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Abstract: Red calcite veins are found in Mesozoic limestones at several locations within the Transdanubian Range, 
western Hungary. Opinions on the origin and the formation conditions of the red calcites vary widely, with concepts 
ranging from high-temperature hydrothermal processes to speleothemic formation. The present study aims to constrain 
the formation temperatures and determine the fluid origins of the red calcites. Samples were taken from three locations 
previously investigated in earlier studies: the Sintérlap quarry at Sümeg, the Keselő Hill quarry at Tatabánya, and  
the Piliscsaba–Jászfalu quarry at Piliscsaba. Formation temperatures for the dark red calcites, presumably the earliest, 
ranged between 30 and 37 °C, as determined by the clumped isotopes method. The oxygen isotope compositions (δ18O) 
of the calcite-forming water were calculated using clumped isotope temperatures and the δ18O values of calcite.  
These calculations revealed a fluid that had either undergone high-temperature water-rock interaction or contained  
an 18O-enriched component and the temperatures are much lower than thought previously, but higher than those of  
speleothems. The hydrogen isotope compositions of inclusion-hosted waters, along with the carbon and oxygen isotope 
values of red calcites, suggest that the three red calcite occurrences were caused by distinct fluid movements, likely at 
different times. This indicates that a single red calcite formation event can be ruled out.
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Introduction

Red calcite veins are spectacular formations that decorate  
the of quarries mining Triassic and Cretaceous limestones in 
the Transdanubian Range of western Hungary. On the basis of 
their appearance, i.e. systematic changes from fine-grained 
dark red calcite at the margins to pale red sparry calcite in the 
centres with widths ranging from several cm to ca. 4 m, as well 
as on the basis of fluid inclusion homogenization temperatures 
(100 to 190 °C) and stable isotope compositions, Demény et 
al. (1997) interpreted the veins as hydrothermal formations 
related to ascending magmatic fluids. Considering the evi-
dence for the Late Cretaceous age of the red calcite veins at 
Sümeg (the host rock is Aptian, the overlying marine breccia-
conglomerate which contains pebble-sized red calcite clasts is 
Campanian, hence red calcite veins may have been formed 
during the Coniacian–Santonian; Haas et al. 1985) Demény et 
al. (1997) proposed the occurrence of a regional hydrothermal 

event during that time. Later, based on detailed field investi
gations as well as fluid inclusion petrography and microther-
mometric analyses, Győri et al. (2014) offered an alternative 
interpretation, suggesting that the red calcites formed as spe
leothems, infilling paleokarstic voids through precipitation 
from descending meteoric waters at temperatures below 50 °C. 
As the authors noted, hematite is the most abundant solid 
inclusion in the calcite veins giving them their distinctive red 
color, while gibbsite, goethite and kaolinite are also com
monly found as inclusions. Based on these data, they sugges
ted that the red colour of the calcites is due to water infiltration 
through karst bauxite deposits. They attributed the high homo
genization temperatures reported by Gatter (1984; 135 to  
155 °C in the Sümeg site) and Demény et al. (1997; 100 to  
190 °C at three sites: Sümeg, Tatabánya and Piliscsaba) to 
stretching, leakage, or heterogeneous entrapment of fluid 
inclusions. These effects would result in erroneous (unrealisti-
cally high) temperature determinations using the microther-
mometric method, invalidating any further calculations of 
paleofluid isotope compositions based on these temperatures. 

However, the 4-meter-wide calcite veins in Keselő Hill 
quarry in Tatabánya – studied by Demény et al. (1997) but 
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destroyed during quarry operations before the investigation of 
Győri et al. (2014) – show systematic rim-to-core zonation, 
which seems incompatible with speleothem formation. Instead 
this pattern more likely suggests calcite precipitation from 
hydrothermal fluids. The new techniques developed for inves-
tigating speleothem calcite formations in Hungary, such as 
oxygen isotope analysis of inclusion-hosted water (Demény et 
al. 2016) and clumped isotope analysis (Demény et al. 2021, 
2024a), have provided fresh momentum for determining the 
formation conditions and genesis of red calcites. In this study, 
we examined red calcite occurrences at three locations in 
Hungary: the Sümeg–Sintérlap quarry, the Tatabánya–Keselő-
hegy quarry, and the Piliscsaba–Jászfalu quarry (Fig. 1).  
A combination of stable isotope and clumped isotope analy
ses was employed to determine formation temperatures, fluid 
compositions, and to identify paleohydrological differences 
among the occurrences.

Samples and methods

In the Tatabánya and the Piliscsaba sites large (50–100 cm) 
debris blocks derived from the walls of the operating quarries 
were sampled, whereas in the Sümeg location a red calcite 
vein was sampled in situ. At the Sümeg site samples were 
taken from pale and dark red calcite bands (SÜ-1 and SÜ-2) 
and dark red massive calcite (SÜ-3). The contact between  
the host limestone and the vein was also sampled (SÜ-4).  
In the Tatabánya quarry two blocks were sampled comprising 
dark red (VK-1 and VK-6) and pale red calcite (VK-2 and 
VK-4). The block sampled in the Piliscsaba quarry comprised 
dark red (PCS-1) and lighter red, sparry calcite (PCS-2 and 
PCS-3). The collected samples were divided into subsamples 
to detect internal heterogeneities. A detailed description of 
samples along with information on fluid inclusion petrography 
and the analytical methods of stable and clumped isotope mea-
surements, is provided in Demény et al. (2024b). 

Stable hydrogen and oxygen isotope compositions of the 
inclusion-hosted water were determined at the Institute for 
Geological and Geochemical Research in Budapest, following 
Demény et al. (2016). Sample chips (2–5 mm pieces) of about 

1–2 g were crushed under vacuum in 10 mm (outer diameter) 
stainless steel tubes, and the released H2O was introduced  
into a LWIA-24d liquid water isotope analyzer (Los Gatos 
Research Ltd.). The isotope compositions are reported in ‰, 
relative to V-SMOW. Based on measurements of carbonate-
hosted inclusion waters with known isotopic compositions, 
the estimated analytical accuracies are about ±0.5 and ±2 ‰ 
for δ18Ofi and δ2Hfi values, respectively (see Demény et al. 2021). 
Clumped, as well as stable carbon and oxygen isotope analy-
ses of carbonates were carried out at the Isotope Climatology 
and Environmental Research Centre (ICER), HUN-REN  
Institute for Nuclear Research (ATOMKI) in Debrecen, Hun
gary. Carbonate sample analysis was performed on a Thermo 
ScientificTM 253 Plus 10 kV Isotope Ratio Mass Spectrometer 
(IRMS), after phosphoric acid digestion at 70 °C, using a Thermo 
Scientific Kiel IV automatic carbonate device. The raw mea-
surement data are provided in the Supplementary Tables of 
Demény et al. (2024b). Stable carbon and oxygen isotope 
compositions of high-resolution (~0.1 mm) drilling of a selec
ted sample from Sümeg (SÜ-4) were determined at the Insti
tute for Geological and Geochemical Research in Budapest. 
The isotope compositions are expressed as δ13C and δ18O 
values in ‰ relative to V-PDB (δ13C, δ18O) and V-SMOW 
(δ18O), their uncertainty is about 0.1 ‰. We note here that 
since no radioactive isotope compositions were measured or 
discussed in this paper, the adjective “stable” will not be used 
in the following text. Oxygen isotope compositions for cal-
cites, fluid inclusion-hosted water and calculated water com-
positions are denoted as δ18Occ, δ18Ofi, δ18Ow, respectively.

Clumped isotope temperatures were calculated using the 
calibration of Anderson et al. (2021) and the D47crunch 
algorithm of Daëron (2021), the results are listed in Table 1. 
Oxygen isotope compositions of waters in equilibrium with 
the red calcites were calculated using the clumped isotope 
temperatures, the calcite δ18O values, and the equations of 
Chacko & Deines (2008) and Däeron et al. (2019). Different 
calibrations of the temperature dependence of calcite-water 
oxygen isotope fractionation yield different water compositions 
at a given temperature and calcite δ18O value. The Chacko & 
Deines (2008) and Däeron et al. (2019) equations yield the 
highest and the lowest water δ18O values, respectively, among 
the available relationships (Demény et al. 2024a). Since  
the calibration whose measurement conditions would best fit 
the formation conditions of red calcites is not known, the two 
extreme equations are used, the average water composition  
is calculated including the uncertainty of equation selection 
(Demény et al. 2024a).

Results

Carbon and oxygen isotope compositions of calcites, hydro-
gen and oxygen isotope values of inclusion-hosted waters, 
using clumped isotope temperature calculations, and the cor-
responding water isotope compositions are detailed in Table 1. 
The three locations have distinct differences with the Sümeg Fig. 1. Sampling locations in Hungary.
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location’s red calcites more enriched in 2H and 13C (δ2H  
and δ13C averages: −29 ± 7 ‰ and −4.8 ± 0.9 ‰, respectively)  
than the other two occurrences (Tatabánya: δ2Hfi = −53 ± 8 ‰, 
δ13C = −6.5 ± 0.5 ‰; Piliscsaba: δ2Hfi = −53 ± 5 ‰, δ13C = −10.2 
± 1.2 ‰), while the oxygen isotope compositions are quite 
similar to each other (Sümeg: 25.8 ± 0.2 ‰; Tatabánya: 26.2 
± 0.2 ‰; Piliscsaba: 24.3 ± 0.3 ‰). The δ18Ofi values behave 
similarly to the δ2Hfi data, i.e., the Sümeg location showing 18O 
enrichment (−4.2 ± 0.6 ‰) compared to the other two locations 
(Tatabánya: −6.6 ± 1.8 ‰; Piliscsaba: −7.1 ± 1.9 ‰).  The clum
ped isotope temperatures are overlapping at the studied loca-
tions with averages of 26.2 ± 9.4 °C for Sümeg, 35.5 ± 7.3 °C  
for Tatabánya, and 29.2 ± 4.3 °C for Piliscsaba.   

Discussion

Formation conditions

The first issue to address is whether the current sampling is 
representative and if the samples from this study are compara-
ble to those analysed by Demény et al. (1997) and Győri et al. 
(2014). Figure 2 displays the δ13C and δ18O values obtained in 
this study alongside the isotopic compositions from earlier 
investigations. Most of the new data align with the fields of 

published compositions, although the low-δ13C values of the 
Tatabánya site are not replicated here. These observations sug-
gest that the current sample set is comparable to those from  
the earlier studies (Demény et al. 1997; Győri et al. 2014), 
allowing for a general interpretation of the results concerning 
fracture and cavity-filling red calcite in the studied area.

The next question is whether the calcite veins are associated 
with an alteration halo in the host limestone. Hydrothermal 
fluid movements in a fissure-cavity network may cause altera-
tion in the host limestone. The shape and magnitude of the 
stable isotopic front from the vein to the limestone depends  
on the porosity and permeability of the limestone, the tempe
rature, and the isotope composition of the infiltrating fluid 
(Spötl et al. 2021). Elevated temperature and high permeabi
lity would result in enhanced isotope change and sigmoidal-
shaped isotope profile, whereas low temperature and dense 
host rock fabric leads to a ‘stepped’ isotopic profile (Spötl  
et al. 2021). The studied red calcite vein at Sümeg shows  
a visually sharp contact with limestone (Fig. 3). To identify  
the possible alteration zone, samples for stable isotope analy-
sis were drilled along a high-resolution (~0.1 mm) transect 
across the red calcite-to-limestone contact (Fig. 3). The C and 
O isotope values show a sharp change from the limestone to 
the red calcite (δ13C: from 0 ‰ to −5 ‰, δ18Occ: from −3.5 ‰ 
to −5 ‰) within 0.5 mm. The three transitional data points 
with intermediate values are artifacts resulting from inadver-
tent mixing of limestone and red calcite materials during  
the drilling process. This observation does not support the 
interaction of limestone with high-temperature hydrothermal 
fluids, as suggested by Demény et al. (1997). Instead, it indi-
cates low-temperature calcite precipitation in the fractures  
of limestone, similar to the formation of speleothems (Spötl et 
al. 2021).

Fig. 2. Carbon and oxygen isotope compositions of red calcites. Color 
shaded fields show compositions obtained by earlier studies. Sümeg: 
n = 4 from Demény et al. (1997), n = 1 from Győri et al. (2014); 
Tatabánya: n = 4 from Demény et al. (1997), n=3 from Győri et al. 
(2014); Piliscsaba: n = 2 from Demény et al. (1997), n = 1 from Győri 
et al. (2014).

δ2Hfi δ18Ofi δ13C δ18Occ T(Δ47) δ18Ow 1σ
Sümeg
SÜ-1a −23.4 −4.4 −5.3 25.7 37.6 −1.2 3.3
SÜ-2 −22.1 −3.4 −4.6 25.5 17.4 −5.1 3.3
SÜ-3 sparic −32.2 −5.1 −3.8 25.9 29.2 −2.5 3.7
SÜ-3 dark −39.0 −4.3 −4.4 26.0 15.6 −5.1 3.7
SÜ-4 −27.3 −4.0 −6.1 25.9 31.1 −2.3 3.8
Tatabánya
VK-1 −45.3 −5.0 −5.9 26.3 29.8 −2.1 2.5
VK-2 −47.8 −6.3 −7.0 26.2 29.8 0.5 2.4
VK-4 −63.0 −9.2 −6.1 26.0 45.2 −4.3 2.5
VK-6 −56.0 −5.9 −6.9 26.2 37.1 −0.4 2.4
Piliscsaba
PCS-1-1 −59.7 −8.3 −10.1 24.0
PCS-1-2 −57.6 −7.3 −9.2 24.2 29.2 −4.1 2.4
PCS-1-3 −56.7 −9.8 −8.8 24.1 32.5 −3.6 2.3
PCS-1-4 −47.4 −6.5 −11.5 24.4 27.5 −4.3 2.3
PCS-1-5 −49.4 −5.2 −10.3 24.0 26.2 −5.0 2.3
PCS-2-1 −60.2 −9.1 −7.7 24.1 30.1 −4.0 2.0
PCS-2-2 −49.1 −3.7 −11.3 24.0 22.7 −5.5 2.0
PCS-2-3 −53.5 −7.1 −11.3 24.4 34.8 −2.9 2.0
PCS-3-1 −47.4 −5.5 −10.6 24.7 35.1 −2.4 2.0
PCS-3-2 −46.9 −8.1 −10.8 24.7 24.8 −4.6 2.0

Table 1: Stable isotope compositions (in ‰) of calcite (“cc”) and 
fluid inclusion water (“fi”), as well as clumped isotope temperatures 
(T(Δ47), in °C) calculated using the D47crunch algorithm (Daëron 
2021). The data are from Demény et al. (2024b). δ2Hfi, δ18Ofi and δ18Occ 
values are relative to V-SMOW, δ13C values are relative to V-PDB. 
δ18Ow is water composition (in ‰ relative to V-SMOW) calculated in 
this study using and δ18Occ values and D47crunch temperatures.
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These observations align with the clumped isotope ther-
mometry data from Demény et al. (2024b), which range from 
16 to 45 °C. However, the dark red calcite samples (VK-1, 
VK-2, SÜ-1, SÜ-4, PCS-1), considered to be the earliest cal-
cite precipitations during fluid influx into the fractures, exhibit 
a narrower temperature range of 30 to 37 °C (Demény et al. 
2024b; Table 1). This temperature range is significantly higher 
than global cave temperatures, which typically do not exceed 
27 °C, even in low-altitude tropical regions, such as South 
America and Borneo (e.g., Meckler et al. 2015; Voarintsoa et 
al. 2019; Mejía-Ortíz et al. 2020; Novello et al. 2021; Serrato 
Marks et al. 2021; Vieten et al. 2024). These temperatures sug-
gest that hydrothermal fluid – characterized by temperatures 
exceeding the mean annual air temperature of the region – 
may have played a role in the genesis of the red calcites.

The hydrogen and oxygen isotope compositions of inclu-
sion-hosted waters are presented in Table 1 and illustrated in 
Fig. 4A. Most data points plot on or near the Global Meteoric 
Water Line (GMWL, δ2H = 8·δ18O + 10; Craig 1961), indica
ting potential meteoric water movement. However, some data 
points are shifted toward more positive δ18O values (to the right 
of the GMWL), suggesting that these solutions were influ-
enced by water-rock interactions (Sheppard 1986; Dublyansky 
& Spötl 2010). Additionally, Demény et al. (2024b) noted  
that the temperatures calculated from the δ18O of calcite 
(δ18Occ) and the δ18O of fluid inclusions (δ18Ofi) are too low 
compared with the clumped isotope data. The discrepancy 

may be attributed to diagenetic alteration of the δ18Ofi values 
or the presence of late-stage fluids in secondary inclusions  
that were mixed with the primary fluids during analyses. 
Considering these factors, the water oxygen isotope composi-
tions in equilibrium with the red calcites at the clumped iso-
tope temperatures were calculated. Although the uncertainties 
in the computed δ18Ow data exceed ±2 ‰ due to the combined 
uncertainties from isotope analyses and variations in equa-
tions, Fig. 4B clearly demonstrates that most of the data are 
shifted from the GMWL toward more positive δ18O values. 
The most straightforward interpretation of the positive δ18O 
shift, combined with the elevated clumped isotope tempera-
tures, is that the fluids entering the fractures were heated and 
interacted with 18O-rich rocks (such as limestones) at the depth 
(Sheppard 1986) or were mixed with 18O-rich hydrothermal 
solutions (Varsányi & Kovács 2009). This formation model 
does not exclude the possibility of flowstone-like carbonate 
precipitation from descending solutions as suggested by Győri 
et al. (2014). The red calcite-filled fractures may have been 
reactivated and tectonically opened (Kercsmár 2004), allo
wing for the infiltration of surficial fluids. However, the data 
suggest that the formation of red calcite veins was driven by 
the influx of low-temperature hydrothermal solutions origina
ting from deep water circulation. The red color of the calcite 
veins is due to inclusions of hematite, which was transported 
from bauxite deposits, as noted by Győri et al. (2014). 
However, the precise transport mechanism of hematite 

Fig. 3. A — Polished surface of sample SÜ-4 showing the contact between limestone and red calcite. Dashed arrow indicates drilling direction 
(see also C). B — Optical microscopic image (1N) of the limestone to red calcite contact. C — Carbon and oxygen isotope compositions 
obtained in the drilling trench shown in A.
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particles remains uncertain. Two potential routes have been 
proposed: (i) meteoric water could have carried the hematite 
particles to depths where the water interacted with hot rocks, 
or (ii) hydrothermal solutions may have mixed with descen
ding meteoric water, which transported the bauxite-derived 
grains. The relatively homogeneous compositions and forma-
tion temperatures of the dark red calcites argue against the 
mixing of hot hydrothermal and cold surficial solutions.  
This supports model (i), where water infiltrated through bau
xite, migrated downward, warmed at depth, and entered frac-
tures, carrying a significant amount of iron-oxide particles.

Differences between the studied occurrences

Another notable phenomenon in Fig. 4B is the variation 
between the studied occurrences. The Sümeg occurrence has 
δ2Hfi values that differ from those of the red calcites at the 
Tatabánya and the Piliscsaba locations. The high δ2Hfi values 
(ranging from −40 to −20 ‰) align with the warm climate 
conditions assumed for the Cretaceous period, comparable to 
dripwater compositions above −40 ‰ observed in modern 

tropical caves; e.g., Griffiths et al. 2010; Lases-Hernandez et 
al. 2019). As shown in Fig. 4B, the Sümeg samples with the 
lowest δ2Hfi values (−32 and −39 ‰) appear to shift toward  
the compositions of the Piliscsaba vein, suggesting they may 
be related to the influx of late-stage fluids and the mixing of 
primary and secondary fluid inclusions during the isotope 
analyses of bulk samples (Demény et al. 2024b). The highest  
δ2Hfi values (−27 to −22 ‰) clearly indicate that the meteoric 
water, which infiltrated and warmed at depth, originated 
during a warm climate. The red calcites from Tatabánya and 
Piliscsaba yielded δ2Hfi values ranging between −63 and  
−45 ‰, which are transitional between the values observed at 
the Sümeg location and the δ2H values of recent and Holocene 
drip waters (Fig. 4B), as inferred from cave monitoring and 
speleothem analyses (Demény et al. 2013, 2016, 2019, 2024c; 
Czuppon et al. 2018). Since the δ2H values of infiltrating 
meteoric waters can reflect the surface climate conditions 
(Demény et al. 2021), the δ2Hfi value around −50 ‰ suggests 
a climate colder than that of the Cretaceous but warmer than 
Holocene cave temperatures. This interpretation is in agree-
ment with the pre-Oligocene age proposed by Győri et al. 
(2014). However, the difference in δ2Hfi values, along with  
the variations in δ13C and δ18O shown in Fig. 2 suggest that  
the formation of red calcites at these locations may have been 
influenced by fluid movements of significantly different ages 
and origins. The lower δ13C values of the Piliscsaba occur-
rence, compared to other locations, indicate that organic-rich 
layers were present along the migration route of the hydrother-
mal fluids. We suggest that interaction with the Middle to 
Upper Norian Feketehegy Formation consisting of dolomite 
and limestone abundant in organic matter (Haas et al. 2010), 
may have contributed to the measured values. 

A potential extension of this research could involve inves
tigating similar calcite veins in the Alpine and Carpathian 
regions to better understand the hydrothermal and diagenetic 
evolution of these systems. However, during the Cretaceous 
and Paleogene, the carbonate rocks in the Transdanubian 
Range that host the red calcite veins were located several 
hundred kilometers to the west (Kázmér & Kovács 1985). 
Therefore, the paleogeographic position must be considered 
when studying hydrothermal or diagenetic calcite formations 
and comparing them with the findings of the current paper. 

Conclusions

Three locations of red calcite veins in the Transdanubian 
Range, western Hungary – Sümeg, Tatabánya and Piliscsaba 
– were investigated using stable isotope analyses of calcites 
and inclusion-hosted waters, as well as clumped isotope mea
surements. The main goal was to determine the formation 
temperatures and to ascertain whether the precipitation of  
red calcites was induced by high-temperature hydrothermal 
fluids, as suggested by Demény et al. (1997), or by low-tem-
perature meteoric waters, as proposed by Győri et al. (2014). 
The clumped isotope analyses indicated a temperature range 

Fig. 4. Measured stable isotope values of inclusion-hosted waters of 
red calcites (A) and calculated stable isotope compositions of cal-
cite-forming aqueous solutions (B). The range of hydrogen isotope 
compositions of Holocene dripwaters is provided by earlier studies 
(Demény et al. 2013, 2016, 2019, 2024c; Czuppon et al. 2018). 
GMWL: Global Meteoric Water Line (Craig 1961).
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of 30 to 37 °C for the earliest dark red calcite samples, which 
is significantly higher than current tropical cave temperatures. 
Water oxygen isotope compositions were calculated from the 
calcite compositions and clumped isotope temperatures using 
published calcite-water oxygen isotope fractionation equa-
tions (Chacko & Deines 2008; Däeron et al. 2019). The calcu-
lated δ18Ow data are shifted in positive direction (indicating 
18O-enrichment) compared to the measured fluid inclusion 
water values (δ18Ofi), suggesting diagenetic alterations in the 
inclusion water and a hydrothermal origin for the infiltrating 
solutions. The hydrogen isotope data of inclusion-hosted 
waters, along with the carbon and oxygen isotope values of 
calcites, suggest fluid movements that exhibit significant dif-
ferences in age, origin, or both. The hydrogen isotope compo-
sitions of the Sümeg occurrence align with a warm Mesozoic 
climate, while the red calcite from the Tatabánya and the 
Piliscsaba quarries may have formed in the cooler climate of 
the early Cenozoic. Therefore, the formation of red calcite 
veins in in the Transdanubian Range cannot be attributed to  
a single event. Instead, it appears to result from independent 
instances of hydrothermal fluid migration, with the common 
feature that these solutions infiltrated through bauxite deposits 
before entering the fractures.
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