature (90 °C) and the pressure changing from 140 to 215 bar. The third
scenario considers the parallel change of the temperature and pressure based on exact
depths (1400-2150 m). These models (Fig. 28) are focusing on the first twelve years based
on the results of the previous model (Fig. 27). These models show similar mineral
reactions, and mineral abundance changes, however, the propagation of the reaction front
Is changing during the three scenarios (Fig. 28A-C). When the temperature increases but
the pressure is stable (Fig. 28A), the rate of mineral dissolution and precipitation is higher.
The albite-dawsonite pair marks the reaction front very well and can be followed easily.
However, in the scenario where pressure increases, and the temperature is stable (Fig.
28B), the albite-dawsonite pair show the same at the 140 bar and at 215 bar. These models
do not show recognizable differences in the reaction rate (Fig. 28B). The third scenario
(Fig. 28C) shows well the significance of temperature for the mineral
dissolution/precipitation rate. The increasing temperature accelerates the rate of the
mineral reactions, meanwhile increasing pressure has no significant effect on the
dissolution/precipitation rates of the minerals. The model results agree with the

observations of Sendula (2015), who carried out kinetic-batch modelling on sandstone
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samples of the Szolnok Formation, from Zagyvarékas (Great Hungarian Plain, Hungary)
for 800,000 years.
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Fig. 28. Sensitivity analysis of temperature and pressure in kinetic-batch models. Amount of

minerals is shown in mol/kgW unit. A: fix pressure (190 bar), changing temperature (70-100

°C), B: fix temperature (70 °C), varying pressure (140-215 bar), C: changing pressure (141-

216 bar) and temperature (68-98 °C) parallel. Quartz was excluded from the figure for better
visualization.

One kinetic-reactive transport model was run based on the results of the above
presented Kinetic-batch models. The temperature was set to 78 °C, the pressure was 166
bar. The model was run for 54 years and over 300 m distance. The main difference
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compared to the previous models is that the reactive transport model considers fluid flow
in time through the rock, refreshing the solution, therefore the porewater can dissolve
CO:2 repeatedly, and affects the rock body on a large distance. The COz-rich solution is
flowing from the left to the right on the plots, therefore the reaction front can be followed
(Fig. 29A-C). The pH decreases from 10 to 4 immediately after CO: floods the reservoir
and dissolves in the porewater (Fig. 29A). The COs? (C) and HCOs™ (Alkalinity) contents
of the solution are increasing from the first step (Fig. 29A). SiO2 (Si) starts to decrease,
but it is quasi stagnant during the simulation (Fig. 29A-C). CI- and SO.? are constantly
zero during the simulation. Na* in the solution is increasing in the first seconds, then
continuously decreasing (Fig. 29A-C). The AIP* content is moving together with the Na*
(Fig. 29A-C), because of the coupled albite dissolution and dawsonite precipitation (Fig.
29A-C). In the middle of the simulation, pH starts to increase up to 6 (Fig. 29B), due to
the buffering effect of the dissolving carbonates (calcite and siderite). HCOs is
decreasing slowly with time (Fig. 29B-C). The Ca?* and Fe?* content is increasing,
meanwhile Mg?* is decreasing parallelly (Fig. 29B-C). By the end of the simulation pH
is around 6 (Fig. 29C) and COs> reaches a plateau. Kaolinite, ankerite and quartz
precipitations (quartz is out of the figure scale) are observed as well. Calcite, siderite,
illite and K-feldspar are dissolving during the simulation (Fig. 29A-C).

In summary, the model results support most of the petrographic observation that
lower amount of albite in the Mihalyi-Répcelak (CO2-flooded) sandstone samples
indicates its dissolution, which drives dawsonite precipitation. Low amount of kaolinite
can also precipitate after albite dissolution. According to the Kkinetic-batch models, the
majority of these reactions takes place in the first 30 years after CO2 injection. However,
in this model CO2 was injected only once into the reservoir (in the beginning) and it does
not take fluid flow into consideration (closed system). On the other hand, the reactive
transport model considers the continuous flow of CO2-saturated water through the rock
and indicates that the reactions getting slower after 54 years in the first 200 m of the rock
body. The Olbs and Mihalyi-Répcelak areas, as natural laboratories, provided the
opportunity to validate these geochemical models both before interaction with CO2 (O1bg
samples) and after millions of years being in contact with CO2 (Mihalyi-Répcelak

samples).
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Covasna

Dawsonite surface occurrence can be found along the bank of the creek and mineral
spring waters, which come to the surface in the Hanko Valley in Covasna, therefore it is
necessary first to discuss both the chemical and isotopic composition of the studied

waters.
7.2.5. Hydrogeochemical facies of waters

To constrain the hydrogeochemical facies of the creek and the spring waters, Piper
plots (Piper, 1944) were utilized. The spring water shows Na* dominance with elevated
concentrations of ClI" and HCOs', therefore, its hydrogeochemical facies is sodium
bicarbonate type (Fig. 30). Although the creek water can be also regarded as sodium
bicarbonate type based on the major ion content, it plots into the mixed type of water zone
(Fig. 30). Previously published well water data from Covasna by Georgescu (1976; Table
S5) plots in the same zone, however, two data also fall in the sodium bicarbonate field,
close to the spring water data of this study, and one water in the magnesium bicarbonate
zone (Fig. 30). The hydrogeochemical facies of well water data published by Vaselli et
al. (2002) from Covasna is also sodium bicarbonate and plot close to the Covasna spring
water data from this study (Fig. 30). It can be concluded that our data and all published
spring and well water data from Covasna are in the sodium bicarbonate or fall in the
mixed type of water zones.

The Na* and HCOs™ rich waters from Covasna have 54.1-183.3 mg/L Ca?* content
(Table 18 and S5). Among the trace elements, aluminium has a relatively high
concentration in the creek water (29.9 ug/L) and is also present in the spring water
(2 ug/L) (Table 18). The creek and the spring water chemical compositions indicate that
chemical constituents needed to precipitate dawsonite (and/or alumohydrocalcite) are
present in considerable concentrations in these waters. These observations imply that the
studied waters could be the source of dawsonite and alumohydrocalcite formation in the

Hanko Valley.
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Fig. 30. Piper diagram of creek (red closed triangle) and spring (red closed circle) waters from
Covasna in comparison with the COz-rich waters from the Eastern Carpathians (Georgescu,
1976; Kis et al., 2020; Vaselli et al., 2002).

7.2.6. Isotopic signature of waters

The hydrogen and oxygen isotope compositions of the collected creek water plot
close to the Global Meteoric Water Line (GMWL,; Craig, 1961) and the Local Meteoric
Water Line (LMWL, Fig. 31; lonete et al., 2015). The LMWL was defined based on the
isotope data from Bodoc spring that is located 30 km away from the present study area.
In addition, the studied creek water data fit very well with spring water samples from the
Ciuc Basin (Forizs et al., 2011) and the majority of the spring and well water data from
the Eastern Carpathians (Kis et al., 2020) (Fig. 31).
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Fig. 31. 6D and 5*®0swow diagram showing isotopic values of collected creek (red closed
triangle), spring water samples (red closed circle) and the calculated porewater (for 7.6 and 20
°C) in equilibrium with dawsonite (blue closed and open diamond, respectively). Spring and
well water samples in Eastern Carpathians (Férizs et al., 2011; Kis et al., 2020; Tari et al.,
2016; Vaselli et al., 2002) and Covasna (Vaselli et al., 2002) are shown for comparison. Global
Meteoric Water Line (GMWL; Craig, 1961), Local Meteoric Water Line of Bodoc (LMWL;
lonete et al., 2015) and SMOW (Colpen, 1996) are also shown. Magmatic and metamorphic
values are after Taylor, (1974). Modified after Brownlow, (1996); Rice, (1993); Sheppard,
(1986).

In contrast, the spring water isotopic composition (red circles, 6D: —50.9 %o to —
48.4 %o, 5'80smow: —0.1 %o t0 +2.5 %o) plots on the right side of the GMWL and the
LMWL (Fig. 31) showing more (rather) positive 180 values (—0.1 %o - +2.7 %o). Their
oD values (-50.9 %o - —48.4%0) nevertheless are within the range of water samples falling
on the GMWL. Beside this spring water, there is data from other springs and wells from
Covasna and Eastern Carpathians, which plot on the right side of the GMWL (Kis et al.,
2020; Vaselli et al., 2002). Some of these waters show even higher positive hydrogen
values than those with pure meteoric origin (Fig. 31, Kis et al., 2020; Vaselli et al., 2002).
These waters are characterized by high salinity (i.e. saline waters). Their origin and

isotopic signature are explained by complex geochemical process like halite dissolution
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or interaction with clay minerals present in the underlying rock formations (Kis el al.,
2020; Vaselli et al., 2002).

Although the spring water present in this study shows similar oxygen isotope shift
to the above mentioned waters’ data but their salinity is significantly lower than those
studied by Kis et al. (2020). Therefore, its origin is likely different. VVarious phenomena
can affect and modify the isotopic composition of waters, e.g., mixing, mineral
dissolution/precipitation, evaporation, water-rock interaction (Clark and Fritz, 1997;
Hoefs, 2009; Kis et al., 2020; Sharp, 2017). Chemical/isotopic exchange between basinal
brines and host rocks is one of the typical reasons which modifies the oxygen isotope
composition (Sharp, 2017). Sedimentary rocks have typically heavy §®Osmow values
(+20 - +30 %o, especially for carbonates), therefore water §8Osmow may increase during
the rock-water interactions (Hoefs, 2009; Sharp, 2017). Oxygen isotope exchange
between CO2 and H20 in aqueous environment can also cause enrichment only in
5'80smow values (Johnson and Mayer, 2011).

To reveal the origin of waters, use of the 3D-CI- and §8Osmow-Cl- values were
plotted in Fig. 32. The CI" concentration of the studied creek water (Cl": 247 mg/L) falls
in the field occupied by most of the water samples (ClI: 2 - 200,168 mg/L) from the
Eastern Carpathians (Fig. 32). The oxygen and hydrogen isotope compositions in the
creek water of Hanké Valley show slightly more positive values (8*¥Osmow: —7.7 %o, 8D:
—60 %o) than the majority of the water samples (58 Osmow: —12 %o t0 —8 %o, 8D: —86 %o
to —67 %o) (Fig. 32). The studied spring water data show heavier oxygen isotope
composition (8*O0smow: +2.2 %o, CI: 2370 mg/L) than most of the water samples
generally, and the theoretical sea water (i.e. 3*30smow = 0 %), similar to saline/extremely
saline waters (8'80smow: +4.1 %o to +8.6 %o, C1": 5697 mg/L to 197,686 mg/L) studied
by Kis et al. (2020) and Vaselli et al. (2002). However, the studied spring water’s
hydrogen isotope composition (—48.8 %o) shows significantly lighter hydrogen isotope
value than the SMOW and the saline waters/extremely saline waters (—25.6 %o to —12.2
%0) (Kis et al., 2020; Vaselli et al., 2002). Vaselli et al. (2002) noticed that saline waters
discharge is mainly located around the eastern part of the Transylvanian Basin (Corund
Nord), also along the main thrust belt area (Slanic, Targu Ocna, Covasna), as well as in
the foredeep area (Piriul Sarat; Berca). These extremely saline waters (Corund Nord —
Harghita Mts., Berca - Vrancea) which are much more saline (CI": 33,600 mg/L and
100,625 mg/L) than the SMOW on the §'80smow-Cl™ diagram, can be related to the

evaporites that precipitated during the Messinian salinity crisis (Vaselli et al.,2002). This
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could cause heavier oxygen isotope composition in the above mentioned extremely saline
waters. However, Kis et al. (2020) argues that the direct dissolution of the halite-domes
cannot cause such isotopic shift also in 6D values in case of their saline samples. Kis et
al. (2020) assumed interaction with clay minerals in case of their highly saline water
samples, which can change the chemical composition (e.g. increase Ca?* and the salinity)
of brines and cause enrichment in the heavy isotopes, since dehydration of clay minerals
during compaction could increase the stable hydrogen and oxygen isotope values
(Boschetti et al., 2016; Kharaka and Hanor, 2013; Kis et al., 2020; Zuber and Chowaniec,

2009).
In case of Covasna, the halite dissolution, and a relation to the Messinian salinity
crisis is not plausible. However, the filtration of clay minerals can be a possible
interaction in the area, which could have enriched the Ca?* and the trace element content
like AI¥* in the waters. The studied spring water (which is CO2-rich) also has a potential
to interact with the country rocks, causing the enrichment in calcium and trace elements.
It can cause also shift in the oxygen isotope ratio. In addition, the oxygen isotope

composition of the studied spring water can also be shifted as a result of exchange with

high concentration of CO2 dissolved in the water.
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Fig. 32. Variation of isotopic composition (50, D) and chloride ion content of spring and
creek waters in comparison to the spring and well waters from the Eastern Carpathins region
and SMOW (Colpen, 1996; Kis et al., 2020; Vaselli et al., 2002).
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7.2.7. Dawsonite-bearing mineral assemblage in Hanko Valley, Covasna

In this study, we focus on the role of dawsonite in the mineral assemblage in
Hanko Valley and its precipitation process. Dawsonite can occur in the cracks of the
brecciated sandstones, covering the rock surface and may also appear on the surface of
recent, unconsolidated fluvial deposits in the creek. This observation implies that
dawsonite precipitated after the above mentioned characteristic mineral assemblage.
Furthermore, the appearance on the surface of the fluvial deposits indicates that dawsonite
precipitation can be related to a recently ongoing process. Based on the close textural
relationship between dawsonite and calcite (Fig. 13D) in brecciated sandstone, namely
that dawsonite started to consume the calcite, indicates that dawsonite formed subsequent
to calcite precipitation.

Besides dawsonite, another Al and carbonate-bearing mineral namely
alumohydrocalcite, is also present in this study area. Alumohydrocalcite is a member of
the dundasite [PbAI2(CO3)2(OH)4+xH20] group (Rumsey et al., 2020), and usually forms
from low-temperature hydrothermal solutions (<140 °C, Aikawa et al., 1972, Dunning,
2000, Fleischer et al., 1978). It often occurs together with dawsonite and nordstrandite
[AIOHs] (Aikawa et al., 1972, Dunning, 2000, Wopfner and Hocker, 1987).
Alumohydrocalcite was previously described in Italy (Wopfner and Hocker, 1987), Japan
(Aikawa et al., 1972), Australia (Goldbery and Loughnan, 1977) as an alteration product
of dawsonite (Wopfner and Hocker, 1987). It was also mentioned that alumohydrocalcite
can precipitate directly from surface solutions (Srebrodol’skiy, 1976). This close
association of the two carbonates is rare (Dunning, 2000).

Dawsonite could precipitate in the study area because of the relatively high and
continuous emanation of CO2. On one hand, this provides the source of COs™ for carbonate
minerals, and on the other hand its dissolution makes the waters aggressive to be able to
interact with the alumina-bearing minerals (e.g., feldspar or kaolinite) from the debris of
the local flysch rock. Alumohydrocalcite probably formed as an alteration product of
dawsonite close to and on the surface of the flysch debris. Alternatively, dawsonite and
alumohydrocalcite could precipitate in the same low-temperature processes and from the
same COz-rich solution in the Hankd Valley. It was assumed that these two minerals
formed in another most likely subsequent process than that developing the arsenic
minerals which related to low-temperature hydrothermal alteration in the flysch. The
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formation of these two minerals, namely dawsonite and alumohydrocalcite can be related

to the recent and continuous CO2 emanation.
7.2.8. Estimation of formation temperature of carbonates

The formation temperature of dawsonite (and its mineral assemblage) is unknown,
in addition, the paragenetic sequence of the minerals has not been identified in this area
previously. Therefore, in this section we attempt to estimate the formation temperature of
the studied mineral assemblage (i.e., calcite, dawsonite).

For this purpose, three methods were applied. First, the studied spring water
chemistry was used which is assumed to be equilibrated with the rocks of the underlying
flysch sequence. Following, the method published by Giggenbach (1988), the Na*, Mg?*,
K* concentrations of the studied waters were utilized (Fig. 33). According to the
geothermometric evolution of water samples, the creek water data fall in the immature
water zone therefore is not suitable to determine the temperature (Fig. 33). However, the
studied spring water data fall in the partial equilibrium-dilution zone and its K/Mg
equilibrium temperature is around 110 °C, meanwhile the Na/K geothermometer defines
temperatures around 170 °C. Previously published Covasna well waters (Georgescu,
1976) also fall close to the creek water data, except one. One data point out of the seven,
falls on the border of the immature waters zone and the partial equilibrium dilution zone
(Fig. 33).

—+— Full equilibrium line (Giggenbach, 1988)

Spring and well water samples (Kis et al., 2020)

Eastern Carpathians - spring and well water samples (Vaselli et al., 2002)
Covasna - well water (Vaselli et al., 2002)

Covasna - well waters (Georgescu, 1976) Na/1000
K-AU21-1 creek water (this study)
K-AU21-2 spring water (this study)
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Fig. 33. Geothermal evolution of waters in the Eastern Carpathians (Giggenbach, 1988; Kis et
al., 2020; Georgescu, 1976; Vaselli et al., 2002).
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Second method is based on the mineral association characteristic in the study area.
The calcite-aragonite-realgar-pyrite-marcasite mineral association usually forms in low-
temperature hydrothermal systems, which means that the formation temperature of the
minerals is below 200 °C (Kristmannsdottir, 1979). The presence of alumohydrocalcite
in the study area can also indicate a lower formation temperature, below 140 °C (Fleischer
etal., 1978).

Finally, clumped isotope technique was used for calcite of the assemblages to get
a more precise formation temperature. Only the clumped isotope composition of calcite
could be measured, which yielded 143 °C (Table 20). This calcite temperature was used
as a maximum value (upper limit) as the petrographic observation suggested that the
dawsonite likely formed after calcite (Fig. 13D).

Additionally, the dawsonite-bearing brecciated sandstones occur on surface and
dawsonite is also present in the unconsolidated fluvial deposit along the bank of the creek
(Fig. 12C-F), where CO2 emanation is current in the study area. Therefore, with the
petrography and site observation, the hypothesis is that dawsonite can precipitate even
under this surface environment, at very low temperatures, in recent times. Thus, lower
temperature (<25 °C) origin is the most plausible. In Covasna, the annual average
temperature is 7.6 °C and the average temperature in the summer is around 20 °C (Botos,
2005). The creek water temperatures vary between 1-22 °C from January to July, and the
spring water temperatures are 9.5+2 °C (Table 18).

Natural dawsonite precipitation can vary in a wide temperature range (25-200 °C)
at 200-2295 m depth, but mostly between 50 and 110 °C (Table S1) Baker et al., 1995;
Ferrini et al, 2003; Cseresznyés et al., 2021; Gao et al., 2009; Kiraly et al., 2017; Li and
Lieta., 2017; Liuetal., 2011; Ming et al., 2017; Oelkers and Cole, 2008; Qu et al., 2022;
Worden, 2006; Zhao et al., 2018; Zhou et al., 2014). Baker et al. (1995) and Ming et al.
(2017) published low temperature dawsonite (25-44 °C) from natural CO2z occurrences at
shallow depths (~200-650 m). In addition, Ferrini et al. (2003) reported dawsonite-
bearing realgar-orpiment deposits from Albania. This dawsonite has heavier oxygen
isotope composition (5'80smow=+42.5 %o - +43.9 %o; Ferrini et al., 2003) then dawsonite,
which formed in Covasna (580smow= +40.7 %o - +46.7 %o) and also higher formation
temperature (<85 °C).

To summarize, clumped isotope analysis of calcite determined the maximum

formation temperature of 143 °C, which agrees with the estimation based on the studied
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spring water composition (between 110 °C and 170 °C). Moreover, we argue that the

formation temperature of dawsonite can be as low as 25 °C.
7.2.9. Characterization of the parental fluids of dawsonite
7.2.9.1. Source of CO2

As demonstrated in the case of Mihalyi-Répcelak and Olbé, the §°C of CO2 can
be used to trace the origin of the fluid, since different CO: reservoirs worldwide can be
characterized by distinct stable carbon isotope compositions (Craig, 1953; Hoefs, 1997;
Ohmoto and Rye, 1979; Fig 34). To determine the origin of the CO2 during carbonate
formation (dawsonite and calcite), the measured carbon isotope data and the fractionation
equations were applied. The measured carbon isotope value of calcite (§*3Cpps: —1.50 %,
5180smow: +24.04 %o) and the determined formation temperature of calcite (143 °C) were
used for the calculation of the carbon isotope composition of COz2 in equilibrium during
calcite formation. Ohmoto and Rye (1979) calcite-CO2 fractionation equation was
applied, the calculated 5'*Cco2 is —3.3 %o at 143 °C (Table 24).

Table 24. Calculated 6*3C of CO- in equilibrium with dawsonite and calcite from
Covasna at different temperatures (7.6 — 170 °C). Daw: dawsonite, Cc: calcite, ND:
not determined.

Rock sample Separated phase 313C of CO2 [%e, PDB]
T=7.6°C T=20°C T=70"°C T=110°C T=143°C T=170°C

KOV-8 Daw -3.4 -2.1 25 5.2 6.8 7.9
KOV-10 Daw -4.0 -2.6 2.0 4.6 6.3 74
KOV-10/1 Daw -3.8 -2.4 2.2 4.8 6.5 7.6
KOV-12 Daw -4.1 -2.7 1.9 45 6.2 7.3
KOV-12/2/1 Daw -3.0 -1.6 3.0 5.6 7.3 8.4
KOV-12/2/2 Daw -3.6 -2.3 2.3 5.0 6.6 7.7
KOV-12/2/3 Daw -2.0 -0.7 3.9 6.6 8.3 9.3
KOV-2G/1 Daw -2.6 -1.3 2.0 4.6 6.3 74
KOV-2G/2 Daw -3.6 -2.3 3.3 6.0 7.7 8.7
KOV-2G/3 Daw -1.9 -0.6 2.3 5.0 6.7 7.7
KOV-2G/4 Daw -3.8 -2.4 4.0 6.7 8.3 9.4
KOV-2G/5 Daw -3.0 -1.7 2.1 4.8 6.5 75
KOV-2B/1 Daw -4.0 -2.6 2.9 5.6 7.2 8.3
KOV-10/1 Cc Cc ND ND ND ND -3.3 ND

For the calculation of §*Ccoz in equilibrium with dawsonite, the following
temperature values were used: 7.6, 20, 70, 110, 143, 170 °C (Table 24). As in section
6.2.2, the measured carbon isotope values of dawsonite were used to calculate the carbon
isotope composition of CO2 in equilibrium during dawsonite formation. Calcite-CO2
fractionation equation (Ohmoto and Rye, 1979) was also applied at different temperatures
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according to Baker et al. (1995), because the dawsonite-CO: fractionation is unknown yet
(Cseresznyés et al., 2021). The calculated §*Cco2 are between —4.1%o and —1.9 %o at
7.6 °C and vary from —2.7 %o t0o —0.6 %o at 20 °C (Table 24). The calculations using higher
temperature values (70-170 °C) give significantly higher §3Cco2 values (from +1.9 %o to
+9.4 %o).

Based on the calculated stable isotope composition, more scenarios can be
assumed. One option is that the two carbonate minerals, calcite and dawsonite,
precipitated at the same time and temperature (143 °C). According to this hypothesis, the
513Ccoz value calculated from calcite is -3.3 %o, whereas the 8**Cco2 value calculated
from dawsonite ranging between +6.2 and +8.3 %o at 143 °C (Table 24). These large
differences can be explained in two ways: 1) the sources of the CO2 from which these
minerals formed, are different; 2) the 313C of CO2 changed somehow more than 10 %o
between the formation of the two minerals. The §*Ccoz values from free CO2 of mineral
water and mofettes, CO2-rich gas pools, CO2-rich well waters in the Eastern Carpathians
region are ranging from —6.0 %o to +2.0 %o (Craciun et al. 1989) or are characterized by
even more negative isotope composition (from —24.59 %o to —1.40 %o; Frunzeti, 2013;
Italiano et al., 2017; Kis et al., 2019; Vaselli et al., 2002). Because these values are
significantly lower than those from which dawsonite formed (in the current scenario), a
CO:2 source with extraordinary §*3C should be expected. In the second case, a process
should be assumed which can significantly shift the §**C values of the CO: to positive
direction. However, such process is not known. In addition, up to now, there is no data
published, even from wider area, that can prove the presence of CO2 with high §3C values
(i.e. +6.2 %o - +8.3 %o). The majority of the published 83Cco2 values are characterized
by much lower values. Therefore, it can be argued that the calcite and dawsonite most
likely formed at different temperatures.

Thus, this alternative scenario implies that these two minerals were formed in
different processes, at different temperature levels and times. If much lower formation
temperature is assumed for dawsonite (7.6 °C and 20 °C) than that determined for calcite
(i.e. 143 °C), the §*3Cco2 values calculated from dawsonite are between —4.1 %o and —0.6
%o at 7.6 °C and 20 °C. These values fall in the same range as the §*Ccoz values
calculated from calcite (—3.3 %o, Table 24). These data overlap with the published §*C
values from COz mofettas in the surrounding area from springs with associated CO2
bubbling, CO2-rich gas pools and well waters in Eastern Carpathians. (Fig. 34; Craciun
et al. 1989; Vaselli et al. 2002; Frunzeti, 2013; Kis et al., 2019). In addition, these values
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are also close to those assumed to be mantle-derived CO2 (§*C= -8 %o and —4 %o; Ohmoto
and Rye, 1979) and overlap with the estimation for the European Subcontinental
Lithospheric Mantle (3.9 %o - —2.1 %o; Weinlich et al., 1999). It can be concluded that
dawsonite and calcite formed from an identical CO2 source at different times and at
different temperature levels.

The origin of the CO2 in the study area and its vicinity is not straightforward,
several explanations have been invoked, 1: mantle/magmatic; 2: hydrothermal
metamorphism of marine carbonates; 3: vicinity of hydrocarbon field (Barnes et al., 1988;
Javoy etal., 1982; Kis etal., 2019; Rollinson, 1993; Vaselli et al., 2002). Moreover, recent
studies dealing with noble isotopes besides CO:2 suggest significant magmatic
contributions to the CO2 gas observed in Covasna and Eastern Carpathians (Italiano et
al., 2017; Kis et al., 2019; Vaselli et al., 2002). The results of this study also support
magmatic origin. In summary, it can be concluded that dawsonite and calcite probably
formed from the same CO2 source at different time; and the carbon isotope composition
of this CO2 overlaps with emanating COz in Covasna and likely has a magmatic related
origin.
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Fig. 34. Calculated 6**Ccoy in equilibrium with separated dawsonite from Covasna compared to

the carbon isotopes of local CO; degassing and a selection of carbonate reservoirs worldwide

(Craig, 1953; Hoefs, 1997; Ohmoto and Rye, 1979; Craciun et el., 1989; Frunzeti, 2013; Kis et
al., 2020; Vaselli et al., 2002; Weinlich et al., 1999).
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7.2.9.2. Origin of H20

In order to determine the origin of the H20 in the fluid which was in equilibrium
when dawsonite formed in the study area, it is necessary to define the mineral-water
fractionation equation and the formation temperature. The gibbsite-water fractionation
equation is fair approximation according to Cseresznyes et al. (2021) and can be utilized
to estimate the stable isotope composition of H20 presence during dawsonite formation.
For the calculation at the two different temperatures (7.6 °C and 20 °C; see section
7.2.9.1.) the fractionation factor (0.995+0.003) of Vitali et al. (2001) for hydrogen was
used, which was defined at lower temperature range (8-27 °C). The estimated hydrogen
isotope composition of the water varies between —55 %o and —37 %o (Table 25). In case
of the oxygen, the oxygen isotope composition of water was also estimated, which was
in equilibrium with dawsonite when it was formed, using the calcite-water fractionation
factor of O’Neil et al. (1969). The calculated oxygen isotope composition of the porewater
ranges from +7.6 to +13.3 %o at 7.6 °C and from +10.5 %o to +16.3 %o at 20 °C (Table
26). The oxygen isotope composition of H20 in equilibrium with calcite was also
calculated using the calcite-water fractionation equation of O’Neil et al. (1969) for the
temperature of 143 °C (obtained from clumped isotope analyses). The obtained result
(+10.7 %o, Table 26) is very similar to that of dawsonite. This suggests that not only the
COz2 but the H20 can have also similar isotopic composition during calcite and dawsonite
formation.

Table 25. Estimated 6D values of porewater from separated dawsonite calculated
with gibbsite-H»O fractionation factor (0.995+0.003) at low temperature (8-27 °C)
based on Vitali el al. (2001). Daw: dawsonite.

Rock sample Separated phase 8D of porewater [%., SMOW] at 8-27 °C
KOV-8 Daw -49
KOV-10 Daw -50
KOV-10/1 Daw -46
KOV-12 Daw -43
KOV-12/2/1 Daw -44
KOV-12/2/2 Daw -45
KOV-12/2/3 Daw -42
KOV-2G/1 Daw -39
KOV-2G/2 Daw -37
KOV-2G/3 Daw -38
KOV-2G/4 Daw -40
KOV-2G/5 Daw -43
KOV-2B/1 Daw -42
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Table 26. Calculated 20 of porewater in equilibrium with dawsonite and calcite at
different temperatures (7.6, 20 and 143 °C) used O’Neil et al. (1969) fractionation
equation. Daw: dawsonite, Cc: calcite, ND: not determined.

Rock sample Separated phase 320 of porewater [%o, SMOW]
T=7.6°C T=20°C T=143°C

KOV-8 Daw 10.9 13.9 ND
KOV-10 Daw 7.6 10.5 ND
KOV-10/1 Daw 10.8 13.8 ND
KOV-12 Daw 11.3 142 ND
KOV-12/2/1 Daw 11.6 145 ND
KOV-12/2/2 Daw 9.9 12.9 ND
KOV-12/2/3 Daw 11.9 14.8 ND
KOV-2G/1 Daw 11.6 145 ND
KOV-2G/2 Daw 11.7 147 ND
KOV-2G/3 Daw 12.8 15.8 ND
KOV-2G/4 Daw 124 15.3 ND
KOV-2G/5 Daw 13.3 16.3 ND
KOV-2B/1 Daw 11.3 14.2 ND
KOV-10/1 cc Cc ND ND 10.7

The calculated data from dawsonite are plotting in the metamorphic water field
(8D: 70 to —20 %o, 880: +5 to +25 %o; Taylor, 1974), close to the boundary of
metamorphic-magmatic waters that might indicate a contribution of metamorphic-
magmatic H20 (Fig. 31). The calculated porewater hydrogen isotope compositions from
dawsonite (—55 %o - —37 %o) are very close to the measured recent spring water 6D values
(-50.9 %o - —48.4 %o) from this study (Fig. 31). In contrast, the oxygen isotope
composition of water, which was calculated from dawsonite (+7.6 %o - +16.3 %o) differs
from the measured oxygen isotope composition of the recent studied spring waters
(— 2.4 %o — +3.1 %o) showing more positive delta values. The greater 580 values, beside
the water rock interaction, can also be related to the enhanced isotope exchange between
CO:2 and H20.
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8. New scientific results

1. The OIbé and Mihalyi-Répcelak areas, as natural laboratories, provided the
opportunity to investigate the same sandstone formation which was not flooded
naturally by large amount of CO2 (Olbé), and compare with a flooded one (Mihalyi-
Répcelak). The comparison of the petrographic and geochemical features revealed
which processes are a response or partially connected to the CO2 flooding. Dawsonite
is missing in the investigated Olbd sandstone and siltstone samples based on the
petrographic investigation and phase analysis (XRD, ATR-FTIR). In Mihalyi-
Répcelak area dawsonite formation was induced by CO:2 flooding in the sandstone
reservoir and it can form in the microenvironments in conglomerates as well (Forray
et al., 2021). The COe-flooding related dissolution process can explain the
considerable difference in feldspar and calcite content of sandstones in the two areas.
Moreover, the higher abundance of ankerite+siderite associations in Mihalyi-Répcelak
also suggest that some part of ankerite+siderite could have precipitated during/after
the COz inflow. The absence of a second generation of kaolinite in Olbé field, which
probably precipitated after the CO2 flooding similarly to dawsonite in Mihaly-
Répcelak area, reinforces the differences between the two studied fields. Geochemical
models (PHREEQC) support most of the petrographic observations of the sandstones.
According to the kinetic-batch models, the majority of these reactions takes place in

the early stages (first 30 years) after CO2 injection.

2. Based on experiments the widely used sequential acid extraction method is not suitable
to determine the stable C and O isotopic composition of different carbonate phases
from bulk rock. After 6 hours (for calcite), 24 h (for dawsonite) and 48 h (for ankerite)
reaction time, the isotopic compositions were not representative for these carbonate
minerals. Isotopic analysis of separated minerals is suggested to gain meaningful data
(Cseresznyés et al. 2021). For the preparation of carbonate separates, freezing-melting
method is advised because it preserves the shape of the minerals, in contrast to
crushing and grinding, which makes easier the hand-picking and the magnetic

separation.

3. The origin of dawsonite and its parental fluid can be determined by utilizing the carbon
isotope composition of dawsonite. The calculated $*3Cco2 values (4.8 %o - —2.0 %o)

in equilibrium with dawsonite in Mihalyi-Répcelak overlap with those that are
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characteristics for mantle/magmatic derived carbon sources and they agree well with
the estimation of the European subcontinental lithospheric mantle (SCLM: — 3.9 %o -
—2.1 %o). The isotope values of dawsonite suggest magmatic origin for the majority of

the CO2 from which dawsonite crystallized (Cseresznyés et al., 2021).

. Siderite appears both in the sandstones of Olb6 and Mihélyi-Répcelak. It occurs in
large patches in both areas, but the Mihalyi-Répcelak area shows textures of
simultaneous formation with dawsonite. Based on the calculated §'3Cco2 values in
equilibrium with siderite in Mihalyi-Répcelak, siderites can be discriminated into two
groups. In the Group-1 samples, the calculated §3Cco2 values in equilibrium with
siderite (—6.0 %o - —3.9 %o) fall closer to the calculated values from dawsonites and to
the European SCLM. This means that, at least one part of the siderite has precipitated
as an effect of COz2 flooding. The inter-mixed of texture dawsonite and siderite in these
sandstones also supports this scenario (Cseresznyés et al., 2021). However, in case of
Group-2, the calculated §*3Cco2 values (—8.4 %o - —6.1 %o) are significantly lighter than
those calculated from dawsonites and lighter than what was observed in the free CO2
gas. The calculated 8*3Cco2 values (—10.9 %o - —6.5 %o) of siderite from Olbd overlap
with these siderites in Group-2. Thus, the presence of two siderite groups (with distinct
isotopic composition) in Mihalyi-Répcelak area together with their textural and
petrographic features indicate that some part of the siderite could have formed before
CO:2 flooding, thus likely represent an early diagenetic mineral, similarly to siderite

found in the unflooded Olbé sandstones.

. Dawsonite provided an exceptional opportunity to determine the origin of pore water
during CO: flooding as, besides oxygen, it contains hydrogen within its structural OH"
, and the hydrogen isotope composition of dawsonite has not been determined so far.
The results represent the first reported 6D values of dawsonite. The estimated stable
isotope composition of H20 present during dawsonite formation in Mihalyi-Répcelak
(8D: 103 %o - —74 %o, 580smow: —1.4 %o - +4.7 %o at 70 °C and 98 °C, respectively)
(Cseresznyés et al. 2021) indicate that the parent fluid was meteoric water modified

by water-rock interaction.

. The hydrogeochemical facies of COz-rich creek and spring water, along the creek of
Hanko Valley in Covasna (Romania) is sodium bicarbonate type. According to the

stable hydrogen and oxygen isotope analyses, the creek water has meteoric origin (8D:
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~79.7 %o to —56.8 %o, 5*80smow: —10.9 %o to —7.4 %o) meanwhile the spring water
shows a mixed origin (8D: —50.9 %o to —48.4 %o, *80smow: —0.1 %o to +2.5 %o). The
higher §'80 values of the spring water might be related to enhanced water-rock
interaction and isotope exchange between CO2 and H20. The detailed petrographic
investigation indicates recent surface precipitation of dawsonite in a low-temperature
environment (<25 °C). The §Ccoz values calculated from dawsonite are between
— 4.1 %o and —0.6 %o, in the same range as the 5*3Cco2 values calculated for calcite
(— 3.3 %o) found in the dawsonite-bearing rocks. These values agree with the estimated
813C value of the European SCLM, implying a magmatic CO2 source. This means that
although dawsonite and calcite formed at different temperatures (environments) and
times, their parental CO2 has same magmatic origin. The calculated 8D and &0
values of dawsonite show similar shift as the spring water, meaning that the formation

of dawsonite is related to the spring water and the magmatic CO2 degassing.
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9. Summary

Mineral storage of COz2 is the most promising way to the long-term underground
storage of CO2. Investigation of natural CO2 occurrences can help to better understand
what processes can take place during a CO:2 injection project. Dawsonite is
[NaAICO3(OH)z] believed to be a mineral sink of CO2 which can precipitate as a response
of large amount of COz2 inflow. Three areas (Mihalyi-Répcelak, Olbd; Covasna) were
investigated in the Pannonian Basin, which are related to either CO2 flooding of the rocks
or to a continuous CO2 emanation. The determination of stable isotope composition of
carbonates is a widely used way to reveal the origin of their source fluid. Unfortunately,
the separation of carbonates from rocks containing a complex carbonate assemblage is
not possible with the widely used sequential acid extraction method. However, mineral
separates proved to be an excellent tool to gain reliable isotopic results for the different
carbonates.

Dawsonite and siderite were separated from the sandstones of Mihalyi-Répcelak
and Olbd fields for C and O isotope analyses. The CO2 that precipitated as dawsonite
seems to be magmatic in origin having also similar isotopic composition to that of
European Subcontinental Lithospheric Mantle. In contrast, the isotopic signature of
siderite suggests that it was partially formed as a response to CO2 flooding, the rest being
an early diagenetic mineral. The isotopic composition of siderite present in the unflooded
Olbd sandstones also supports this scenario. To better understand the processes in these
sandstones, geochemical models were created. The Olbs and Mihalyi-Répcelak areas, as
natural laboratories, provided an opportunity to validate these geochemical models, both
before interaction with CO2 (Olbé samples) and after millions of years being in contact
with CO2 (Mihalyi-Répcelak samples). The models shown that most observed reactions
can happen just 30 years after CO2 injection.

In the Covasna area dawsonite formation is observed in surface environment.
Mineral separates (dawsonite, calcite) and surface water samples were used to determine
their isotopic composition. The creek water has meteoric origin, meanwhile the spring
water shows a mixed origin. Occurrence of dawsonite indicates recent surface
precipitation, in a low-temperature process (<25 °C). Dawsonite precipitation is probably
related to the continuous CO:2 degassing which originates from the magma. Calcite and
dawsonite precipitated from the same CO2 source, but in different processes and time.
Dawsonite precipitated from the spring water and the continuous CO:2 outflow, which

caused a positive shift in the oxygen isotope composition of the spring water.
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9.1. Osszefoglalas

A CO2 asvanyos formaban torténd megkdtése az egyik legigéretesebb modja a
CO2 hosszt tavu felszin alatti elhelyezésének. A természetes CO: el6fordulasok
vizsgalata segithet megérteni, hogy milyen folyamatok jatszodhatnak le a CO2 geoldgiai
tarolasa soran. A dawsonit [NaAICO3(OH)z], amely nagy mennyiségi CO2 bedramlés
hatasara valhat ki a homokké rezervoarokban a CO2 egyik megkotési forméja lehet. A
Pannon-medencében harom olyan teriletet (Mihalyi-Répcelak, Olbé és Kovaszna)
vizsgaltam, ahol a kézeteket természetes modon CO: arasztotta el, vagy folyamatos CO:
kiaramlasnak vannak kitéve. A karbonatok stabilizotop-0sszetételének meghatarozasa
széles korben alkalmazott mddszer a fluidumok eredetének felfedésére. A kiilonbozé
karbonatok izotdposszetételének meghatarozasa az elterjedten alkalmazott szakaszos
feltarassal nem lehetséges olyan kdzetekben, amelyek komplex karbonategyiittest
tartalmaznak. Azonban az asvanyszeparatumok kivaldan hasznalhatok, hogy megbizhatd
1zotoposszetételt kapjunk a kiilonb6z6 karbonatokra.

A mihalyi-répcelaki és 61b6i homokkovekbdl dawsonitot és szideritet szeparaltam
stabil C- és O-izotdpelemzések céljabol. Az eredmények alapjan a dawsonit magmas
eredetli CO2-b6l szdrmazik. A dawsonit kivaladsa a mihalyi-répcelaki természetes CO:
eléfordulasban magmas CO2 bedramlashoz kothetd. Ezzel szemben a sziderit
izotopOsszetétele arra utal, hogy csak részben képz6dott a CO2 bedramlas hatasara, egy
része diagenetikus eredetti. A sziderit megjelenése és izotoposszetétele az 6lboi
homokkében is ezt az eredetet tamasztja ald. A tanulmanyozott homokkovekben
lejatsz0d6 folyamatok jobb megértésének érdekében geokémiai modelleket is
alkalmaztam. A mihalyi-répcelaki és o6lbéi teriletek, mint természetes laboratériumok
lehetdséget biztositottak a geokémiai modellek eredményeinek ellendrzésére, hiszen a
homokkdvek mind a CO2-vel vald kolecsonhatas elétt (61b6i mintak), mind azutan tébb
millio évvel (mihalyi-répcelaki minték) tanulmanyozhatok voltak.

Kovéaszna térsegében a dawsonit felszini korilmények kozott talalhatd meg.
Asvényszeparatumok (dawsonit, Kkalcit) és felszini vizmintdk izotopdsszetételét
meghatarozva vizsgaltam ezen képz6dési kornyezetet. A patakviz izotoposszetétele
alapjan meteorikus, mig a vizsgalt forrasviz kevert eredetet mutat. A kovasznai dawsonit
vizsgélata a kozelmultban tortént alacsony hdmérsékletli (<25 °C) felszini képzddésre
utal. A dawsonit kivalasa feltehetéleg a magmas eredetti folyamatos CO2 kidramlashoz
kapcsolddik. A dawsonit és kalcit ezen COgz-forrasbol csapodott ki, de kiilonboz6

folyamatok sordn, eltérd idoben. A dawsonit a részben a forrasvizbdl és a folyamatos,
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magmas eredeti CO:z kiaramlas hatdsara valt ki, ami a forrdsviz oxigénizotop-

Osszetételének pozitiv eltolodasat is okozta.
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12. Supplementary

Table S1. Selection of the dawsonite-bearing sandstones worldwide showing stable isotope composition of dawsonite, formation
temperature and the origin of the CO..

81°C

80

Temperature

Area Sample Depth [m] (%, PDB] %0, SMOW)] [°C] Origin of CO2 References
Bowen-Gunnadah-Sydney Basin, dawsonite-bearing 160-1424  -40-+40  +98-+198 25.75 magmatic Baker et al. 1095
Australia sandstone
Koman area, Albania dawsonite and realgar- - +56-+6.2  +42.5-+43.9 <75-85 hydrothermal Ferrini et al. 2003
orpiment deposit
Dartbroo;ﬁ;r/;jlri]:y Basin, cleat dawsonite - -1.7-+424 +13.6 — +19.8 - magmatic Golab et al. 2006
Hailaer Basin, China dawsonite bearing 1284-1774 -5.3--15 +5.2 - +10.8 - magmatic Gao et al. 2009
sandstone
Honggang, Songliao Basin, China dawzg:]‘g:tgﬁea””g 1256-1556  -3.4-+33  +10.7-+18.0 110-130 inorganic and magmatic Liu et al. 2011
Gondwana rift, Australia dawzgg:jtset(t))ﬁ:nng - +0.2 - +2.3 +9.9-+16.5 - magmatic and marine Uysal et al. 2011
Beier Sag, Hailaer Basin, China dawsonite-bearing 882-941 -41--22 +10.7 - +14.1 71-74 magmatic Zhou et al. 2014
tuffaceous sandstone
Golfo San Jorge Basin, Patagonia, dawso_nlte-t_)earmg - -0.1-+15 +15.7 - +20.9 70-80 magmatic Comerio et al. 2014
Argentina volcaniclastic rocks
Dongying Sag, Bohai-Bay Basin, dawsonite-bearing ) e 3 i . . .
China sandstone 1469-1615 2.2—-+35 +17.2-+19.8 79-85 magmatic Li & Li, 2017
cleat-filling dawsonite in magmatic and
Minhe Basin, China coal, sandstone fracture- 600-1000 -0.1 - +7 +26.2 — +28.8 31-44 decomposition of basement Ming et al. 2017
filling dawsonite marble
Lishui Sag, East China Sea Basin, dawsonite-bearing 2235-2295  -7.9--0.9 +19.1—+21.2 110-123 magmatic Zhao et al. 2018
China sandstone




12.1. Clumped isotope measurement of calcite (KOV-10/1 Cc)

The phosphoric acid digestion of the sample was performed at 70 °C with a Thermo
Scientific Kiel IV automatic carbonate device, which is coupled by inert silica coated
capillary to the IRMS. To eliminate the organic contamination from the extracted carbon-
dioxide gas, an additional Thermo Scientific PoraPak trap was installed between the two
cold fingers of the Kiel device. The operation temperature of this trap was -30 °C. After
the cryogenic purification the carbon-dioxide gas was measured against a working CO2
gas (Linde AG, 5*Cvrps = -3.9 %o, 8'®0vrpB = -12.5 %o, purity = 99.998 %) for m/z 44-
49 in micro-volume inlet mode and with long integration dual inlet (LIDI) method (Hu et
al., 2014). Sample measurement consisted of 14 replicate analyses of 100 pg aliquots that
were measured alongside with ETH1, ETH2 and ETH3 normalization standards and
IAEA-C2 monitoring sample with assigned values (Bernasconi et al., 2018, 2021). The
253 Plus IRMS has 7 Faraday cups with resistors 3x10802, 3x10%°Q and 1x10Q for
masses 44, 45 and 46 and 1x10%02 for masses 47, 47.5, 48 and 49. The signal collection
of one replicate consists of 50 cycles with 10 seconds integration period. Secondary
electrons caused negative background effect was corrected by application of the pressure-
sensitive baseline correction (Bernasconi et al., 2013) on all the raw beam signals. Data
evaluation was carried out with Easotope application (John and Bowen, 2016) using CO2
clumped ETH PBL replicate analyses method and “IUPAC” parameters (Baertschi, 1976,
Gonfiantini et al., 1995, Meijer and Li, 1998, Assonov and Brenninkmeijer, 2003, Brand
et al., 2010). Results of A47 are given in the I-CDES90 scale (Bernasconi et al., 2021),
and apparent temperatures in °C were calculated based on the A47-temperature calibration

from Anderson et al. (2021) with temperature uncertainties given as 1o standard error
(SE).

12.2. Analyses of water samples
12.2.1. pH

The pH meter was calibrated with WTW buffers pH-4 and pH-7, then it was checked with
buffer pH-10. After calibration, the electrode was put into the vessel to measure

conductivity and measure the pH.



12.2.2. Conductivity

The calibration of the conductivity meter was checked by 0.01 mol/lI KCI solution. Then,

50 ml beaker was filled with the sample, then the conductivity was measured.
12.2.3. Ammonium

Filtrations on 0.45 pm pore size filter into a PE vessel were used, followed acidic
preservation (0.2 ml 1:1 H2SO4 to 100 ml filtered sample). The components without
preservation were measured as soon as possible, but not later than 24 hours after sample
reception.

4.00 ml sample was neutralized with 90 pl 2 mol/l NaOH solution, then 400 ul colouring
reagent  (containing sodium  salicylate, trisodium citrate and  sodium
pentacyanido(nitroso)ferrate(ll)) and 400 pl oxidizing reagent (containing sodium
dichloroisocyanurate) was added. The absorbance belonging the evolving blue colour was
measured by spectrophotometer at 655 nm. On every measuring day a Quality Control
(QC) sample was measured as quality check at concentration 0.1-0.25-0.5-1.0 mg/I

according to the concentration measured in the samples.
12.2.4. Anions (CI, NOs", NO2)

20 ml sample was filtrated on 0.45 pm pore size filter. The anions were measured by ion
chromatography from the filtrate. Spectrophotometric detector was used for the nitrite
and nitrate, and conductivity detector for the chloride (from the same run, the detectors
were in-line on the ion chromatograph). On every measuring day a QC sample was
measured as quality check at concentration 1.0-10-20-50-100 mg/l according to the

concentration measured in the samples.
12.2.5. Alkalinity (p- and m-alkalinity)

50.0 ml sample was put into a 100 ml Erlenmeyer flask and few drops of Phenolphthalein
indicator solution was added. When pink colour occurred, it was titrated with 0.1 mol/l
HCI until the colour disappeared. The p-alkalinity was calculated from this volume. Few
drops of Bromocresol green/Methyl red indicator solution were added to the colourless
solution and it was titrated with 0.1 mol/l HCI until the gendarme colour become green.
The m-alkalinity was calculated from this volume. The concentration of OH", CO3* and

HCOs" was calculated from the p- and m-alkalinity.
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12.2.6. Metals and trace elements and other elements measured by ICP-OES

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) was applied for
the quantitative analysis of major and trace elements in the water samples. A Jobin Yvon
ULTIMA 2C ICP-OES was used. In radial configuration, the operation conditions were
achieved with RF power of 1000W, plasma gas flow of 12 L/min, sheath gas flow of 0.2
L/min, nebulizing gas flow of 1.19 L/min, nebulizing pressure of 3 bar and observation
height of 15 mm. Filtration on 0.45 pum pore size filter into a 50 ml PP centrifuge tube
was used, followed acidic preservation (0.5 ml HNOs to 50 ml filtered sample).
Calibration solutions: In the case of the major elements, the multi-element calibration
solutions were made from single element stock solutions (1000 or 10,000 mg/l) at the
following concentrations for the different elements: Ca: 10 mg/L, 125 mg/L, 250 mg/L;
Mg: 4 mg/L, 50 mg/L, 100 mg/L; Na: 10 mg/L, 125 mg/L, 250 mg/L; K: 2 mg/L, 25
mg/L, 50 mg/L; S: 8 mg/L, 100 mg/L, 200 mg/L; P: 0.2 mg/L, 2.5 mg/L, 5 mg/L; Si: 1
mg/L, 10 mg/L, 25 mg/L.

In the case of the trace elements (Al, As, B, Ba, Cd, Co, Cr, Cu, Mo, Ni, Li, Pb, Sr, V,
Zn) the calibration solutions were made from 100 mg/l multi-element stock solution
(containing 28 elements) at the concentrations: 10-100-1000 pg/l. 500 pl HNOs was
added to 50 ml calibration blank and calibration standard solutions. 1 % HCIl and 1 %
HNOs containing rinse solution was used between the samples. If the concentration of
one component exceeds the highest calibration standard, this element was measured again
from sufficient dilution. The SO4* concentration was calculated based on the measured
S concentration. The H2SiOs concentration was calculated based on the measured Si
concentration.

For confirming the correct calibration, we measured before the first and after the last
samples 500 pg/l multielement QC-sample (prepared from 10 mg/l high-purity standards
stock solutions: HPS ICP-MS-68A and -68B). The results of the QC-sample should be
between 450 and 550 pg/l for all of the elements. As additional quality check we
measured before the water samples some samples left from previous proficiency tests.
The results should be within the range 90-110 % of the assigned values.
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Table S2. Measured 8'3C, 5'80 and A47 values of separated calcite (KOV-10/1 Cc).
SD: standard deviation, SE: 16 standard error, CI: confidence interval.

Rock sample 8rC 870 810 A47
[PDB, %] [PDB, %] [SMOW, %] [I-CDES90°C, %]
-1.49 -6.52 24.14 0.338
-1.45 -6.47 24.19 0.374
-1.48 -6.52 24.14 0.369
-1.47 -6.52 24.14 0.392
-1.50 -6.66 23.99 0.389
-1.50 -6.62 24.04 0.361
-1.57 -6.82 23.83 0.396
KOV-10/1 cc -1.62 -6.94 23.71 0.375
-1.46 -6.59 24.07 0.309
-1.57 -6.68 23.97 0.414
-1.53 -6.63 24.03 0.394
-1.50 -6.59 24.07 0.396
-1.44 -6.54 24.12 0.418
-1.42 -6.48 24.18 0.377
Number of
replicate 14 14 14 14
measurements
Average -1.50 -6.61 24.04 0.3787
+1SD 0.06 0.13 0.14 0.0289
+1SE 0.015 0.035 0.036 0.0077
95 % ClI 0.032 0.076 0.079 0.0167

Table S3. Recommended grain size and reaction time for calcite-dolomite selective
acid extraction in the literature. *discarded.

References Grain size Reaction Strength of Calcite-dolomite Recommendations
[pm] temperature [°C] HsPO4 content
0-1 h: calcite-CO,
Epstein et al. (1964) <75 25 100 % 50-50 % 1-4 h: mixed-CO,*
4-72 h: dolomite-CO,
50-50 % 0-1 h: calcite-CO,
5-44 1-3 h: mixed-CO,*
3 h - completion: dolomite-CO,
Walters et al (1972) 055 25 100 % 0-7 min: calcite-CO,
7-20 min: mixed-CO,*
20 min - completion: dolomite-CO,
25 0-2 h: calcite-CO,
Al-Aasm et al. (1990) <75 100 % 2-24 h: mixed CO,*
50 24-28 h: dolomite-CO,
calcite >50 % 30 min: calcite-CO,
30 min-10 h: mixed CO,*
10-72 h: dolomite-CO,
Ray and Ramesh (1998) 37-45 % 100% dolomite >50 % 15 min: calcite-CO,
15 min-10 h: mixed-CO,*
10-72 h: dolomite-CO,
7 min: calcite-CO,
Yui and Gong (2003) 38-63 25 100 % 7 min-2 h: mixed CO*
2-4 h: dolomite-CO,
40 20 min: calcite-CO,
Baudrand et al. (2012) 50-100 90 100 % 45 min bulk: isotopic mass balance
calculation of dolomite
. <63 (clay-size
Morera-Chavarria et al. parti(clesywere 70 102 % 90 min
(2016) removed )
25 calcite <30 % 45 min: calcite-CO,
Liu et al. (2019) 75-80 50 100 % calcite >50 % 10-15 min: calcite-CO,
calcite 30-50 % 6 min: calcite-CO,
Du and Song (2020) 53-75 2 99 % 100 min: calcite-CO,
45 10 h: dolomite-CO,
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Table S4. Chemical composition (CaO, MgO, MnO, FeO in %) of carbonates from
Olbé field. The composition was determined by Hitachi TM4000 Plus SEM equipped
with AztecOne EDS.

Sample name Mineral CaO [%] MgO[%0] MnO [%] FeO [%]
Ol 1-8-1 dolomite 58.84 41.14 0.00 0.03
Ol1-8-1 dolomite 59.76 40.07 0.12 0.05
Ol 1-8-1 dolomite 60.82 38.97 0.13 0.07
Ol 1-8-1 dolomite 58.83 41.06 0.00 0.11
Ol1-8-1 dolomite 60.63 39.12 0.09 0.17
Ol 1-8-1 dolomite 59.22 40.58 0.03 0.17
Ol1-8-1 dolomite 60.67 39.15 0.00 0.18
Ol1-8-1 dolomite 5941 40.41 0.00 0.18
Ol 1-8-1 dolomite 61.19 38.56 0.05 0.20
Ol1-8-1 dolomite 59.26 40.53 0.01 0.20
Ol1-8-1 dolomite 60.15 39.60 0.00 0.26
Ol 1-8-1 dolomite 61.47 38.25 0.00 0.28
Ol1-8-1 dolomite 60.00 39.65 0.06 0.29
Ol1-8-1 dolomite 61.47 38.24 0.00 0.29
Ol 1-8-1 dolomite 59.40 40.23 0.06 0.31
Ol1-8-1 dolomite 59.13 40.55 0.00 0.32
Ol1-8-1 dolomite 59.19 40.48 0.01 0.32
Ol 1-8-1 dolomite 59.54 40.12 0.00 0.33
Ol1-8-1 dolomite 58.31 41.23 0.13 0.33
Ol1-8-1 dolomite 58.74 40.84 0.00 0.42
Ol 1-8-1 dolomite 58.71 40.79 0.05 0.45
Ol1-8-1 dolomite 58.65 40.87 0.00 0.48
Ol1-8-1 dolomite 58.52 40.82 0.00 0.65
Ol 1-8-1 dolomite 58.80 40.50 0.04 0.66
Ol1-8-1 dolomite 58.35 40.63 0.20 0.81
Ol1-8-1 dolomite 58.31 40.67 0.10 0.92
Ol 1-8-1 dolomite 58.38 40.34 0.29 0.99
Ol1-8-1 dolomite 58.61 39.91 0.47 1.01
Ol1-8-1 dolomite 58.83 39.83 0.26 1.07
Ol 1-8-1 dolomite 60.98 37.73 0.10 1.19
Ol 1-8-1 calcite 97.39 1.03 0.16 1.43
Ol1-8-1 calcite 97.44 0.98 0.01 1.58
O11-8-1 calcite 96.94 0.95 0.23 1.88
Ol 1-8-1 calcite 96.87 0.91 0.18 2.04
Ol1-8-1 calcite 96.78 1.10 0.05 2.07
O11-8-1 calcite 96.81 1.03 0.05 2.11
Ol 1-8-1 dolomite 58.65 39.04 0.07 2.24
Ol1-8-1 calcite 95.98 1.68 0.08 2.26
Ol1-8-1 calcite 96.22 1.37 0.06 2.35
Ol 1-8-1 calcite 96.69 0.87 0.05 2.38
Ol1-8-1 calcite 95.23 2.36 0.00 2.42
O11-8-1 calcite 96.72 0.46 0.39 2.44
Ol 1-8-1 calcite 95.45 1.05 0.20 3.29
Ol1-8-1 dolomite 57.61 38.27 0.34 3.78
Ol 1-8-1 dolomite 57.37 38.41 0.31 3.92
Ol 1-8-1 dolomite 55.38 40.45 0.12 4.05
Ol 1-8-1 Fe-dolomite 53.95 27.95 0.73 17.37
Ol 1-8-1 ankerite 58.38 20.49 0.29 20.84
Ol 1-8-1 ankerite 58.15 20.39 0.35 21.10
Ol1-8-1 ankerite 58.38 19.99 0.18 21.45
Ol 1-8-1 ankerite 58.46 19.75 0.26 21.53
Ol 1-8-1 ankerite 58.17 19.90 0.28 21.65
Ol1-8-1 ankerite 58.62 19.35 0.37 21.66
Ol 1-8-1 ankerite 57.63 20.38 0.19 21.81
Ol 1-8-1 ankerite 58.12 19.65 0.40 21.82
Ol1-8-1 ankerite 59.22 18.54 0.30 21.94
Ol 1-8-1 ankerite 58.57 19.24 0.25 21.94
Ol 1-8-1 ankerite 58.42 19.19 0.39 22.00
Ol1-8-1 ankerite 58.54 19.13 0.32 22.02
Ol 1-8-1 ankerite 57.82 19.84 0.32 22.02
Ol 1-8-1 ankerite 58.20 19.34 0.42 22.04
Ol1-8-1 ankerite 58.62 18.75 0.56 22.07
Ol 1-8-1 ankerite 58.54 18.91 0.38 22.16
Ol 1-8-1 ankerite 58.19 19.14 0.39 22.28
Ol1-8-1 ankerite 58.03 19.28 0.30 22.38
Ol 1-8-1 ankerite 58.74 18.19 0.60 22.47
Ol 1-8-1 ankerite 58.62 18.57 0.34 22.47
Ol1-8-1 ankerite 59.02 18.12 0.28 22.57
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Table S4. Continued.

Sample name Mineral CaO [%] MgO[%0] MnO [%] FeO [%]
Ol 1-8-1 ankerite 58.31 18.51 0.51 22.66
Ol1-8-1 ankerite 58.30 18.55 0.41 22.74
Ol1-8-1 ankerite 58.38 18.30 0.56 22.76
Ol 1-8-1 ankerite 56.59 20.38 0.25 22.78
Ol1-8-1 ankerite 56.39 20.12 0.44 23.04
Ol 1-8-1 ankerite 57.53 18.97 0.41 23.09
Ol 1-8-1 ankerite 58.60 17.59 0.57 23.25
Ol1-8-1 ankerite 58.10 18.16 0.49 23.26
Ol1-8-1 ankerite 58.26 17.84 0.53 23.36
Ol 1-8-1 ankerite 55.34 20.20 0.91 23.56
Ol1-8-1 ankerite 57.30 18.47 0.56 23.67
Ol 1-8-1 ankerite 57.84 17.93 0.51 23.73
Ol 1-8-1 ankerite 57.64 17.88 0.71 23.77
Ol1-8-1 ankerite 57.01 18.08 0.65 24.26
Ol 1-8-1 ankerite 57.06 18.05 0.64 24.26
Ol 1-8-1 ankerite 56.38 18.64 0.65 24.33
Ol1-8-1 ankerite 57.30 17.40 0.92 24.38
Ol 1-8-1 ankerite 56.55 18.27 0.68 24.50
Ol 1-8-1 ankerite 56.86 18.10 0.51 24.52
Ol1-8-1 ankerite 56.33 18.04 0.69 24.95
Ol 1-8-1 ankerite 58.77 15.32 0.94 24.96
Ol 1-8-1 ankerite 55.85 18.41 0.68 25.07
Ol1-8-1 ankerite 55.80 18.40 0.69 25.11
Ol 1-8-1 ankerite 55.56 18.93 0.36 25.15
Ol 1-8-1 ankerite 56.38 17.84 0.49 25.30
Ol1-8-1 ankerite 55.59 18.27 0.56 25.59
Ol 1-8-1 ankerite 55.26 18.29 0.70 25.74
Ol 1-8-1 ankerite 56.30 16.41 1.08 26.21
Ol1-8-1 ankerite 56.86 15.90 0.94 26.30
Ol 1-8-1 ankerite 56.68 16.01 0.92 26.39
Ol 1-8-1 ankerite 56.79 15.83 0.85 26.53
Ol1-8-1 ankerite 54.78 17.82 0.73 26.67
Ol 1-8-1 ankerite 56.37 16.01 0.83 26.79
Ol1-8-1 ankerite 55.79 16.32 0.89 27.00
Ol 1-8-1 ankerite 55.40 16.27 1.05 27.29
Ol1-8-1 Mg-siderite 9.62 19.74 0.80 69.84
Ol 1-8-1 Mg-siderite 9.44 18.98 1.20 70.38
Ol 1-8-1 siderite 11.00 17.08 1.19 70.74
Ol 1-8-1 siderite 11.00 17.00 1.03 70.97
Ol 1-8-1 siderite 10.37 17.57 1.01 71.05
Ol 1-8-1 siderite 9.98 17.30 1.08 71.64
O11-8-1 siderite 9.03 17.59 0.86 72.52
Ol 1-8-1 siderite 9.76 16.72 0.70 72.82
Ol 1-8-1 siderite 9.09 17.26 0.55 73.11
O11-8-1 siderite 8.60 17.31 0.97 73.12
Ol 1-8-1 siderite 8.69 16.76 1.12 73.43
Ol 1-8-1 siderite 7.87 16.71 0.85 74.58
Ol 1-8-1 siderite 7.81 16.71 0.79 74.69
Ol 1-8-1 siderite 9.27 14.54 0.77 75.42
Ol 1-8-1 siderite 6.98 16.01 0.77 76.23
Ol1-8-1 siderite 6.81 15.16 1.06 76.98
Ol 1-8-1 siderite 5.14 16.93 0.50 77.43
Ol 1-8-1 siderite 5.87 15.48 0.89 77.76
Ol 1-8-1 siderite 8.06 12.39 1.08 78.48
Ol 1-8-1 siderite 4.17 15.90 1.34 78.59
Ol 1-8-1 siderite 6.53 13.59 0.80 79.08
Ol1-8-1 siderite 5.63 13.69 0.86 79.82
Ol 1-8-1 siderite 10.46 5.30 1.05 83.19
Ol 1-8-1 siderite 9.18 6.60 0.79 83.43
O11-8-1 siderite 7.69 7.75 0.96 83.60
Ol 1-8-1 siderite 7.94 7.30 0.85 83.92
Ol1-8-1 siderite 10.40 4,71 0.79 84.10
Ol 1-8-1 siderite 8.47 4.80 1.00 85.72
Ol 1-8-1 siderite 7.73 4.70 0.85 86.71
Ol1-8-1 siderite 7.79 4.71 0.75 86.75
Ol1-8-1 siderite 6.51 6.08 0.56 86.84
Ol 1-8-1 siderite 6.15 5.61 0.50 87.74
Ol1-8-1 siderite 7.77 3.09 1.14 88.00
O11-8-1 siderite 5.51 5.11 0.63 88.76
Ol 1-8-1 siderite 4.67 4.70 0.49 90.14
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Table S4. Continued.

Sample name Mineral CaO [%] MgO[%0] MnO [%] FeO [%]
Ol 1-8-1 siderite 4.04 3.97 0.76 91.23
Ol1-8-1 siderite 4.48 1.32 0.57 93.64
0Ol 1-9B1 dolomite 60.32 39.64 0.03 0.01
0l 1-9B1 dolomite 59.58 40.31 0.00 0.11
0Ol 1-9B1 dolomite 59.58 40.24 0.03 0.15
0Ol 1-9B1 dolomite 60.85 38.87 0.12 0.16
0l 1-9B1 dolomite 59.78 39.91 0.13 0.19
0Ol11-9B1 dolomite 60.33 39.43 0.01 0.23
01 1-9B1 dolomite 60.91 38.80 0.04 0.25
Ol11-9B1 dolomite 61.38 38.38 0.00 0.25
0Ol11-9B1 dolomite 59.52 40.22 0.00 0.26
0Ol 1-9B1 dolomite 60.39 39.28 0.00 0.32
Ol11-9B1 calcite 99.36 0.31 0.01 0.32
0Ol11-9B1 dolomite 59.96 39.70 0.00 0.33
0Ol 1-9B1 calcite 99.25 0.42 0.00 0.33
Ol11-9B1 dolomite 59.68 39.80 0.17 0.35
0Ol11-9B1 dolomite 60.64 39.00 0.00 0.36
01 1-9B1 dolomite 60.62 39.01 0.00 0.36
0l 1-9B1 dolomite 60.74 38.85 0.00 0.41
0Ol11-9B1 dolomite 59.84 39.64 0.09 0.42
0Ol 1-9B1 dolomite 60.96 38.52 0.08 0.43
0l 1-9B1 dolomite 59.55 39.94 0.06 0.45
0Ol11-9B1 calcite 99.07 0.33 0.16 0.45
0Ol 1-9B1 dolomite 59.60 39.93 0.00 0.47
Ol11-9B1 dolomite 60.23 39.22 0.00 0.56
0Ol11-9B1 dolomite 59.95 39.17 0.04 0.83
01 1-9B1 calcite 96.54 2.63 0.00 0.83
Ol11-9B1 calcite 96.07 2.93 0.06 0.94
0Ol11-9B1 calcite 98.07 0.72 0.22 0.99
01 1-9B1 calcite 96.68 0.70 1.44 1.19
Ol11-9B1 calcite 96.29 2.16 0.20 1.35
0Ol11-9B1 calcite 95.78 2.55 0.29 1.38
Ol11-9B1 dolomite 61.29 37.29 0.00 1.42
Ol11-9B1 calcite 96.20 2.22 0.16 1.42
0O11-9B1 calcite 95.12 2.94 0.35 1.59
0Ol11-9B1 calcite 93.73 0.81 3.84 1.62
Ol11-9B1 dolomite 58.43 39.87 0.00 1.71
0Ol11-9B1 calcite 96.92 1.07 0.13 1.88
0Ol 1-9B1 calcite 95.33 2.42 0.32 1.93
Ol11-9B1 dolomite 58.53 39.42 0.00 2.05
0Ol11-9B1 dolomite 58.21 39.72 0.00 2.07
01 1-9B1 dolomite 58.18 39.67 0.05 2.10
Ol11-9B1 dolomite 58.64 38.94 0.17 2.24
0Ol11-9B1 calcite 94.35 3.29 0.00 2.36
0Ol 1-9B1 calcite 94.41 3.09 0.03 2.47
0l 1-9B1 calcite 94.10 1.65 1.18 3.07
0O11-9B1 calcite 92.98 3.52 0.16 3.35
0l 1-9B1 calcite 93.07 3.36 0.15 3.42
Ol11-9B1 dolomite 58.86 37.02 0.00 411
0Ol11-9B1 Fe-calcite 89.56 3.01 3.16 4.27
01 1-9B1 Fe-calcite 89.57 2.90 3.03 4.50
Ol11-9B1 dolomite 56.35 35.47 2.53 5.65
0O11-9B1 Fe-calcite 83.41 1.81 0.95 13.84
0Ol 1-9B1 Fe-dolomite 52.06 28.26 0.96 18.72
Ol11-9B1 Fe-dolomite 52.30 27.58 1.12 19.00
0Ol11-9B1 ankerite 60.04 20.52 0.44 19.00
0Ol 1-9B1 ankerite 52.61 27.94 0.30 19.15
0l 1-9B1 ankerite 59.42 20.70 0.57 19.31
0Ol11-9B1 ankerite 59.19 20.63 0.67 19.51
0Ol 1-9B1 ankerite 59.81 19.54 0.48 20.17
Ol11-9B1 ankerite 59.63 19.66 0.51 20.21
0O11-9B1 ankerite 59.86 19.34 0.42 20.38
01 1-9B1 ankerite 59.39 19.45 0.55 20.61
0l 1-9B1 ankerite 58.59 20.16 0.58 20.67
0Ol11-9B1 ankerite 58.80 19.56 0.66 20.97
0Ol 1-9B1 ankerite 58.88 19.50 0.62 20.99
0l 1-9B1 ankerite 58.83 19.55 0.59 21.04
0Ol11-9B1 ankerite 59.19 19.16 0.57 21.09
0Ol 1-9B1 ankerite 58.79 19.57 0.38 21.26
0l 1-9B1 ankerite 58.92 19.31 0.40 21.37
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Table S4. Continued.

Sample name Mineral CaO [%] MgO[%0] MnO [%] FeO [%]
Ol 1-9B1 ankerite 59.02 19.25 0.36 21.38
Ol11-9B1 ankerite 59.02 19.25 0.36 21.38
Ol 1-9B1 ankerite 55.04 22.51 0.95 21.50
0l 1-9B1 ankerite 60.04 17.93 0.43 21.59
0Ol11-9B1 ankerite 59.09 18.44 0.65 21.82
Ol 1-9B1 ankerite 57.40 19.97 0.72 21.91
0l 1-9B1 ankerite 56.52 20.94 0.56 21.98
0Ol11-9B1 ankerite 57.71 19.78 0.51 22.00
0Ol 1-9B1 ankerite 55.16 22.22 0.41 22.21
Ol11-9B1 ankerite 56.88 20.48 0.42 22.22
0Ol11-9B1 ankerite 57.61 19.28 0.59 22.52
0Ol11-9B1 ankerite 56.87 20.02 0.51 22.60
0l 1-9B1 ankerite 57.79 18.83 0.73 22.65
0Ol11-9B1 ankerite 54.65 21.83 0.72 22.80
0Ol 1-9B1 ankerite 56.25 18.17 2.47 23.10
0l 1-9B1 ankerite 56.65 19.26 0.90 23.19
0Ol11-9B1 ankerite 56.92 19.05 0.74 23.29
0Ol11-9B1 ankerite 56.81 18.78 0.68 23.73
0l 1-9B1 ankerite 55.22 20.08 0.69 24.01
0Ol11-9B1 ankerite 55.83 19.65 0.50 24.02
0Ol 1-9B1 ankerite 56.67 17.97 0.66 24.70
0l 1-9B1 ankerite 56.13 18.29 0.66 24.91
0Ol11-9B1 ankerite 56.51 17.55 0.99 24.95
0Ol 1-9B1 ankerite 55.49 18.65 0.60 25.26
0l 1-9B1 ankerite 55.70 18.17 0.85 25.27
0Ol11-9B1 ankerite 56.48 17.37 0.88 25.27
0Ol11-9B1 ankerite 54.82 17.93 1.02 26.24
0l 1-9B1 ankerite 55.38 16.34 1.28 27.01
0Ol11-9B1 ankerite 53.71 16.67 1.20 28.42
0Ol11-9B1 Mg-siderite 13.98 20.47 0.77 64.78
0l 1-9B1 Mg-siderite 13.25 20.64 0.87 65.24
0Ol11-9B1 siderite 6.17 16.79 1.28 75.76
0Ol11-9B1 siderite 6.00 16.17 1.48 76.35
Ol11-9B1 siderite 5.28 15.84 1.44 77.45
0Ol11-9B1 siderite 491 15.63 1.65 77.81
0Ol 1-9B1 siderite 6.62 13.99 1.24 78.15
Ol 1-9B1 siderite 3.40 14.94 1.69 79.98
0O11-9B1 siderite 5.07 12.76 1.10 81.07
0Ol 1-9B1 siderite 2.86 14.00 1.45 81.70
Ol 1-9B1 siderite 2.45 13.85 1.59 82.10
0O11-9B1 siderite 3.26 12.97 1.64 82.13
0O11-9B1 siderite 3.32 12.20 0.98 83.50
0Ol11-9B1 siderite 5.68 9.37 1.04 83.91
0Ol11-9B1 siderite 5.14 9.49 1.46 83.91
0Ol 1-9B1 siderite 3.94 10.72 1.01 84.32
0Ol11-9B1 siderite 5.02 9.40 0.97 84.60
0Ol11-9B1 siderite 4.33 9.45 1.13 85.09
01 1-9B1 siderite 7.71 6.63 0.52 85.15
Ol 1-9B1 siderite 3.11 10.31 1.38 85.21
0Ol11-9B1 siderite 3.23 8.99 1.28 86.49
0Ol 1-9B1 siderite 4.95 7.36 1.07 86.61
0Ol11-9B1 siderite 5.49 6.66 1.07 86.78
0Ol11-9B1 siderite 4.30 7.68 0.91 87.11
0Ol 1-9B1 siderite 2.91 8.12 1.21 87.76
0Ol11-9B1 siderite 2.58 8.07 0.93 88.42
0O11-9B1 siderite 3.02 7.20 1.33 88.45
01 1-9B1 siderite 3.89 6.10 0.98 89.03
0Ol11-9B1 siderite 3.59 6.21 1.16 89.04
0O11-9B1 siderite 5.28 4.47 0.73 89.53
01 1-9B1 siderite 2.99 6.07 1.37 89.57
Ol 3-5-1 dolomite 61.01 38.84 0.06 0.09
Ol 3-5-1 dolomite 62.58 37.20 0.01 0.21
0l 3-5-1 dolomite 63.78 35.96 0.04 0.22
Ol 3-5-1 dolomite 59.88 39.77 0.00 0.36
Ol 3-5-1 dolomite 59.82 39.77 0.00 0.41
O13-5-1 dolomite 60.49 38.98 0.10 0.43
Ol 3-5-1 dolomite 60.85 38.59 0.08 0.48
Ol 3-5-1 dolomite 61.33 38.15 0.00 0.52
O13-5-1 dolomite 61.07 38.41 0.00 0.52
Ol 3-5-1 dolomite 64.78 34.57 0.04 0.60
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Table S4. Continued.

Sample name Mineral CaO [%] MgO[%0] MnO [%] FeO [%]
Ol 3-5-1 dolomite 59.93 39.34 0.10 0.63
Ol 3-5-1 dolomite 60.22 38.98 0.10 0.70
O13-5-1 dolomite 60.84 38.32 0.09 0.75
Ol 3-5-1 dolomite 60.15 38.91 0.04 0.90
Ol 3-5-1 Fe-dolomite 56.05 30.74 0.29 12.93
0l 3-5-1 Fe-dolomite 55.06 31.29 0.31 13.34
Ol 3-5-1 Fe-dolomite 54.84 31.21 0.25 13.69
Ol 3-5-1 Fe-dolomite 55.24 30.28 0.49 13.99
O13-5-1 ankerite 59.36 18.88 0.40 21.36
Ol 3-5-1 ankerite 58.15 20.23 0.21 21.41
Ol 3-5-1 ankerite 57.41 20.70 0.45 21.44
Ol 3-5-1 ankerite 58.77 19.31 0.45 21.47
Ol 3-5-1 ankerite 58.78 19.30 0.40 21.51
Ol 3-5-1 ankerite 57.09 20.97 0.36 21.58
Ol 3-5-1 ankerite 57.69 20.27 0.45 21.59
O13-5-1 ankerite 58.93 19.14 0.35 21.59
Ol 3-5-1 ankerite 58.67 19.47 0.25 21.62
Ol 3-5-1 ankerite 58.42 19.60 0.33 21.65
Ol 3-5-1 ankerite 59.18 18.64 0.48 21.70
Ol 3-5-1 ankerite 58.13 19.81 0.32 21.74
Ol 3-5-1 ankerite 58.85 18.94 0.39 21.81
Ol 3-5-1 ankerite 58.64 18.80 0.48 22.08
Ol 3-5-1 ankerite 58.22 18.92 0.65 22.20
Ol 3-5-1 ankerite 58.19 19.22 0.37 22.23
Ol 3-5-1 ankerite 58.46 18.87 0.32 22.35
Ol 3-5-1 ankerite 57.51 19.60 0.40 22.49
Ol 3-5-1 ankerite 56.10 20.82 0.42 22.66
Ol 3-5-1 ankerite 56.38 20.29 0.38 22.95
Ol 3-5-1 ankerite 58.30 18.18 0.33 23.18
Ol 3-5-1 ankerite 54.98 20.99 0.53 23.50
Ol 3-5-1 ankerite 56.79 19.02 0.63 23.56
Ol 3-5-1 ankerite 56.53 18.43 0.67 24.37
Ol 3-5-1 ankerite 56.87 18.29 0.39 24.45
O13-5-1 ankerite 50.71 23.10 0.74 25.45
Ol 3-5-1 ankerite 50.69 22.67 0.63 26.02
Ol 3-5-1 ankerite 50.18 22.91 0.76 26.15
Ol 3-5-1 ankerite 50.52 21.94 0.76 26.79
Ol 3-5-1 ankerite 53.87 18.20 0.80 27.13
Ol 3-5-1 ankerite 54.32 17.72 0.78 27.18
Ol 3-5-1 ankerite 50.58 21.64 0.58 27.19
Ol 3-5-1 ankerite 54.45 17.36 0.98 27.22
0O13-5-1 ankerite 55.00 16.86 0.87 27.27
0Ol 3-5-1 ankerite 54.15 17.54 0.98 27.33
Ol 3-5-1 ankerite 53.45 18.18 0.69 27.68
Ol 3-5-1 ankerite 52.96 18.34 0.88 27.82
Ol 3-5-1 ankerite 53.50 17.69 0.72 28.09
Ol 3-5-1 ankerite 52.97 18.14 0.66 28.23
013-5-1 ankerite 53.18 17.99 0.54 28.30
Ol 3-5-1 ankerite 52.86 18.13 0.62 28.40
Ol 3-5-1 ankerite 54.04 16.55 0.84 28.57
013-5-1 ankerite 52.68 18.08 0.66 28.58
Ol 3-5-1 ankerite 53.68 16.96 0.75 28.61
Ol 3-5-1 ankerite 54.46 16.18 0.74 28.62
Ol 3-5-1 ankerite 53.74 16.73 0.84 28.69
Ol 3-5-1 ankerite 53.98 16.54 0.64 28.84
Ol 3-5-1 ankerite 53.21 17.30 0.64 28.86
013-5-1 ankerite 54.02 16.31 0.68 28.99
Ol 3-5-1 ankerite 53.45 16.62 0.86 29.07
Ol 3-5-1 ankerite 52.15 18.02 0.74 29.09
0l 3-5-1 ankerite 53.58 16.68 0.54 29.21
Ol 3-5-1 ankerite 53.88 16.00 0.82 29.30
Ol 3-5-1 ankerite 53.26 16.58 0.83 29.32
0O13-5-1 ankerite 53.71 16.15 0.80 29.33
Ol 3-5-1 ankerite 53.19 16.68 0.70 29.43
O13-5-1 ankerite 53.19 16.67 0.69 29.44
Ol 3-5-1 ankerite 52.76 16.97 0.81 29.46
Ol 3-5-1 ankerite 53.35 16.43 0.74 29.49
O13-5-1 ankerite 53.28 16.43 0.74 29.55
O13-5-1 ankerite 53.57 16.10 0.71 29.62
Ol 3-5-1 ankerite 53.54 16.07 0.58 29.80
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Table S4. Continued.

Sample name Mineral CaO [%] MgO[%0] MnO [%] FeO [%]
Ol 3-5-1 ankerite 52.54 16.85 0.66 29.95
O13-5-1 ankerite 52.78 16.53 0.70 30.00
O13-5-1 ankerite 53.43 15,51 0.75 30.30
Ol 3-5-1 ankerite 53.21 14.09 1.59 31.11
Ol 3-5-1 ankerite 51.30 16.40 0.61 31.69
O13-5-1 siderite 0.91 21.39 141 76.28
Ol 3-5-1 siderite 0.51 20.48 1.33 77.68
Ol 3-5-1 siderite 2.75 15.05 1.02 81.18
O13-5-1 siderite 1.74 14.15 1.11 83.00
Ol 3-5-1 siderite 4.12 8.21 1.00 86.66
Ol 3-5-1 siderite 5.29 3.10 1.03 90.58
Ol 3-5-1 siderite 4.44 3.45 0.78 91.33

Equation S1.
Calculation of §!3C values of CO2 from the carbon isotope composition of dawsonite

using calcite-COz fractionation equations by Ohmoto & Rye (1979) where T=K:

i - * 8 . * 6 ) " 3
1000In 1000+ & (calcite) _ (-8.914%10 )+ (8.557+10°)  (18.11x10%)

1000+ & (COy) T3 T2 +8.24

Equation S2.
Calculation of §'3C values of CO2 from the carbon isotope composition of dawsonite

using calcite-COz fractionation equations by Bottinga (1968) where T=K:

1000+ & (CO;) _ (—2.988x10°) n (7.666%10%)

1000in 1000+ & (calcite) T2 T

2.461

Equation S3.
Calculation of §**C values of CO2 from the carbon isotope composition of siderite using

the siderite-CO2 fractionation equation by Golyshev et al. (1981) where T=K:

1000 + & (siderite)
1000 + & (CO,)
_(0.0771 % 10%%) N (—5.8544 * 1012) . (31.8155 * 102) . (—63.556 * 10°) N (51.467 * 103)
- T6 T4 T3 T2 T

1000In

—12.360

Equation S4.
Calculation of 6D values of H20 from the hydrogen isotope composition of dawsonite

using gibbsite-H20 fractionation equation by Méheut et al. (2010) where T=K:

1000 + & (gibbsite) _ (25550 = 10°)  (~34.250 + 10°)

1 =
000 =500+ 5 (11,09 T2 T

—51.700
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Equation S5.
Calculation of 880 values of CO2 from the oxygen isotope composition of dawsonite

using calcite-H20 fractionation equations by O’Neil et al. (1969) where T=K:

1000 + § (calcite)  (2.78 * 10°)

= —2.89
1000 + & (H,0) T2

1000In

Table S5. Covasna well waters physical and chemical compositions (Georgescu,
1976). NM: not measured.

Unit F1 Oana F2 Diana F3 Anca F5 Gabriela F6 Minerva F7 Isabela F17

Air temperature °C 28 29 29 31 31 15 NM
Water temperature °C 14 13 14 9 115 11 NM
pH 6.4 7.3 6.3 7.4 6.5 75 6.55
EC uS/cm 541 3978 758 3780 3016 8046 NM
Na* mg/L 100.92 1115.89 121.582 1029.75 769.399 2628.2 1881.2
K* mg/L 8.4 50.1 15.7 13 61 1578.8 101.8
Ca? mg/L 54.1 96.2 109 183.3 108.2 109 96.2
Mg?* mg/L 7.3 131.3 15 144.8 63.2 37.9 77.3
NH** mg/L 0.5 7.5 5 35 5 NM 3
CI mg/L 4.25 638.3 156.0 971.6 581.5 1312 1160
HCOg4 mg/L 396.5 3050 488 2257 1830 7654 3843
SO, mg/L 42 20.1 45.7 8.2 25.6 124.8 12.3
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