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I. Introduction and aims 

‘Carbon 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 CO2 safely underground. 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 et al., 2009; Király et al., 2016a; Pearce et al., 1996; 

Qu et al., 2022). Carbonates in geological systems are very sensitive to the presence and 

partial pressure of CO2. Most laboratory experiments (e.g. Cheng et al., 2022; Hellevang et 

al, 2005) and geochemical models on sandstone reservoirs and CO2 injection fields predict 

precipitation of common carbonate minerals (e.g. calcite, dolomite, siderite, magnesite) as 

well as the formation of a rare carbonate, dawsonite [NaAlCO3(OH)2] (e.g., Gaus et al., 2005; 

Lu et al., 2022; Szabó 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 formation environment, stability, precipitation, and dissolution in the reservoirs over time. 

Dawsonite mainly crystallizes as a result of high partial pressure of CO2. To shed light on the 

precipitation of this carbon-dioxide fixing mineral, and the origin of its formation fluid, three 

different areas, two from deep saline reservoirs in the Little Hungarian Plain (Ölbő, Mihályi-

Répcelak fields, Hungary) and one from a surface occurrence in the Eastern Carpathians 

(Covasna, Romania) were studied. Stable isotope geochemistry (i.e. 13C and 18O) of 

carbonate minerals has been widely used to determine the origin of fluids.  To be able to 

measure the stable isotope composition of different carbonates found in sandstones, 

experimental work was carried out as well in this study. To reveal the precipitation properties 

and environments of dawsonite (and other cogenetic carbonates), beside detailed 

petrographical and geochemical investigations, stable isotope analyses were conducted. 

Additionally to carbon and oxygen isotopes, hydrogen isotope composition of dawsonite was 

measured for the first time. This might be a new promising tool which can help to constrain 

the conditions of the dawsonite formation. Finally, to better understand the chemical 

processes which take place during a CO2 injection project over 200 years, geochemical 

modelling was also applied. The well-known and already described sandstones of Mihályi-

Répcelak represented the final stage, millions of years after CO2 flooded the reservoir. Hence, 
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the dissolution and precipitation of minerals in the modelling results could be validated with 

the CO2-flooded sandstones. 

II. Study area and samples 

Three areas were investigated in this work: 1) Mihályi-Répcelak area is well-known as a 

natural CO2 occurrence in the Little Hungarian Plain (Hungary) where the CO2 trapped (and 

still produced currently) in a sandstone formation. 2) Ölbő area which is located close to the 

Mihályi-Répcelak field and where CO2 is produced from a Miocene limestone reservoir. 

However, in this study the focus is not on the limestone reservoir, but on the overlying 

sandstone formation which is identical to those which host the CO2 in the Mihályi-Répcelak 

field. The third area is found in Covasna along a creek of Hankó Valley (Eastern Carpathians) 

and it is famous for the continuous CO2 emanations (mofettas) and the occurrence of a rare 

mineral assemblage on the surface. 

Mihályi-Répcelak and Ölbő fields  

From the Mihályi and Répcelak fields six sandstone reservoirs out of the 26 contain 

dawsonite (Király et al., 2017), which were selected for this study. From the Ölbő field, 32 

core samples were collected from which 7 sandstones and 5 siltstones were selected from the 

Öl-1, Öl-2, Öl-3 and Öl-6 wells (at 1498-1687.5 m depths) for further investigation. These 

rocks originate from the same geological formation (Alföldi Formation Group) as the samples 

from Mihályi and Répcelak fields. 

Covasna – Eastern Carpathians 

Dawsonite-bearing rock samples were collected in the Hankó Valley, along the creek in 

Covasna area in 2018 and 2019. Thirteen rock samples were collected from an outcrop and 

in-situ unconsolidated debris (fluvial deposit) along the creek. Water samples were collected 

in three different sites in the Hankó Valley, two sampling points were on the bank of the 

creek where dawsonite was found and one was in a registered spring, located close to the 

dawsonite sampling sites. 

Carbonates for laboratory experiments 

Most CCS related studies used isotopic analysis, especially sequential acid extraction (SAE) 

method to reveal the origin of fluids which drives carbonate formation in a CO2 reservoir 

(e.g. Baker et al., 1995; Gao et al., 2009; Liu et al., 2011). The Mihályi-Répcelak and Ölbő 

sandstones contain various carbonates such as calcite, dawsonite, dolomite, ankerite and 
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siderite; therefore the applicability of SAE to analyse these kind of samples for stable 

isotopes are crucial. 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. Cseresznyés (2018) assumed that the orthophosphoric acid starts to dissolve 

all carbonate minerals at some rate in the sandstone and the isotopic composition of the 

yielded CO2 is not representative for a single carbonate. Following on these experiences, new 

experiments were carried out in this study to achieve more detailed picture, applying different 

reaction times. First pure carbonate phases (calcite, dolomite, dawsonite, ankerite and 

siderite) were used to determine their isotopic composition using different reaction times. For 

the dissolution 1, 6, 12, 24, 36, 48 and 72 hours were applied at 25°C. 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. Artificial mixtures (ME1, ME2, ME3) were made by mixing of the pure 

phases in different ratios. Two natural samples (RM6-9R, RM32-5R2) were selected from the 

Mihályi-Répcelak field to test the selective acid extraction method. For the dissolution 6, 24 

and 48 hours were applied at 25 °C. 

III. Methods 

Various 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.  

Petrographic features of the natural samples from Mihályi-Répcelak, Ölbő and Covasna area 

were characterized by both optical and electron microscopy. Scanning electron microscopy of 

the thin sections and fresh broken surface was carried out.  

The mineralogical composition of bulk rock powders (<63 µm), mineral separates and 

synthetized dawsonite were determined at the Supervisory Authority for Regulatory Affairs 

(SARA, Budapest, Hungary) with a Bruker D2 Phaser XRD powder diffractometer. Micro X-

ray diffraction (MicroXRD) analysis of separated dawsonite and calcite samples were 

performed at Institute for Geological and Geochemical Research (IGGR, Budapest, Hungary) 

using a RIGAKU D/MAX RAPID II diffractometer. Attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR) was used to identify dawsonite, and to check 

the presence or absence of dawsonite in the natural samples. Moreover, ATR-FTIR was 
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applied to check the success of the separation without material loss before the hydrogen 

isotope measurements. 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. Micro-Raman spectroscopic analysis was used 

to identify separated dawsonite, siderite, calcite, alumohydrocalcite and to detect minor 

constituents in the studied samples. The analysis was carried out at the RIRC of the Faculty 

of Science, ELTE (Budapest, Hungary) with a confocal HORIBA Labram HR800 

spectrometer. 

Isotope analyses were carried out on the samples used for laboratory experiments (pure 

phases, artificial mixtures and natural samples) and on the samples from natural CO2 

occurrences (Mihályi-Répcelak, Ölbő and Covasna). H2O freezing-melting cycles 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. In case of the Mihályi-Répcelak samples, dawsonite grains were 

separated by hand picking under stereomicroscope from the 250-63 μm grain size range. For 

siderite separation from the Mihályi-Répcelak and Ölbő samples, the same size fractions 

(250-63 μm) were used in a Frantz Isodynamic Magnetic Separator at SARA. In case of the 

Covasna samples, hand-picking was used separate dawsonite.  

Stable carbon and oxygen isotope compositions were determined on 150–200 μg of carbonate 

powders. Carbonate powders were prepared from pure phases, artificial mixtures and natural 

(bulk) samples. The powders were reacted with orthophosphoric acid at 25 °C for 1, 6, 12, 

24, 36 and 72 hours. The same amount of powders were made from the mineral separates, 

dawsonite and siderite (from Mihályi-Répcelak, Ölbő and Covasna) by reacting the powders 

with orthophosphoric acid at 72 °C for 1 hour for dawsonite and for 24 hours for siderite 

(Spötl and Vennemann, 2003; Cseresznyés et al., 2021). 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. Stable hydrogen isotope 

composition of the hydroxyl group of dawsonite (NaAlCO3(OH)2) was determined using an 

LGR LWIA-24d type laser analyser attached to an in-house built inlet system at IGGR. 

Stable hydrogen and oxygen isotope analyses of 29 water samples from Covasna were carried 

out using a Liquid-Water Isotope Analyser-24d manufactured by Los Gatos Research at 

IGGR (Budapest, Hungary). 
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Carbonate clumped isotope analysis was carried out on a separated calcite sample from 

Covasna with a Thermo Scientific 253 Plus 10 kV isotope ratio mass spectrometer (IRMS) at 

Isotope Climatology and Environmental Research Centre, Atomki (Debrecen, Hungary). 

Geochemical modelling was used to simulate the chemical processes which take place after 

large amount of CO2 is injected 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. As model inputs the mineral composition of Ölbő 

sandstones were used. Thermodynamic-batch, kinetic-batch and kinetic-reactive transport 

models were run with and without supercritical CO2.  

IV. Scientific theses of doctoral study 

1. The Ölbő and Mihályi-Répcelak areas, as natural laboratories, provided the opportunity to 

investigate the same sandstone formation which was not flooded naturally by large amount 

of CO2 (Ölbő), and compare with a flooded one (Mihályi-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 Ölbő 

sandstone and siltstone samples based on the petrographic investigation and phase analysis 

(XRD, ATR-FTIR). In Mihályi-Répcelak area dawsonite formation was induced by CO2 

flooding in the sandstone reservoir and it can form in the microenvironments in 

conglomerates as well (Forray et al., 2021). The CO2-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 Mihályi-

Répcelak also suggest that some part of ankerite+siderite could have precipitated 

during/after the CO2 inflow. The absence of a second generation of kaolinite in Ölbő field, 

which probably precipitated after the CO2 flooding similarly to dawsonite in Mihály-

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 
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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 δ13CCO2 values (–4.8 ‰ - –2.0 ‰) in 

equilibrium with dawsonite in Mihályi-Répcelak overlap with those that are characteristics 

for mantle/magmatic derived carbon sources and they agree well with the estimation of the 

European subcontinental lithospheric mantle (SCLM: –3.9 ‰ - –2.1 ‰). The isotope 

values of dawsonite suggest magmatic origin for the majority of the CO2 from which 

dawsonite crystallized (Cseresznyés et al., 2021).  

4. Siderite appears both in the sandstones of Ölbő and Mihályi-Répcelak. It occurs in large 

patches in both areas, but the Mihályi-Répcelak area shows textures of simultaneous 

formation with dawsonite. Based on the calculated δ13CCO2 values in equilibrium with 

siderite in Mihályi-Répcelak, siderites can be discriminated into two groups. In the Group-

1 samples, the calculated δ13CCO2 values in equilibrium with siderite (–6.0 ‰ - –3.9 ‰) 

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 CO2 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 δ13CCO2 

values (–8.4 ‰ - –6.1 ‰) are significantly lighter than those calculated from dawsonites 

and lighter than what was observed in the free CO2 gas. The calculated δ13CCO2 values  

(–10.9 ‰ - –6.5 ‰) of siderite from Ölbő overlap with these siderites in Group-2. Thus, 

the presence of two siderite groups (with distinct isotopic composition) in Mihályi-

Répcelak area together with their textural and petrographic features indicate that some part 

of the siderite could have formed before CO2 flooding, thus likely represent an early 

diagenetic mineral, similarly to siderite found in the unflooded Ölbő sandstones. 

5. Dawsonite provided an exceptional opportunity to determine the origin of pore water 

during CO2 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 δD values of dawsonite. The estimated stable isotope 

composition of H2O present during dawsonite formation in Mihályi-Répcelak  
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(δD: –103 ‰ - –74 ‰, δ18OSMOW: –1.4 ‰ - +4.7 ‰ at 70 °C and 98 °C, respectively) 

(Cseresznyés et al. 2021) indicate that the parent fluid was meteoric water modified by 

water-rock interaction.  

6. The hydrogeochemical facies of CO2-rich creek and spring water, along the creek of 

Hankó Valley in Covasna (Romania) is sodium bicarbonate type. According to the stable 

hydrogen and oxygen isotope analyses, the creek water has meteoric origin (δD: –79.7 ‰ 

to –56.8 ‰, δ18OSMOW: –10.9 ‰ to –7.4) meanwhile the spring water shows a mixed 

origin (δD: –50.9 ‰ to –48.4 ‰, δ18OSMOW: –0.1 ‰ to +2.5 ‰). The higher δ18O values 

of the spring water might be related to enhanced water-rock interaction and isotope 

exchange between CO2 and H2O. The detailed petrographic investigation indicates recent 

surface precipitation of dawsonite in a low-temperature environment (<25°C). The δ13CCO2 

values calculated from dawsonite are between –4.1 ‰ and –0.6 ‰, in the same range as 

the δ13CCO2 values calculated for calcite (–3.3 ‰) found in the dawsonite-bearing rocks. 

These values agree with the estimated δ13C 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 δD and δ18O 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.  

V. Conclusions 

Mineral storage of CO2 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 CO2 injection project. Dawsonite is [NaAlCO3(OH)2] 

believed to be a mineral sink of CO2 which can precipitate as a response of large amount of 

CO2 inflow. Three areas (Mihályi-Répcelak, Ölbő; 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.  
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Dawsonite and siderite were separated from the sandstones of Mihályi-Répcelak and 

Ölbő 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 Ölbő sandstones also 

supports this scenario. To better understand the processes in these sandstones, geochemical 

models were created. The Ölbő and Mihályi-Répcelak areas, as natural laboratories, provided 

an opportunity to validate these geochemical models, both before interaction with CO2 (Ölbő 

samples) and after millions of years being in contact with CO2 (Mihályi-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 

CO2 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 CO2 outflow, which caused a positive shift in the oxygen 

isotope composition of the spring water. 
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