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ABSTRACT

A unique red calcite generation, which fills fractures/cavities, is hosted by Mesozoic carbonates in the Transdanu-

bian Range, Hungary. Solid inclusions are located along growth zones of calcite. Hematite, the most abundant

solid inclusion, gives the red colour of it. Outcrop-scale geometry, mineralogical features and detrital mineral

assemblage (hematite, gibbsite, goethite, kaolinite, smectite, illite, Cr-spinel, monazite, xenotime, zircon, apatite

and Ti-oxide) of calcite precipitates suggest strong correlation between the calcite and nearby karst bauxite

deposits. Fluid inclusion petrography and microthermometry (T < 50°C; salinity from 0 to 0.17 NaCl eq. w%) of

primary fluid inclusions, and the stable isotope trend of the calcite, following the meteoric water line, clearly indi-

cate vadose and phreatic meteoric origin in a near-surface karst system. The late Cretaceous to mid-Eocene

unconformity-related cavity-filling deposits occur close to the surface; indicating that the most recent Quaternary

exhumation re-exposed those surfaces that existed at the time of calcite mineralization. Thus, red calcite precipi-

tates are interpreted as being speleothems, vestiges of the subterranean part of the pre-Middle Eocene karst. The

infiltrated, fine bauxite particles enclosed by the calcite are the witnesses of the once areally extensive pre-Middle

Eocene bauxitic blanket that became partially eroded by the time of the deposition of the cover beds. Red calcite

when found in core samples may provide good evidence on bauxite formation associated with the overlying

unconformity, even if it was later removed by erosion. Therefore, presence or absence of red calcite may be used

as distinguishing criteria between karst episodes with or without bauxite formation.
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INTRODUCTION

Understanding the origin and spatial distribution of fis-

sure/cavity-cementing minerals hosted by sedimentary

rocks provides a key to reconstruct paleo-fluid flow sys-

tems. Precipitation of fracture-filling cement minerals in

sedimentary rocks may be the result of volcanism-related

hydrothermal fluid circulation (Thompson 1995). Other

process leading to mineralization may be tectonic deforma-

tion and deformation-induced fluid motion (Machel &

Cavell 1999). Fluids, released from the buried sediments

due to compaction represent another type of mineralizing

fluid-flow (Moore 1989; Deming et al. 1990). Finally,

mineralization can be related also to surface exposure,

alteration (dissolution and weathering) of rocks, and pre-

cipitation of minerals from near-surface (meteoric) fluids

(James & Choquette 1988; Bos�ak et al. 1989). The latter

can be particularly pronounced when carbonate rocks are

affected by karstification. Surface exposure is generally

recorded by important hiatuses in the sedimentary record.
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Unconformity-related mineralization plays an important

role in understanding the geological evolution of any given

area, since it frequently represents the only record of a

longer period otherwise not preserved as a stratified sedi-

mentary sequence or as an igneous unit. It holds informa-

tion about physical conditions of paleo-fluid flow and may

contain petrographic or geochemical information, which

are connected to the paleomorphology and paleoclimate of

the given area.

In this article, we present a case study of a red,

coarse-crystalline calcite mineralization filling numerous

fractures and cavities in Mesozoic carbonates of the

Transdanubian Range (TR), central Hungary. Despite the

widespread studies on these red calcite ‘dykes’ from pet-

rological, geochemical and structural geological points of

view (Taeger 1909; Bal�ash�azy 1979; T�oth & T�oth-Gecse

1981; Gatter 1984; Dem�eny 1992; Dem�eny et al. 1997;

Kercsm�ar 2004; P�alfalvi et al. 2006; G�al-S�olymos et al.

2008), their age and origin still remain ambiguous. As

to the genesis of the red calcite veins, most of the above

cited papers suggest a mixed magmatic-hydrothermal-

meteoric origin, based on the apparently relatively high

temperature of the parent fluid (homogenization temper-

atures of the primary fluid inclusions are ranging

between approximately 100 to 180°C), the hydrother-

mal-meteoric mixed stable isotope values and the rela-

tively high-temperature exotic mineral assemblage (such

as monazite, xenotime, etc.) associated to them (Gatter

1984; Dem�eny 1992; Dem�eny et al. 1997). Most of

them assigned the formation of the red calcite dykes to

the Late Cretaceous lamprophyre magmatism (Horv�ath

et al. 1983; Horv�ath & �Odor 1984; Szab�o et al. 1993;

Gyalog & Horv�ath 2004). However, none of these stud-

ies could explain the apparent lack of spatial correlation

between calcite occurrences, widely distributed through-

out the TR, and the Cretaceous magmatic rocks, limited

to a smaller area within the TR.

Detailed studies focussing on red calcite outside Hun-

gary are absent and occurrences are rarely mentioned in

the international literature (Goldstein 1990; Palmer &

Palmer 2008; Ko�sir et al. 2013). The objective of this

study is to establish the origin and nature of the fluid from

which the red calcite precipitated, by studying the calcite

and the host rocks in the field supplemented by petrogra-

phy and numerous analytical methods.

GEOLOGICAL SETTING

Five representative localities were selected for detailed

study (Fig. 1). All the studied quarries are located of

central-western Hungary (Fig. 1). TR is made up of

slightly metamorphosed Lower Paleozoic rocks and over-

lying nonmetamorphosed Permo-Mesozoic and Cenozoic

sediments (Fig. 2). Initially, it was part of the passive

margins of both the Triassic-Jurassic Neotethys and

Jurassic Alpine Tethys (Schmid et al. 2008). In conse-

quence, it is characterized by thick succession of Meso-

zoic carbonates. Based on facies analogues, at that time

this unit was supposedly situated somewhere between the

depositional environments of the present Southern Alps

and Northern Calcareous Alps (K�azm�er & Kov�acs 1985;

Haas et al. 1995). During the Cenozoic, it shared an

eastward extrusion motion with other units, as part of

the first-order AlCaPa composite unit (K�azm�er & Kov�acs

1985; Ratschbacher et al. 1991; Csontos et al. 1992;

Tari 1994); the southern boundary of it would be the

Mid-Hungarian Shear Zone.

Due to the continuous isostatic subsidence, cyclically

organized carbonates were deposited from the late Early

Triassic on. The opening of Neotethys reached the area

in the Middle Triassic (Bertotti et al. 1993), when car-

bonate shelves were dissected and the basins became

filled by marls and cherty limestones (Budai 1989; Haas

et al. 1995; Gawlick et al. 1999). In the Late Triassic a

large carbonate platform developed along the margins of

the Neothetys Ocean. Multiple deformation events

affected the TR in Late Jurassic times because of the

gradual closing of Tethys. Folding and thrusting in the

Early Cretaceous resulted in a foreland basin and in front

of it, the development of a forebulge unconformity (Tari

1994; Mindszenty et al. 2001). Karst bauxite deposits

formed on the exposed karst terrains (Combes &

B�ardossy 1996; Mindszenty et al. 2001). The NE-SW

trending synformal structure of the TR formed in mid-

Cretaceous (Albian) times and controlled the facies distri-

bution of the overlying sediments during the late Albian

to Cenomanian but also during the Santonian. The late

Cretaceous in the TR was characterized by marl deposi-

tion in the basins while rudist reefs were growing on the

platform top and slopes (Haas 1983). The absence of lat-

est Cretaceous (Maastrichtian), Paleocene and early

Eocene sediments indicate another subaerial exposure

phase, represented by the most widespread Eocene karst

bauxite horizon. As the result of Albian, Santonian and

Cretaceous to early Eocene exposure periods erosion

reached the Upper Triassic carbonates also along the

limbs of the major Transdanubian syncline. Repeated

transgression episodes in the Middle and in the latest

Eocene resulted in the deposition of shallow marine lime-

stones and shallow bathyal marls (B�aldi & B�aldi-Beke

1985). From the late Early Oligocene on alluvial silicic-

lastics were deposited in the area (Korp�as 1981). After an

Early Miocene hiatus, shallow marine sedimentation

occurred in the Middle Miocene. The range was uplifted

during the late Pliocene to Quaternary (Tari 1994;

Horv�ath & Cloetingh 1996), when eolian loess, fluvial

gravels, slope deposits and travertines deposited in small

thicknesses.
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METHODS

Field structural measurements were carried out in several

outcrops. Structural measurements are illustrated on ste-

reographic projections, using the software of Angelier

(1984). A total of 109 hand specimens were taken from

the studied outcrops for petrographic and geochemical

studies. Detailed petrography was carried out on 50 thin-

sections, 30 lm-thick, prepared at the Department of

Physical and Applied Geology, E€otv€os Lor�and University

(A)

(C)

(B)

Fig. 1. (A) Location of Hungary in Europe (B) Main tectonic lineaments in Hungary and the position of the Transdanubian Range (TR) (C) Pre-Cenozoic geo-

logical map of the TR (modified after Haas et al. 2010 and Haas 2012). Studied outcrops are indicated by black stars. 1. Sint�erlap Quarry (N 46°58010″ and

E 17°16050″); 2. V�ertes Hills: 2a K�apolnapuszta (N 47°24031″ and E 18°19055″), 2b Terv road (N 47°3106″ and E 18°24022″), 2c Zsid�o Hill (N 47°30043″ and

E 18°24032″), 2d Orosz-k�ut (N 47°30050″ and E 18°23053″); 3. Gerecse Mts.: 3a Tatab�anya, K�alv�aria Hill (N 47°32053″ and E 18°2704″), 3b Tatab�anya,

Kesel}o Hill (N 47°33046″ and E 18°27014″), 3c H�ereg (N 47°38030″ and E 18°32032″); 4. Pilisj�aszfalu Quarry (N 47°39038″ and E 18°48013″); 5. H�ars Hill

Quarry (N 47°31050″ and E 18°57015″). Coordinates are given in WGS84 system.
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(ELU). A solution of alizarin red-S and potassium ferricya-

nide was used to identify the carbonate phases in the sam-

ples (Dickson 1966). Cathodoluminescence (CL) studies

were performed using a MAAS-Nuclide ELM-3 cold-cath-

ode Luminoscope (Measurement and Analysis Systems,

Inc., Lowell, MA, US) at the Department of Physical and

Applied Geology, ELU.

Doubly polished thin-sections, 100 lm-thick, were pre-

pared for fluid inclusion studies, avoiding the heating of

the samples. Microthermometry of the fluid inclusions was

performed on a Linkam FTIR heating-freezing stage (Lin-

kam, Guildford, UK) at the Department of Mineralogy,

ELU. Standardization has been carried out on �56.6, 0

and 385°C on natural and synthetic fluid inclusions. Accu-

racy of the measurements was 0.1°C during heating experi-

ments and 1°C during freezing.

Stable carbon and oxygen isotope analysis was done in

the Research Centre for Astronomy and Earth Sciences,

Hungarian Academy of Sciences. Individual laminae of the

calcite and other components of the studied samples were

subsampled separately by using a drilling bit with a diame-

ter size of 0.6 mm. The pulverized subsamples were trea-

ted by anhydrous phosphoric acid using continuous flow

technique (Sp€otl & Vennemann 2003). The isotope ratios

of the resulting equilibrated CO2 gas was measured by a

Finnigan MAT delta S type mass spectrometer (Thermo

Fisher Scientific, Bath, UK). Standardization was con-

ducted using laboratory calcite standards calibrated against

the NBS 18 and NBS 19 standards. During the measure-

ment of the dolomite samples a laboratory dolomite stan-

dard was used. Isotope compositions are expressed in d
notations as permil deviations from the V-PDB (Vienna

Pee Dee Belemnite) carbonate standard. Reproducibility of

d18O and d13C values is better than �0.2 &.

To identify the solid inclusions, calcite samples were dis-

solved in 10% hydrochloric acid. Heavy mineral separation

was done on the dissolution residue of the calcite samples.

X-ray powder diffraction (XRPD) measurements were car-

ried out on the dissolution residue by a Siemens D 5000

type diffractometer at the Department of Mineralogy,

ELU. The XRPD data was evaluated by DIFFRACplus EVA

program. Scanning electron microscopic investigations

were done with an Amray 1830i instrument (Amray, Bed-

ford, MA, USA) equipped with INCA Energy-dispersive

X-ray spectrometer (EDS) at the Department of Petrology,

ELU.

RESULTS

Field observations

Red calcite, filling fractures and cavities most commonly

hosted by Triassic and Cretaceous carbonate rocks, occurs

at several localities within the TR. The following outcrops

were chosen for detailed investigation (Fig. 1): Sint�erlap

Quarry at S€umeg (site 1), V�ertes Hills (sites 2a, 2b, 2c and

2d), K�alv�aria Hill and Kesel}o Hill near Tatab�anya (site 3a,

3b), H�ereg in the Gerecse Mts. (site 3c), Pilisj�aszfalu

Quarry (site 4) and H�ars Hill (site 5) near Budapest.

Fig. 2. Generalized stratigraphic column of the Transdanubian Range

(modified after Mindszenty et al. 1991).
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Stratigraphical position of the red calcite

The strongly tilted (folded) and imbricated Lower Creta-

ceous (Aptian) shallow-marine limestone hosts red calcite

veins at site 1 (Figs 1, 3 and 4A). Reworked clasts of the

red calcite veins can be found in the overlying Campanian

platform limestone suggesting pre-Campanian age for the

calcite formation at this location (Haas et al. 1985). At site

2, red calcite filled fractures are hosted by Upper Triassic

platform carbonates (Hauptdolomit and Dachstein Lime-

stone), and Lower Cretaceous (Aptian to earliest Albian)

shallow-marine limestone (Budai et al. 2008; Fodor et al.

2008). At site 3b both the upper and lower quarries

expose red calcite hosted by Upper Triassic platform

carbonates (Figs 3 and 4B). Dip of the beds is approxi-

mately 30° NW. The Upper Triassic is exposed here in

almost 70 m thickness, below the major Eocene unconfor-

mity. Reworked fragments of the red calcite were found

embedded in the Middle Eocene shallow-marine limestone,

unconformably overlying the Triassic carbonates at site 3b

(Kercsm�ar 2008). A red calcite filled cavity is cut by the

basal Eocene unconformity and covered by Middle Eocene

limestone at site 3a (Fig. 4C). At the north-eastern part of

TR, site 4 (Fig. 1) exposes moderately dipping beds of Tri-

assic dolomite, hosting red calcite (Fig. 3). Some cm-sized

fragments of red calcite can be found in the Oligocene

shallow-marine sandstone, which unconformably overlies

the Triassic dolomite (S�asdi 2000). This sandstone was also

found covering the surface of red calcite in fractures and

cavities (Fig. 4D). At site 5 (Fig. 1), the red calcite-hosting

Triassic limestone is overlain by Eocene and Oligocene

sediments (Fig. 3).

Red calcite filled fractures and cavities

Red calcite filled structures have two major types of geom-

etry. Calcite fills 10–100 cm-wide fractures of 1–15 m

length (i). The fracture planes are relatively planar. Map-

ping revealed that the longest red calcite vein could be

traced for 200 m at site 2, either as a single body or sev-

eral smaller bodies aligned along strike (Fodor et al.

2008). Calcite and the related sediments also fill up to 1

m-wide, isometric cavities in the carbonate rocks (ii)

(Fig. 4B,E). Most fractures and all cavities are completely

filled by the calcite (Fig. 4E), but some of the fractures

still have some remaining pore space, commonly filled by

yellow to grey marl. Width and strike of the veins are

highly variable.

The red calcite filled cavities are either isometric or verti-

cally elongate. At sites 3b and 4 some of the cavities are

completely filled with red coarse-crystalline (1–20 cm) cal-

cite (Fig. 4E), while the others are partially filled by red

laminated sediments at the bottom and with white to red

calcite in the remaining pore space. The red micritic sedi-

ments are also completely cemented by calcite. The Triassic

limestone, hosting the cavities at site 5, is highly porous.

The surface of the red calcite is commonly corroded.

At site 3b 2 m-high and 1.5 m-wide structures were

exposed, all of which are made up by red calcite, showing

flowstone morphology (Fig. 4F). Red calcite, filling either

partially or completely a fracture, exhibits laminated struc-

ture, delineated by colour zonation. Enrichment in solid

inclusions typifies the red zones. Some zones are so rich in

this detrital material, that they are rather considered to be

fine-grained sediment, cemented by red calcite (Fig. 5A).

Similar fine-grained, calcite-cemented sediments also occur

in several localities at site 2 (Fodor 2008). Some fractures

that are only partially cemented by flowstone are also filled

by yellow-grey laminated marl. At site 3a, red calcite

cements pre-existing fractures of various orientations. The

red calcite was occasionally precipitated on striae of this

earlier deformation phase, clearly indicating the relative

timing of faulting and mineralization. Both the faults and

calcites are truncated at the basal mid-Eocene breccia or

limestone layers (Fig. 4C, Kercsm�ar 1995). At site 3a, red

calcite dripstone occurs in a cavity of ca. 1 m in diameter

(Fig. 5B). The remaining space was filled by fossiliferous

marly carbonate sediment. The fauna is typical for the

overlying Middle Eocene shallow-marine limestone (Ker-

csm�ar 1995).

The calcite usually forms several cm-thick laminated

crusts delineated by white-transparent and red zones

(Fig. 5C,D), but it also occurs as coarse-crystalline calcite

in several shades of brown, red and yellow. The columnar

calcite crystals are always perpendicular to the substrate. A

40 cm-wide fissure was found at site 3b, filled by pink cal-

cite on the wall and coarse-crystalline white calcite in the

middle (Fig. 5E).
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Fig. 3. Cartoon showing the stratigraphic relation-

ship between red calcite, host rocks, and the

overlying sedimentary rocks at the five studied

localities.
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(A)

(C)

(E) (F)

(D)

(B)

Fig. 4. (A) Red calcite cementing a dissolution-enlarged fracture that crosscuts the Lower Cretaceous shallow-marine limestone at site 1; (B) Red calcite fills

fractures hosted by the Upper Triassic dolomite, site 3b; (C) Red calcite cavity-fill hosted by the Upper Triassic dolomite, in erosional contact (dashed line)

with the Middle Eocene basal breccia, site 3a; (D) Oligocene sandstone filling the remaining space in a fracture, previously partially filled by red calcite, site

4; (E) Red calcite filled cavity in the Upper Triassic dolomite, site 3b; (F) Red calcite flowstone on the surface of the Upper Triassic dolomite, black arrow

marks the grey laminated marl, deposited on the surface of the flowstone, site 3b.
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Contact of the red calcite and host dolomite

Where the red calcite veins are hosted by the Upper Trias-

sic dolomite (at sites 3b and 4) 0.5–5 cm-wide zone was

observed in the host dolomite, next to the red calcite

veins, along which the otherwise yellow colour of the rock

is faded (Fig. 5E). This phenomenon is very common also

around the breccia filled cavities (Fig. 5C). The boundary

of the veins towards the host rock is very sharp and irregu-

lar in each locality, irrespective of host rock (Fig. 4D). The

irregularity of the boundary indicates that the fractures

were enlarged by dissolution.

Calcite-cemented breccia and claystone

Breccias were found at sites 3b, 3c and 4. The limestone/

dolomite angular breccia clasts are floating in a calcite

cemented red silt, completely occluding 10–80 cm-wide,

irregular-shaped cavities in the host rock (Fig. 5F). The

size distribution of the fragments is polymodal (Fig. 5F).

The fragments are angular, and of 1–5 cm-size represent-

ing the host Triassic carbonate. One of these breccias is

cross-cut by a 5 cm-wide red calcite vein (Fig. 5G). Similar

breccia was also found at site 2c, forming a bed. The brec-

cia is clast-supported in this case; with calcite-cemented red

silt in-between the carbonate clasts.

Red claystone, usually also cemented by calcite was

found on Triassic carbonate host rocks at sites 3b and 4

(Fig. 5H). Rarely, also black, carbonaceous silt was

observed along red calcite filled fractures.

Structural observations on the red calcite filled fractures

Walls of the fractures that host red calcite are either planar

or, more commonly, undulating. They are of variable ori-

entation. NW–SE striking fractures are common, especially

at sites 2a, 3a and 3c (Fig. 6). Parts of these fractures were

mapped for several hundred metres at site 2a (Budai et al.

2008). Another set is trending approximately N–S (sites

2a, 2d). It was also observed, at two sites (1, 3b), that red

calcite fills NNE–SSW to NE–SW oriented fractures.

Post-red calcite veins

Red calcite filled fractures and cavities are cross-cut by

abundant, few cm-wide, transparent and yellow calcite

veins at sites 3a, 3b, 4 and 5. As opposed to the red calcite

veins, these latter veins, sometimes associated with barite

could be also traced in the overlying rocks (such as the

Eocene limestone and Oligocene sandstone). Therefore, it

is possible to distinguish them from the solid inclusion-

free, white version of the red calcites. Few mm-wide limo-

nitic encrustation borders the calcite-barite veins. This

paragenesis often occurs along reactivated red calcite veins.

The stratigraphic position of these calcites shows, that they

probably represent a younger fluid system, therefore they

are not discussed in details in this paper.

Petrography of the red calcite

On the microscopic scale, red calcite samples show diverse

fabric. For the description of these microfabrics the termi-

nology of Frisia and Borsato’s system was used (Frisia &

Borsato 2010).

Typical microfabric of the calcite from the investigated

quarries is columnar (L:W ratio approximately 6:1). Elon-

gation of the crystals is perpendicular to the substrate

(Fig. 7A,B). The width of the columnar crystals varies

between 30 lm and 1 mm. As a subtype of columnar fab-

ric microcrystalline calcite (distinguished by Frisia et al.

2000) was also found at site 1. In this case the boundaries

of the columnar domains are irregular, serrated and often

show patchy extinction (Fig. 7C). Subordinately acicular-

fibrous microfabric was also observed at sites 3b and 4.

Associated to acicular red calcite at site 3b concentric

structures were observed in cross-section, drawn by red

laminae, composed of solid inclusions (Fig. 7D).

Voids in-between the needle-like calcite crystals from site

4 were subsequently filled by transparent mosaic calcite

(Fig. 7E). Few of the samples from site 3b exhibit micro-

crystalline fabric. These samples are usually full of hematite

inclusions, giving an intense red colour even in thin sec-

tion.

Twin lamellae are common in each sample from site 1

(Fig. 7C) and in some sample from sites 2 and 5. The

width of the lamellae is 100–200 lm. Stylolite with ampli-

tude of few mm was observed cross-cutting red calcite at

site 3b.

None of the red calcite samples contain divalent iron as

revealed by staining and by the uniformly nonluminescent

pattern.

Angular, 100–1000 lm-sized fragments of the host rock

and white calcite are cemented by microsparite, in which

50–300 lm-sized solid inclusion aggregates form peloid-

like structures. The calcite clasts are graded in this red

stained, calcite cemented sediment. Another type of the

breccias is where angular 1 mm to 1 cm-large dolomite

(and some calcite) clasts are floating in a coarse grained

(approximately 100 lm) matrix. The latter is full of sphe-

roidal goethite grains, with no visible internal structure,

and it is cemented by red calcite (Fig. 7F). Breccia from

site 2 contains limestone clasts embedded in calcite-cemen-

ted red silt.

The faded, 0.5–5 cm-thick halo along the boundary of

the calcite and the host dolomite is calcitic, as revealed by

staining and SEM (Fig. 7G).

The yellow-grey marl, covering the surface of red calcite

flowstone at site 3a, contains red algae, foraminifers, Ostra-

cod shells and fragments of the calcite (Fig. 5B). Based on

this bioclast assemblage the age of this sediment is most

probably Eocene.
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

Fig. 5. (A) Solid inclusion-rich red calcite, site 3b; (B) Red calcite dripstone occurring in a cavity hosted by the Upper Triassic (T3) dolomite. Surface of the

dripstone is covered by infiltrated fossiliferous sediment (E2). The fossil-content of it is very similar to that of the overlying Eocene limestone, site 3a; index

picture shows fragment of an Echinoid; (C) Highly corroded boundary of a red calcite vein (rc) with a dedolomitized halo (dd) in the Upper Triassic dolomite

(T3), site 3b; (D) White and red zones of coarse-crystalline calcite filling a cavity in Upper Triassic dolomite, site 4; (E) White calcite hosted by the Upper Tri-

assic dolomite (T3), site 3b; (F) Dolomite clasts are floating in a red calcite-cemented matrix – collapse breccia structure from site 3b; (G) Red calcite cemen-

ted breccia in the Upper Triassic dolomite, crosscut by a red calcite vein, site 4; (H) Remnants of red silt on the Upper Triassic dolomite, marked by arrows,

site 4.
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Solid inclusions in the red calcite

The calcite is usually laminated and exhibits growth bands.

Solid inclusions are concentrated in certain laminae

(Fig. 7A). Spacing of the bands is 0.01–5 mm and they

are parallel to each other. In some samples, like in the

fibrous calcite samples from site 4, solid inclusions are

evenly distributed. Small crystals, grown on the surface of

solid-inclusion-rich bands, point to new nucleation. The

solid inclusions are either 20–300 lm-sized individual crys-

tals/grains or, more often they form 50–400 lm-sized

aggregates. Size of the individual solid inclusions within

these aggregates is around few lm as revealed by SEM.

The XRPD results are presented on Fig. 8. Table 1 lists

the detected solid inclusions for each locality.

HCl-insoluble residue of red calcite samples from sites

3b, 4 and 5 contains hematite, which gives the intense red

to brown colour to the calcite. Goethite and lepidocrocite

were also found. Clay minerals (illite, kaolinite, smectite)

are present at each locality. Al-oxihydroxide and Al-hydrox-

ide minerals, namely boehmite (sites 1, 3b and 4) and gibb-

site (sites 3b, 4 and 5) were also detected in the samples

from the studied localities. AlOOH (diaspore) was identi-

fied also by SEM in a sample from site 1 (Fig. 9A,B). Addi-

tionally some ilmenite, zircon, Cr-spinel, Mn-oxide, barite,

mica, monazite, feldspar, plagioclase, epidote, amphibole,

pyroxene, staurolite, garnet, pyrite, kyanite, dolomite, apa-

tite and Ti-oxide were found in the dissolution residues.

Quartz is present in each locality; however, it was extremely

common in the samples from site 1.

Fluid inclusion analysis

Primary aqueous inclusions in the red calcite samples of

sites 1, 2, 3b and 4 are elongate and parallel to the c-axis

of the crystal (i.e. parallel to the growth) (Fig. 10A,B), and

commonly show a peculiar spike shape. The crystals are

crosscut by curved, healed microfractures shown by sec-

ondary inclusions. Distribution of the primary inclusions is

random within the individual crystals. The size of the

inclusions varies between 5 to 150 lm, with the largest

occurring in the samples from site 3b, while the smallest

(A) (B)

Fig. 6. (A) Stereograms, representing dip direc-

tions and dip angle of red calcite veins from dif-

ferent locations within the TR. (B) Simplified

evolution of the fracture system and related

stress field for the TR, between the Cretaceous

and Eocene. Lower hemisphere projection,

Schmidt net. Kinematics of the different sets is

interpreted based on the tectonic evolution of

the wider surroundings (Fodor 2008, 2010).
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were observed in the calcite from site 4. Laminated sam-

ples commonly contain fluid inclusions in the transparent

(solid inclusion free) zones. Site 4 is the only one from the

different localities, where primary fluid inclusions were pos-

sible to observe also in the solid inclusion rich zones of the

crystal (Fig. 10C).

(A) (B)

(C) (D)

(E)

(G)

(F)

Fig. 7. (A) Red, solid inclusion rich laminae in calcite, site 1; (B) Columnar calcite crystals, same picture as (A) (crossed polars); (C) Patchy extinction pattern

of twinned red calcite from site 1 (crossed polars); (D) Concentric structure in cross-section, drawn by solid inclusion-rich laminae in a red calcite sample from

site 3b; (E) Fibrous, solid inclusion rich red calcite from site 4, voids in-between the needle-like calcite crystals were subsequently filled by transparent mosaic

calcite; (F) Rounded goethite grains (gth) and some angular quartz grain (qz), cemented by red calcite (yellow to reddish brown cement in-between the

grains), site 3b; (G) Gradual transition between the red calcite and the dolomite host rock on SEM-BSE image, sample from, site 3b.
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All-liquid, all-gas and two-phase primary inclusions were

found even within one and the same fluid inclusion assem-

blage in the red calcite from sites 1 and 3b. In the two-phase

(L-V) inclusions the phase ratio is changing from 60:40 to

95:5 (L:V). Number of the phases and the phase ratio are

independent from the size of the inclusions in these cases.

Most of the primary inclusions in the samples from site 4 are

all-liquid, but some of the larger ones (approximately 5% of

the total) are of two phases: liquid and vapour. The phase

ratio (L:V) is around 90:10 to 95:5. The samples from site 5

are similar to the previously mentioned samples; both one-

phase and two-phase primary inclusions were found. The

phase ratio is around 80:20 to 95:5.

White calcite from site 3b is characterized by densely

packed fluid inclusion-rich laminae. The fact that these

inclusions are located along healed microfractures clearly

points to their secondary origin (Fig. 10D). The rare pri-

mary inclusions are difficult to distinguish from the abun-

dant secondary ones.

To determine the salinity of the fluid entrapped in the

primary inclusions cryoscopic measurements were carried

out on all-liquid and two-phase inclusions. In the case of

the all-liquid inclusions, artificial stretching (sensu

Goldstein & Reynolds 1994) was necessary to nucleate

bubbles to be able to observe freezing and final melting

temperature of the fluid. One freezing–heating cycle, down

to 40°C, was usually enough to generate bubbles in the

one-phase (L) inclusions. Salinity, calculated from the final

melting temperature values (based on the equation of

Bodnar 1993) of the ice varies between 0 and 0.17 NaCl

equ. w% in the case of sites 1 and 3b. Salinity of the pri-

mary inclusions of red calcites from sites 4 and 5 is 0 NaCl

equ. w%, i.e. freshwater (Fig. 11).

Stable isotope study

Stable oxygen and carbon isotope studies were carried out

on red calcite, host rock and transparent calcite samples.

Data of this study are compared with the previously pub-

lished stable isotope data of red calcites from the same

localities (Dem�eny et al. 1997; G�al-S�olymos 2007). Stable

isotope values of vein-filling red calcite in this study for

d18O are �6.07 to �4.47 & (�2.57 & is an outstanding

value measured on highly corroded, therefore probably

diagenetically altered red calcite) and for d13C are �11.71

to �3.55 & (Table 2, Fig. 12). The observed d18O range

is very narrow, whilst the d13C data cover a wide interval.

Stable isotope values of bulk samples from the host rocks

are �11.02 to �0.72 & for d18O and �1.84 to 2.72 &
for d13C. The reason for this wide interval is probably the

different age of the rocks, hosting red calcite, but the influ-

ence of diagenesis (e.g. dissolution/recrystallization/

Fig. 8. Multiple X-ray diffractogram of the dis-

solution residues of red calcite samples. The

detected minerals are indicated along with their

most intense peaks.
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cementation) on the stable isotope values cannot be dis-

carded either. Stable isotope values of pink calcite cement

found in Rudistid shells of Campanian–Maastrichtian plat-

form limestone (unconformably covering the Aptian lime-

stone at site 1) overlap with the range of the red calcite

(�6.32 and �5.83 for d18O and �7.74 and �5.28 for

d13C). To assess the stable isotope composition of the

Eocene seawater, Ostrea shell fragments were measured

from the Eocene limestone. Stable isotope values of the

bioclast are �2.62 & for d18O and 1.33 & for d13C. Stable
isotope composition of young calcite (post-red calcite, i.e.

the calcite cross-cutting both the host rock of the red cal-

cite and the overlying sediments) is displayed on the dia-

gram for comparison. Yellowish calcites from site 3b

Table 1 List of solid inclusions detected in the HCl-insoluble residue of the red calcite samples from the different localities.

Site 1 Site 2 Site 3b Site 4 Site 5

XRPD SEM XRPD SEM XRPD SEM XRPD SEM XRPD SEM

Gibbsite + + + + +
Boehmite + + + +
Diaspore

Illite + + +
Kaolinite group + + + + + + + + +
Smectite group + + + + +
Hematite + + + + + + + + +
Goethite + + + + + +
Lepidocrocite

Pyrite + + +
Quartz + + + + + +
Garnet + +
K-feldspar + +
Plagioclase +
Kyanite +
Amphibole + +
Pyroxene + +? +?
Mica + +
Epidote +?
Barite + +
Dolomite +
Ilmenite + +
Zircon + +
Rutile (Ti-oxide) + + + +
Apatite +
Monacite +
Cr-spinel + + +

XRPD, X-ray powder diffraction, SEM, Scanning electron microscopy.

(A) (B)

Fig. 9. (A) SEM-SE image of an AlOOH aggregate grain from the dissolution residue of the red calcite from site 1; (B) The tabular habit AlOOH crystals,

higher magnification image of the grain on figure (A).
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represent a narrow d18O isotope (�12.78 to �11.47 &)

interval and a rather narrow d13C isotope range (�7.04 to

�4.11 &), whilst yellow, white and transparent calcites

from site 4 show wide d18O isotope range (�14.34 to

�8.37 &) and the values for d13C are between �2.82 and

0.25 &. These young calcites are always more depleted in

d18O than red calcites.

DISCUSSION

Diagenetic realm of red calcite precipitation

The corroded, undulatory boundaries of red calcite filled

fractures and cavities point to dissolution prior to calcite

precipitation. The lack of divalent iron content suggests oxi-

dizing conditions during precipitation. Salinity of primary

fluid inclusions is around 0 NaCl w%, suggesting that the

parent fluid of the calcite was meteoric water. This is further

confirmed by the stable isotope data of the red calcite,

which all follow the ‘meteoric water line’ defined by Loh-

mann (1988). Spike shape of the primary fluid inclusions,

indicating the growth orientation, is typical for speleothems

(Goldstein 1990; Csoma et al. 2006). Based on the listed

observations red calcite, from each studied locality, is con-

sidered to be a meteoric precipitate in karst environment.

According to the obvious meteoric character of the red cal-

cite, here we suggest to abandon the previously proposed

magmatic-hydrothermal model (Dem�eny 1992; Dem�eny

et al. 1997; G�al-S�olymos et al. 2008). High homogeniza-

tion temperatures (approximately 100–180°C), measured

on the primary fluid inclusions by previous authors (Gatter

1984; Dem�eny et al. 1997) could be the result of either (i)

postentrapment changes in the inclusions (such as stretch-

ing and/or leaking); or (ii) heterogeneous entrapment in

the vadose zone might have resulted in two-phase inclu-

sions, but in this particular case the measured temperatures

(A) (B)

(C) (D)

Fig. 10. (A) Elongate primary fluid inclusions along the solid inclusion rich laminae of red calcite from site 1; (B) All-liquid and liquid-vapour primary spike-

shaped inclusions in red calcite from site 3b; (C) Solid inclusion rich laminae of red calcite from site 4, hosts all-liquid, two-phase (L-V), and all-gas (dark)

inclusions; (D) White calcite from site 3b contains secondary fluid inclusions along healed micro-fractures and cleavage planes.
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should not be considered as estimates for the entrapment

temperature (cf. Goldstein & Reynolds 1994).

Karstic environment for the formation of the red calcite

is further confirmed by the facts that red calcite includes

traces of bauxite; it exhibits flowstone morphology and

micro-fabric; and it is associated with karstic features, such

as calcite-cemented bauxitic clay, pisoidal bauxite and col-

lapse breccias. The presence of dissolution-enhanced frac-

tures cemented by red calcite is also characteristic for the

meteoric karst. However, these phenomena obviously rep-

resent different levels of the paleokarst system, namely the

phreatic, the epiphreatic (water-table fluctuation zone) and

the vadose zones (James & Choquette 1988, Palmer

2009). Both vadose and phreatic origin of red calcite is

suggested by the following field observations. Vadose zone

is commonly characterized by vertical shafts and meanders,

while phreatic conduits usually have elliptical and often

constant cross-section in all dimensions (Jeannin et al.

2007). At the investigated localities the extent of the cavi-

ties is vertical or isometric and meandering habit is also

very common; therefore they rather represent the vadose

zone. Neighbouring vadose passages are commonly inde-

pendent and roughly parallel to one another (Palmer

2009), that is very characteristic for site 3b (Fig. 4B). At

this place, red calcite flowstone was observed in the very

same horizon as fractures filled with similar laminated red

calcite. Here, vadose flowstone-precipitation might have

been so pronounced, that the calcite completely occluded

the fracture. Those cavities filled up with homogenous

(nonlaminar) red coarse-crystalline calcite could represent

either an advanced phase of cementation in the vadose

zone or they might be phreatic zone precipitates.

Considering field-evidence and micropetrographic obser-

vations, the primary fluid inclusion assemblage may point to

the previously described two different entrapment scenarios.

First possibility is that the formation of the calcite took

place in the phreatic zone, below 50°C. This means that at

the time of entrapment all primary inclusions were all-

liquid. However, these inclusions later (during burial) could

have suffered thermal reequilibration (sensu Goldstein &

Reynolds 1994). Due to the increasing external pressure,

overpressure can develop inside the inclusion, which may

cause leakage and refilling or stretching. This process is

rather common in such ‘fragile’ minerals as calcite (Gold-

stein & Reynolds 1994). The ‘degree’ of reequilibration is

also controlled by the size, shape and orientation of the

individual inclusions. Larger inclusions are more unstable,

which explains that larger two-phase inclusions may be

observed next to smaller all-liquid inclusions.

The other scenario is that the calcite precipitated in the

vadose zone. In this case, the primary inclusions should

contain liquid and vapour (air) phases with variable phase

ratios. Two differences from the previously mentioned case

are that the liquid–vapour ratio would be independent

from the size of these inclusions, and that the vapour

phase in the inclusions trapped in the vadose zone would

be air, not H2O-vapour.

In the samples from sites 1, 3b and 4 the variable L:V

phase ratio of the inclusions supports cementation in the

vadose zone for the analysed samples. On the other hand,

in samples collected from site 5, the larger inclusions are

always of two-phase, suggesting precipitation in the

phreatic zone and later reequilibration. It proves that both

phreatic and vadose cementation occurred in the case of

the red calcite.

Origin of the solid inclusions

The HCl-insoluble dissolution residue of the red calcite

from each locality contains hematite, boehmite and gibb-

site, which are common bauxite minerals. The observed

detrital mineral assemblage (monazite, xenotime, zircon,

apatite, Cr-spinel) is very similar to that of the bauxites of

the TR (Mindszenty et al. 1991). The presence of these

minerals as solid inclusions, suggests that at the time of

the precipitation of calcite, not (completely) lithified baux-

ite was present nearby. However, this model does not

necessarily require finding bauxite together with red calcite

in each outcrop, for the following two reasons: (i) bauxite,

together with some of the red calcite, might have been

eroded. (ii) red calcite and bauxite might have formed at

different segments and/or levels of the same karst-system,

since topographic differences may induce fluids to migrate

even for distances of several kilometres, developing signifi-

cant groundwater systems (T�oth 2009).

Fig. 11. Histogram of final melting temperature of ice (Tm) measured in

primary aqueous inclusions of red calcites from the different localities.
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Alternation of white and red bands in the calcite, due to

the uneven distribution of the solid inclusions, implies that

periodic processes could have influenced the precipitation.

The periodicity might have been seasonal. In this case,

higher rates of rainfall resulted in increased and rapid infil-

tration in the karstic aquifer and therefore more dilute

water with higher amounts of transported particles (Frisia

et al. 2000) leading to the precipitation of red, solid-inclu-

sion-rich zones of calcite, while limpid, solid-inclusion-

poor zones were probably precipitated at times of lower

rates of rainfall (cf. Pronk et al. 2008).

Iron-oxide inclusions giving red to brown colour to

breccia-cementing calcite in the caves of the Black Hills,

US, originated from the oxidation of pyrite of the host

dolomite, by downward percolating groundwater (Palmer

& Palmer 2008). Such pyrite, formed as a by-product of

sulphate-reduction (Palmer & Palmer 2008), was not

observed in the red calcites of the TR. However, oxidation

of detrital pyrite transported into the bauxite, could have

resulted in the formation of iron-oxides in this case, too.

Morphology of the calcite

Morphology of the red calcite could have been influenced

by several factors, such as temperature, precipitation rate

and style, the velocity of the flowing water, the amount of

transported particles and the variation of all these factors

through time.

The presence of dripstone and flowstone structures at

site 3a and b indicate precipitation from dripping and flow-

ing waters. Such speleothems are usually composed of cal-

cite, grow distinct layers and are composed of elongate

(rod or needle-shaped) crystals arranged perpendicular to

the growth surface (Palmer 2009).

Large crystals (such as those from sites 2, 3b and 4)

suggest that the number of nuclei was relatively small

Table 2 Relation between d18O (V-PDB) and d13C (V-PDB) for samples of red calcite, young calcite and host rock from the different localities.

Sample description Locality
d18O d13C

Sample type(V-PDB) (V-PDB)

Pale zone of laminted red calcite Site 1 �5.03 �5.19 Microdrilled
Dark red zone of laminated red calcite Site 1 �4.86 �3.55 Microdrilled
Pale brown calcite Site 1 �5.27 �8.88 Microdrilled

Yellow calcite Site 1 �5.31 �8.16 Microdrilled
Lower Cretaceous limestone Site 1 �2.95 0.83 Bulk
Upper Cretaceous limestone Site 1 �4.16 �1.84 Bulk
Pink calcite filling biomold in Upper Cretaceous limestone Site 1 �5.83 �7.74 Microdrilled
Pink calcite filling biomold in Upper Cretaceous limestone Site 1 �6.32 �5.28 Microdrilled
Pale zone of laminted red calcite Site 2 �4,97 �5,57 Microdrilled

Dark red zone of laminated red calcite Site 2 �5,62 �5,16 Microdrilled
Red calcite Site 2 �6,03 �7,54 Microdrilled
Pale zone of laminted red calcite Site 3b �5.44 �8.52 Microdrilled
Dark red zone of laminated red calcite Site 3b �5.16 �8.93 Microdrilled
Pale zone of laminted flowstone red calcite Site 3b �4.75 �5.87 Microdrilled
Dark red zone of laminated flowstone red calcite Site 3b �4.47 �5.26 Microdrilled
Red calcite Site 3b �4.49 �8.20 Microdrilled

Brown calcite Site 3b �5.80 �9.65 Microdrilled
White calcite Site 3b �7.08 �6.72 Bulk
White calcite Site 3b �8.34 �5.02 Bulk
White calcite Site 3b �7.28 �7.86 Microdrilled
Yellow calcite (under barite) Site 3b �11.66 �6.87 Microdrilled
Yellow calcite (bordered by limonite) Site 3b �11.47 �7.04 Microdrilled

Yellow rhombohedral calcite Site 3b �12.78 �4.11 Microdrilled
Yellow transparent calcite with black inclusions Site 3b �12.66 �6.79 Microdrilled
Transparent rhombohedral calcite Site 3b �11.89 �4.15 Microdrilled
Ostrea from Eocene limestone Site 3b �2.62 1.33 Microdrilled
Eocene limestone Site 3b �4.81 �0.66 Bulk
Upper Triassic dolomite Site 3b �6.65 2.72 Bulk

Upper Triassic dolomite Site 3b �0.72 0.79 Bulk
Red calcite Site 4 �6.07 �11.71 Microdrilled
Upper Triassic dolomite Site 4 �11.02 �1.16 Microdrilled
Young transparent calcite Site 4 �8.37 0.13 Microdrilled
Yellow calcite from the Oligocene sandstone Site 4 �13.85 0.25 Microdrilled
Yellow calcite overgrown to red calcite Site 4 �12.29 �2.82 Microdrilled
Young white to yellow calcite Site 4 �14.34 �1.18 Microdrilled

White zone of laminated red calcite Site 5 �4.80 �10.59 Microdrilled
Red zone of laminated red calcite Site 5 �4.91 �9.13 Microdrilled
Red, dissolved calcite Site 5 �2.57 �9.18 Microdrilled
Yellow calcite Site 5 �4.92 �9.38 Microdrilled
Yellow calcite Site 5 �4.92 �10.42 Microdrilled
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and/or they formed relatively slowly, both implying that

the parent fluid was only slightly supersaturated with

respect to calcite (Fairchild et al. 2007; Palmer 2009;

Frisia & Borsato 2010). Microcrystalline fabric could

develop as a result of differing orientation of some crys-

tallites with respect to their substrate, indicating high dis-

turbance of the system related to flow variability and

periodic input of growth inhibitors. It forms at the same

supersaturation conditions as columnar fabric (Fairchild

et al. 2007). A decrease in solution supply, and therefore

increased supersaturation, could have caused precipitation

of fibrous crystals (e.g. site 3b and 4). The process

behind the decrease is supposedly the change in the

mass-transfer of solutions from gravitational flow to a

gravitation-influenced capillary thin-film flow (according

to Self & Hill 2003). Fibrous morphology suggests that

the crystals might have been primarily aragonitic, later re-

crystallized to calcite. Aragonite formation has been

ascribed to an increase in the Mg concentration of the

parent fluid (Harmon et al. 1983). At sites 3b and 4, the

dolomitic host rock could have provided the Mg for this

process. This is supported by the observation of Frisia

et al. (2002), who found that those passages of Grotte

de Clamouse (France) cut in dedolomite host aragonite

speleothems, while in limestone passages aragonite was

not found.

Solid inclusions transported onto the growth surface of

the calcite might have terminated the growth resulting in

the nucleation of new crystals.

Process of precipitation

Fluid flow in the conduits of karstic aquifers is known to be

rapid (often >100 m h�1) and commonly turbulent (Gold-

Fig. 12. Relationship between d18O (V-PDB) and d13C (V-PDB) for red calcite, young calcite and host rock from the different localities (filled symbols are

data of this study; half-filled symbols: data from G�al-S�olymos et al. 2008; empty symbols: data from Dem�eny et al. 1997; data of the Miocene (hydrother-

mal) calcite are from Poros et al. 2013).
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scheider et al. 2007). All the samples related to the red cal-

cite filled fractures and cavities, such as paleokarst breccias,

bauxite ooids, fine-grained bauxitic mud, were cemented by

calcite. This suggests that the flux, of fluid from which the

calcite precipitated, should have been high enough to reach

almost every cavity, whether it was filled with sediment, or

not. If sediment was there, either as a matrix of collapse

breccia or as an infiltrated fine grained material, it became

cemented by calcite. Breccia cemented by red calcite and

cross-cut by a red calcite vein found at site 4 clearly indicates

that the process was not instantaneous, since the breccia

should have been already lithified when the fracture cut it

through and red calcite precipitated in it.

Significant amounts of speleothem-type red calcite,

found in the TR associated with the bauxitic unconformi-

ties, is in good accordance with the fact that tropical cli-

mate is characterized by higher mean soil pCO2 at higher

mean annual temperatures (Harmon et al. 1975) and by

positive relationship between growing season soil pCO2

and mean annual evapotranspiration (Brook et al. 1983).

Waters with higher pCO2 can carry more dissolved carbon-

ate and hence they can precipitate more carbonate on deg-

assing (Fairchild et al. 2007).

Dedolomitization, observed along red calcite filled frac-

tures in dolomite host rock, needs to be discussed in

detail. This process is a replacement of dolomite by calcite

(Goldberg 1967), and it is often ascribed to meteoric flu-

ids (De Groot 1967; Lee & Harwood 1989; Arenas et al.

1999; Ronchi et al. 2004; Nader et al. 2008; Rameil

2008). Some case studies indicate that sulphate-rich solu-

tions are more efficient in dedolomitization as a result of

their higher Ca-content, maintaining low Mg2+/Ca2+ ratio

in solution (Raines & Dewers 1997; Fu et al. 2008; Ko�sir

et al. 2013). However, this explanation is not applicable in

the case of the TR, since there are no significant evaporite

deposits known in the vicinity of the red calcite occur-

rences. An experimental study of dedolomitization shows

that to be effective, it requires a high rate of water flow, a

partial pressure of carbon dioxide much lower than 0.5

atm, and temperatures not higher than 50°C (De Groot

1967); conditions apparently provided by the karstic envi-

ronment. It was shown by a reactive transport modelling

study (Ayora et al. 1998) that if the infiltrating water is

undersaturated with respect to calcite, calcite dissolution

post-dates dedolomitization. This process could be respon-

sible for the widening of open fractures, where the dissolu-

tion front follows the dedolomitization front into the

dolomite matrix. Dedolomitization observed at sites 3b, 4

and 5 can be described by this process. This interpretation

is further supported by other known occurrences in the

TR of similar red calcites associated with dedolomitization

caused by interaction with karst waters during a pre-Late

Eocene subaerial exposure period (T�oth & T�oth-Gecse

1981; Poros et al. 2013).

Age of the red calcite

After the deposition of the oldest rock (the Upper Triassic

dolomite) hosting red calcite, and before the youngest

(Oligocene) cover rock of the calcite precipitates, four sub-

aerial periods are known in the geological history of the

Transdanubian Range: the Albian, the Senonian (Turo-

nian?–Santonian), the Paleocene–Eocene and the early Oli-

gocene (Fig. 2). Bauxite formation was associated to all of

them (Mindszenty et al. 1991).

Karst-related red calcites from the different localities

represent different stratigraphic intervals. This interval is

the narrowest at site 1, where the Campanian–Maastrich-

tian limestone covers the red calcite hosting Aptian lime-

stone. The fact that red calcite fragments were found at

the base of the Campanian–Maastrichtian limestone, sug-

gest that the red calcite should have formed here some-

time during the Aptian to Campanian apparent

stratigraphic gap. The even larger apparent gap, repre-

sented by red calcite from site 3b (Late Triassic to Mid-

dle Eocene), and sites 4 and 5 (Late Triassic to Early

Oligocene) does not allow to specify the age of these

deposits within the given time period. The observed

Eocene fossils in the sediment covering the surface of a

red calcite dripstone at site 3a indicate that the remaining

space in the cave in which the calcite formed was ulti-

mately filled by Eocene sediments. The above observation

suggests that red calcite formed right before the onset of

the Eocene sedimentation. At site 4 and 5, the overlying

siliciclastic sediment, which contains fragments of the red

calcite, gives the minimum age for the calcite as late Early

Oligocene at these outcrops.

Fractures filled with red calcite may also provide infor-

mation about the age of the calcite by comparing the ori-

entation of the fracture sets to the stress field evolution of

the TR (Fodor 2008, 2010). Since dissolution had affected

the walls of the fractures, the kinematics of the individual

fractures/faults was not possible to determine. However,

by looking at the tectonic evolution of the wider surround-

ings, it is possible to link the red calcite cemented struc-

tural elements to certain tectonic phases. The proposed age

of the investigated fracture sets would give the maximum

age for the precipitation of the calcite. Calcite-cemented

fractures might belong to several deformation phases which

span from the Albian to the early Eocene. The evolution

of the fault pattern and stress field is not uniform through-

out the TR but shows regional variations and the phases

and subphases are not well separated in time. The oldest

possible age, the early Albian, can be excluded for the for-

mation of all calcite occurrences, because the orientation of

the fractures cemented by red calcite does not fit into the

stress field established for that period (D2b and D2c on

Fig. 6B). Considering this, a possible relationship to the

Albian bauxite horizon can be excluded.
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The dominant map-scale structures, the NE–SW trend-

ing folds and reverse faults of the TR, belong to the D3

phase of NW–SE compression (Fig. 6B), and could have

occurred between Albian and Coniacian times (113–

86 Ma). Some NW–SE trending fractures measured at sites

2a, 3a, 3c might belong to this phase, although alternative

interpretation (phase D6) is possible. This long phase has

local spatial variation within the V�ertes Hills, where the

compression (r1 axis) was oriented more towards N–S.

This D3d phase probably occurred between 90 and 86 Ma

(Fodor 2008). Several calcite infills occur along this fault

set in the V�ertes Hills (sites 2a, 2d).

There is only limited information available about the

fracture sets and poor time constraints for the stress field

between 86 and 48 Ma. Fodor (2010) estimated NE–SW

extension for the late Cretaceous (D4 phase) using a

limited data set. The D5 strike-slip phase with ENE–WSW

compression seems to post-date the Cretaceous and pre-

date the mid-Eocene (Fig. 6B). Fractures being parallel to

this compressional direction probably belong to this phase

at site 2b. Finally, the fracture pattern changed to strike-

slip type in the Middle Eocene (phase D6) and kept this

style throughout the Palaeogene.

Measurements revealed a new fracture set of NNE–

SSW to NE–SW orientations that is cemented by red

calcite at sites 1 and 3b (Fig. 6A). These fractures are

younger than the D3 phase, because they occur with

steep orientation in already tilted Mesozoic layers; at site

1 they cut steep to subvertical Aptian beds. These direc-

tions are between the compressional direction of D4 and

D5 phases, therefore they can be assigned to the D4/

D5 event. The age may be late Cretaceous (90–65 Ma),

but is poorly constrained. Kercsm�ar (2004, 2008) associ-

ated the formation of NE–SW striking, red calcite-host-

ing fractures to a local flexural extension on the hinge

of an anticline at sites 3a and 3b. In this scenario the

fractures might belong either to D3 or to D4 phases.

Even if we accept this later scenario, the NE–SW trend-

ing fractures remain poorly dated with no structural evi-

dence to document the fold-hinge-parallel position of

the fractures.

At sites 2 and 3, the age of the overlying beds is Middle

Eocene, while at sites 4 and 5 the overlying bed is Oligo-

cene, and only Eocene and Oligocene bauxites are known

in the area (Mindszenty et al. 1991). This would imply

that the erosion also reached the associated karst system,

including the red calcite speleothems. Therefore, it is more

likely that the red-calcite is associated to the Eocene or

Oligocene bauxite horizon, and the formation of the frac-

tures is related to the Middle Eocene–Oligocene stress field

(phase D6) at sites 2a, 3a, 3c. Cr-spinel, found in the cal-

cite from sites 2, 3b and 5, known from the Eocene baux-

ite horizon (Mindszenty et al. 1991), further confirms the

above theory.

Hydrogeological aspect

Meteoric fluids are known to transport solid particles not

only down to the water table but also beyond. The flow is

driven by topographic differences, forcing the water to

move according to a hierarchically nested flow system

(T�oth 2009). At the same time in a carbonate rock mass

the flow pattern is highly influenced also by fractures, since

water moves faster along conduits in the karst (Palmer

2009).

Vertical shafts are abundant at sites 1, 3b and 4. They host

large amounts of red calcite speleothems. This implies that,

at one and the same place, first dissolution and then precipi-

tation took place. Erosion of the overlying sediments above

the Cretaceous and Triassic carbonates must have resulted in

a relatively bare surface. In this phase the karst was uncon-

fined in which the diffuse flow could have been more pro-

nounced than the concentrated one (Fig. 13A). As the karst

evolved, this ratio changed, focussing the flow into fractures

that developed into vertical conduits (Fig. 13B,C). Simulta-

neously, under the favourable climatic conditions, bauxite

started to form on the surface. The evolution of the topo-

graphic depressions, in which bauxite accumulates, usually

goes hand in hand with the accumulation of the bauxitic

material (B�ardossy 1989). Therefore, one may expect larger

cavities below bauxite deposits, than below bauxite-free

areas in the karst (B�ardossy 1989). Bauxite particles were

transported into the karst by the downward moving water

(Fig. 13D). Precipitation of calcite was mostly triggered by

outgassing of CO2 and/or evaporation as water has reached

open cavities. As soon as the pCO2 of water exceeds that of

the cave, evaporation becomes the predominant process

(Gonzalez & Lohmann 1988).

Rudistid bivalve-filling pink calcite, from the Campa-

nian–Maastrichtian limestone, has similar d13C values than

those of the red calcite from site 1; however; d18O values

of the biomold calcite are slightly higher than that of the

red calcite from the same place. This implies that they pre-

cipitated from the same fluid system, but at different times

and at different levels of the karst (Fig. 14). The top of

the exposed Aptian limestone was a recharge area at the

place and time of red calcite formation (i.e. sometime

between the late Aptian and the Late Campanian). The red

calcites precipitated near the surface from low-temperature

(below 50°C) fluids. As a result of transgression, Rudistid

reefs started to develop on the shallow shelf. Meteoric

water circulated from the mainland into the reef body, pre-

cipitating meteoric calcite cement (Mindszenty et al.

2001). At this time the former site of red calcite cementa-

tion moved to a ‘discharge’ position, where meteoric fluids

had slightly elevated temperature, as they were at the end

of a longer route. This could be reflected in the d18O val-

ues of the biomold-filling pink calcite being slightly higher,

than that of the red calcites. In the same time pink colour
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suggests lower amounts of hematite inclusions, than in the

case of the red calcites. The above described process

implies that in the case of site 1 the red calcite precipitated

slightly before the onset of the reef formation during the

late Campanian.

Young calcite-barite vein generation

Stable isotope values of the transparent, yellow and white

calcites from site 3b and 4, previously interpreted to be

relatives of the red calcites, (data from Dem�eny et al. 1997

and G�al-S�olymos et al. 2008) are very similar to those of

the Miocene vein-filling calcite generation known from

neighbouring parts of the Buda Hills (Poros et al. 2012).

Therefore, the calcite-barite veins from the studied loca-

tions are rather related to the same Miocene regional fluid

migration event, which also created the calcite-barite veins

of the Buda Hills.

CONCLUSIONS

Field observations and petrographic data provided evidence

for the red calcite being a speleothem that formed in a

karst system below a bauxitic unconformity. Stable oxygen

and carbon isotope data, which all follow the meteoric line,

and approximately 0 NaCl equ. w% salinity of the fluids in

primary inclusions support meteoric origin. Flowstone and

dripstone structures observed at one of the localities corre-

spond to the formation in the vadose zone. Enclosed parti-

cles, now present as solid inclusions in the calcite, were

derived from the bauxite that once extensively covered the

exposed surface of the karst. Hematite gives the red colour

to the calcite. The colour banding in the calcite indicates

that the bauxite supply was periodic (probably seasonal).

Stratigraphic considerations, supported by structural

geologic observations, allowed the establishment of only

two possible intervals in which red calcite could form. Red

calcite at site 1 was most probably formed in late

Cretaceous (Campanian?) times and it might be associated

to the ‘Senonian’ bauxite horizon. Calcite at the other

studied locations is associated with the Eocene bauxite

horizon that suggests Eocene age in these cases.

Since good drainage is needed for the formation of thick

bauxite deposits, it can be expected that red calcite speleo-

thems would develop at those places where bauxite had

long enough time to form and the karst was mature. Thus,

red calcite occurrence could provide good evidence on

bauxite, which existed at the overlying unconformity.

Therefore, presence or absence of red calcite could be used

as distinguishing criteria between karst episodes with or

without bauxite formation. Karst systems with extensive

bauxite blanket refer to the mature stage of karstification

under humid climate. In the case of a shorter subaerial

exposure period, with no bauxite formation associated, one

would not expect to find red calcite speleothems. Also,

since the appearance of this type of red calcite is so unique,

it helps to identify paleo-karst systems that might act as

hydrocarbon reservoirs, as well, even from limited core

data.
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