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Travertines are continental carbonates that precipitate from spring waters, mainly due to CO, degassing. They are
widely quarried as building stone, which has led to numerous (often abandoned) travertine quarry outcrops.
These and other outcrops, however, merely represent the surface expressions of the complex architecture of traver-
tine bodies and their deep-rooted feeding systems. Integration of field observations and geochemical analyses with
crucial subsurface geophysical data is required in order to fully understand travertine systems and their relationship
to the local geological framework. Such a multi-methodological approach is illustrated here for the case of the aban-
doned Cukor quarry. Radio-magnetotelluric (RMT) and Electrical Resistivity Tomography (ERT) surveys provide
unique insights into local tectonics, geobody architecture and the topography preceding travertine deposition. Alto-
gether, the lens-shaped, isolated domal geobody with spring-proximal lithofacies and subvertical bedding, in addi-
tion to the contrasting geochemistry and age with surrounding travertine, enabled the unequivocal reconstruction
of the dismantled Cukor fissure ridge. This study illustrates the high potential of this multi-methodological approach
on poorly exposed, strongly weathered, quarried and tectonically deformed travertine bodies, and provides informa-
tion on the complex feeding system beneath travertine deposits. Their reconstruction can be interpreted in light of
the neo-tectonic expression of regional uplift, helps to complete the regional tectonic history and provides insights
into older landscapes that lack preservation or would no longer be immediately recognized at the surface.

© 2019 Published by Elsevier B.V.
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1. Introduction

Travertine (sensu stricto) deposits are spring-related continental car-
bonates forming, mainly due to CO, degassing, from calcium bicarbonate
(Ca(HCO3),) rich hydrothermal fluids (e.g. Capezzuoli et al., 2014). Cal-
careous tufa is their low-temperature equivalent, mainly forming from
karstic waters with a higher microbiological influence (e.g. Pedley,
1990). Given the continuity between these endmembers, both of them
are often grouped under the term travertine (sensu lato; Pentecost,
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2005), as it is applied in this manuscript. High versus low degassing
rates in association with predominantly abiogenic versus biogenic precip-
itation are the key factors determining the fabrics of travertine deposits
(Pentecost, 2005). Travertine morphology is highly variable from aprons,
fans and wedges, cascades and waterfalls, to mounds, pinnacles, cones
and fissure ridges (e.g. Fig. 1; see also Della Porta, 2015). The morphology
is controlled by topography, tectonic setting, substrate lithology, climate,
vent location, discharge rates, flow paths and physico-chemical properties
of the spring water (e.g. Chafetz and Folk, 1984; Altunel and Hancock,
1993a, 1993b; Pentecost, 2005; Della Porta, 2015; Mohammadi et al.,
2019). During the past few decades, several studies have been published
on travertine and its relation to ancient climate (e.g. Bertini et al., 2008) as
well as to hydrothermal circulation and tectonic activity (e.g. Hancock


http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2019.106836&domain=pdf
https://doi.org/10.1016/j.geomorph.2019.106836
mailto:hannes.claes@emr.rwth-aachen.de
Journal logo
https://doi.org/10.1016/j.geomorph.2019.106836
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/geomorph

2 A. Torok et al. / Geomorphology 345 (2019) 106836

Fissure ridge

Mound with waterfall
and terraced slope

--‘\&*‘i*tﬁ R
RN

Large terrace steps
and shallow ponds

Mound and fan
Lake system in

L

o,

.\

w**:\‘:s:\‘:
Wy,

N
Y
~\\\\\

depressions

Fig. 1. Conceptual model of the main travertine morphologies. Note the relationship between the faults and the travertine bodies, in particular for the fissure ridge. For a more elaborate

discussion on travertine morphologies see e.g. Della Porta (2015).

etal,, 1999; Vignaroli et al., 2016; Berardi et al., 2016; Brogi et al., 2017). In
addition, travertine deposits are studied because of their relevance to
river terrace stratigraphy that allows incision/uplift rates to be inferred,
e.g. in the Gerecse Hills along the Danube River (e.g. Kele, 2009;
Ruszkiczay-Riidiger et al., 2016; Ruszkiczay-Riidiger et al., 2018). Fur-
thermore, travertines potentially can be used as reservoir analogues for
Brazilian Pre-Salt carbonate reservoirs (e.g. Ronchi and Cruciani, 2015;
Soete et al., 2015; Claes et al,, 2017).

In general, the spatial distribution of spring related travertine bodies,
as unequivocal manifestations of feeding systems, is rather localized
since most spring-type carbonate precipitations are restricted to spring
orifices and their surroundings. Thermal spring locations are controlled
by brittle structures channeling geothermal fluids from the deep reser-
voir up to the surface (Brogi et al., 2016a and references within). In fact,
faults and related damage zones provide the most efficient pathways for
fluid migration within the crust (i.e. Caine et al., 1996). Consequently,
fault zones and related permeable rock volumes may result in a predict-
able pattern of travertine deposits (e.g. Curewitz and Karson, 1997;
Hancock et al., 1999; Altunel and Karabacak, 2005; Brogi et al., 2014b).
It implies, conversely, that their analysis provides information on recent
tectonic activity and occurrence of deep geothermal systems (e.g.
Minissale, 2004; Uysal et al., 2009; Van Noten et al., 2013; Brogi and
Capezzuoli, 2014; Brogi et al., 2017).

The most prominent morpho-tectonic features related to spring-type
travertine deposition are fissure ridges, representing carbonate deposits
that readily precipitate along permeable fault zones (Bargar, 1978). Fis-
sure ridges consist of elongated travertine masses with an apical fissure
following the long axis of the body, and by two symmetrical or asymmet-
rical walls made up of bedded travertine, dipping away from the central
fissure. The internal part of the fissure is often cut by a network of well-
organized sealed fractures, almost parallel to the long axis of the fissure
ridge, normally filled by laminated, syntaxial banded calcite/aragonite
veins, almost parallel to the vein-walls and named as banded travertine
(Altunel and Hancock, 1993a, 1993b). These veins, developed within
the fault zone, have controlled the up-flow of the geothermal fluid up-
ward (Altunel and Hancock, 1993a, 1993b; Madl-Szényi and Toéth,
2015). Therefore, their analysis, in terms of geometry, age, evolution
and geochemical properties, provides information about the structural
features and timing of the fault system, and on the fluid path, from
depth to surface (Hancock et al.,, 1999; Uysal et al., 2009; Frery et al.,
2016; Capezzuoli et al., 2018). Fissure ridge travertine is characterized
by distinct petrographic and geochemical features that preserved infor-
mation on the depositing fluids and the ancient depositional conditions.
As a consequence of fast precipitation, these spring-proximal deposits
are often characterized by white, macroscopically crystalline texture
that can form steep-sided geobodies (Pentecost, 2005). The shape of
the fissure ridge body is a function of flow rate, precipitation rate and sur-
face topography upon which deposition took place (Pentecost, 2005).

Enhanced erosion, induced by regional uplift, weathering and tectonic
activity can, partly or completely, dismantle previously developed traver-
tine bodies, complicating the reconstruction of their original architecture.

In addition to this natural degradation, quarrying can further remove key
features of a travertine body. In summary, the travertine can be eroded,
dismantled and buried both by natural and anthropogenic processes. A
further element of complexity is given by (early) diagenetic processes
that, under highly saturated conditions, can lead to recrystallization (e.g.
Torok et al,, 2017; De Boever et al., 2017). In these cases, an integrated ap-
proach is necessary to unravel the genesis of remaining travertine relicts.
The classic approach that combines sedimentological, stratigraphic, struc-
tural and geochemical information does not suffice for strongly disman-
tled travertine bodies. In addition to the conventional techniques, well-
targeted geophysical subsurface data provide the crucial information in
reconstructing the original setting of the travertine morphotectonic fea-
tures and in drawing conclusions about: (i) tectonic setting; (ii) fault ge-
ometry and kinematics; and (iii) the relationships between tectonic
structures and geothermal fluid circulation at shallow crustal levels.

The Siitt6 travertine area in the Gerecse Hills of northern Hungary
(Fig. 1) is a kilometer size, extensive travertine body of which the feed-
ing system is unknown. The abandoned Cukor quarry represents a pos-
sible surface manifestation of a deeply rooted feeding system of the
travertine complex. This study illustrates for the first time an integrated
approach as a protocol to analyze dismantled travertine bodies, and in
particular fissure ridge-type travertine deposits. Different kinds of deci-
sive geophysical and geochemical surveys were introduced here in ad-
dition to the conventional techniques and proved their essential
importance in the reconstruction of (i) the depositional setting, (ii)
the antecedent topography of travertine deposition, (iii) the geometry
and kinematics of the fault zone that promoted the hydrothermal fluid
flow and travertine deposition, as well as (iv) the evolution of the trav-
ertine body before its dismantling, hereby helping to understand a
tectonically-controlled feeding system and its contribution to the for-
mation of an extensive travertine body.

2. Geological and geomorphological setting

The Siitt6 travertine complex is located in the Pannonian Basin, in
the north-eastern corner of the Transdanubian Range (TR, Fig. 2), i.e.
the Gerecse Hills. The Pannonian Basin is a Late Cenozoic structure
surrounded by the Carpathian chain, which has developed since early-
middle to late Miocene time as a result of extensional tectonics, involv-
ing thinning of the lithosphere (Royden and Horvath, 1988). This evolu-
tion gave rise to several sub-basins that offered the accommodation
space for one to six kilometres thick late Miocene-Pliocene sediments,
from marine, to lacustrine and, finally, to fluvial environments
(Horvath and Cloetingh, 1996). The Transdanubian range is geologically
an elongated synclinal structure and geomorphologically a series of
slightly folded-imbricated and block-faulted horsts of southwest to
northeast general strike (Pécsi, 1970). The Gerecse Hills, built up by Me-
sozoic successions (mainly dolostone, dolomitic limestone, limestone,
marly-limestone and siliciclastic turbidites) and by Neogene-
Quaternary sediments (only exposed in the eastern and southern
parts) represent the north-easternmost part of the TR. These hills are
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Fig. 2. (A) Geological sketch-map of the Gerecse Hills with Quaternary travertine occurrences (from Torok et al., 2017). Black rectangle indicates the location of the map in Panel B while
the orange rectangle shows the study area. (B) Satellite image of the Siitt6 travertine complex (modified after GoogleEarth.com). Yellow dots show the locations of the analyzed boreholes;
white lines display the hidden travertine walls of the studied Cukor quarry outcrop. The red dashed line indicates the inferred NE-SW trending fault that controlled the paleo-spring
location of the Gazda travertine body (Torok et al., 2017). (EOV is the Hungarian National Grid which is a transverse Mercator projection—positive X is pointed to North and positive Y is

pointed to East. Coordinates are expressed in meters.)

bordered, to the North by the Danube River valley, to the West by the
Dunaalmas-Tata fault, to the South by the Zsdmbék Basin, and to the
East by the Dorog Basin (Fig. 2A).

The tectonic evolution of the Gerecse Hills is characterized by
superimposed faulting events that took place since Mesozoic times
(Bada et al., 1996; Fodor and Lantos, 1998; Fodor et al., 2018). In late Mio-
cene time extension was associated with local transpressional settings in
the Pannonian Basin. Some sectors, including the whole TR became
uplifted (Horvath, 1993; Bada et al., 1996; Fodor et al., 1999) and partially
eroded resulting in the exhumation of several fault-bounded basement
units (Fig. 2A). Within the Gerecse Hills specifically, two main fault sys-
tems have been described (Fodor et al., 2013): a set of NW-SE trending
Cretaceous to Cenozoic normal faults, and an array of NE-SW trending
late Miocene to Present normal to strike- and oblique-slip faults (Fig. 2A).

Fault activity gave rise to local permeability conditions favoring the
migration of hydrothermal fluids during the Pleistocene, with associ-
ated deposition of extensive travertine bodies (such as the Siitt6 traver-
tine complex) along the river terraces of the Danube. To the south, in the
Gerecse Hills, many of the travertine bodies were quarried since Roman
times. Older travertine deposits formed on top of, or interfingering with,
ancient river bedding deposits and thus at, or close to, the level of the
Danube River (being the local base level of erosion; Pécsi, 1959;
Scheuer and Schweitzer, 1988; Ruszkiczay-Riidiger et al., 2016). How-
ever, due to uplift and induced erosion, these travertine deposits now
occur at an altitude encompassing a range between 100 and 120 m
above the level of the Danube River (Fig. 2B).

The studied Siitto area is located in a Danube River bend. The highest
local point is formed by the Haraszt hill (285 m a.s.l.). Travertine formed
in three geomorphological depositional environments along this hill:
a) to the north of this hill on sub-horizontal plains which gently slope
towards the N and NE, b) to the west of the hill in a steeply, to the
SSW-sloping NS-elongated valley, and c) on the southern slope of the
Haraszt hill (Térok, 2018). Loess is draped over the morphological
units subtly masking the landscape elements. Local mass flows and an-
thropogenic roads and quarrying further altered the landscape.

The Siittd travertine deposits have already been studied by several au-
thors (e.g. Bakacsi and Mindszenty, 2004; Kele, 2009; Sierralta et al.,

2010; Torok et al,, 2017). Based on their studies, we know that this trav-
ertine is mainly characterized by subhorizontal layers, predominantly de-
posited in lacustrine-palustrine environments. However, clear evidence
for spring activity was never reported. The Cukor quarry is the smallest
and most unique outcrop of the Siitt6 travertine area and might repre-
sent one of the feeding sources of travertine deposit. The Cukor spring-
deposits are exposed in a 100 m long and 70 m wide abandoned quarry
located on the southern slope of the Haraszt Hill (260-280 m a.s.l.)
(Fig. 2). Ancient quarrying resulted in two ca. 3-5 m high working-
levels, allowing observations of the inner structure of the travertine
body. The travertine deposit is overlain by Quaternary loess, wind-
blown sands and alluvial deposits, whereas the travertine substratum is
represented by Paleogene-Neogene siliciclastic rocks (Csillag et al.,, 2018).

3. Methods

The investigation of travertine deposits requires a multi-
methodological approach, especially with regard to neotectonic and
paleoseismological studies (e.g. Brogi et al., 2014a, 2014b; Pola et al.,,
2014). The geometry of travertine bodies, their facies and spatial distribu-
tion, the location of the thermal springs, as well as the fault setting, in
terms of geometry and kinematics, are fundamental data for the recon-
struction of fossil depositional systems such as the Cukor travertine body.
Faults can be buried and hidden due to subsequent deposition, displace-
ments and/or erosion. Our research included: (1) detailed field mapping,
coupled with structural and stratigraphic-sedimentological analyses,
(2) petrographic analyses, (3) stable and clumped isotope measurements
and (4) U-series dating, as well as, of crucial importance, (5) different
kinds of geophysical surveys.

3.1. Fieldwork, data collection and petrographic analyses

Field mapping was carried out in an area of about 1 km? to recon-
struct the relationships between the travertine deposit and its substra-
tum, mainly made up of Miocene-Pliocene siliciclastic rocks and
Pleistocene travertine and loess deposits (Novothny et al., 2011; Rolf
et al.,, 2014). The description of the travertine lithotypes was carried
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out by studying the quarry walls, cores, rock slabs, hand specimens and
thin sections. The lithotypes can be related to the distance from the vent
and thus help to spatially reconstruct the fissure ridge.

Data on the attitudes of the bedded travertine, as well as the strike
and dip data of banded calcite veins and fractures were collected and
compared with regional structures occurring in the surroundings. Op-
posing travertine bedding and the location and orientation of faults
and fractures provide essential information with regard to the feeder
system, the architecture of the fissure ridge and its tectonic control.
Banded veins are typical for repetitive fluid flow events along the feeder
fault. The assembly of these data helps to establish the relationship of
the travertine to neotectonics structures. Representative samples were
selected from each lithofacies spread over the entire outcrop in order
to characterize: (a) the macro- and microfacies, focusing on the sedi-
mentary rock constituents, which can provide information on the dis-
tance from the vent and local depositional conditions; (b) the porosity
features; and (c) the diagenetic overprint. Samples for micro-
petrography were resin-impregnated two times with a blue resin (3
samples) and with a fluorescent resin (21 samples), for optimal visual-
ization of (micro-)porosity. Porosity not only can be linked to the local
depositional environment, i.e. the lithotype, but also to the diagenetic
overprint. In addition, potential microfractures can be better observed.
The microscopic study was carried out with Leica DM LP and Olympus
BH-2 microscopes. Cathodoluminescence (CL) microscopy provides in-
formation on potential (early) recrystallisation and other diagenetic
processes. These are essential when evaluating samples for geochemis-
try. CL microscopy was executed on a Nikon Optiphot non-polarizing
microscope with a modified Technosyn cathodoluminescence stage
(model 8200 Mark II) and a Nikon Eclipse Ci-s polarizing microscope
with CITL stage.

For petrographic description, Folk's (1959) and Dunham's (1962)
classifications were used with the term phytohermal taken over from
D'Argenio and Ferreri (1987). In addition, in order to describe pore
types, the Choquette and Pray (1970) porosity classification was
applied.

3.2. Stable carbon-, oxygen-, strontium- and clumped isotopes

Thirty-one samples were micro-sampled from hand specimens for
stable oxygen and carbon isotope analyses (Fig. 3). Care was taken to
sample homogeneous parts of the samples in specific depositional or
diagenetic fabrics. Fourteen samples were micro-drilled from the
sparite phase and additionally, seventeen samples were taken from
the micro-sparite phase of the studied samples. Along the veins, the
geochemical signature most closely represents the feeder fluids before
alteration by secondary processes. The other samples were selected
spread over the outcrop to check vertical and lateral variation. The anal-
yses were carried out at the Institute for Geological and Geochemical
Research (Hungarian Academy of Sciences, Budapest, Hungary) using
continuous flow technique with the H3PO,4 digestion method (Spotl
and Vennemann, 2003). The carbon and oxygen isotope ratios were de-
termined in H, and CO, gases using a Finnigan Delta Plus XP continuous
flow mass spectrometers equipped with an automated GasBench II.
Duplicates of standards and samples were reproduced to be better
than 40.1%., for both the oxygen and carbon isotopes. Systematic
trends in stable isotopes can be related to vent proximity and provide
information on processes like evaporation and degassing, or potential
diagenetic resetting (Claes et al., 2019).

One massive, crystalline sample was taken from the Cukor quarry for
clumped isotope measurements carried out at IsoLab (University of
Washington, Seattle, WA, USA). Clumped isotopes can be used to deter-
mine the precipitation temperature and the stable oxygen isotope sig-
nature of the water. The latter subsequently can be used together with
the stable isotope results of the travertine to calculate the estimated
precipitation temperature of the other samples. In course of the mea-
surement the procedures of Burgener et al. (2016), Schauer et al.
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Fig. 3. Topographic map of the Cukor quarry and its surrounding (black lines - outcrop
walls; black diamond - location of the radio magnetotelluric (RMT) measurements; blue
line - section of the geoelectric profiling (ERT); yellow dots - location of the shallow
boreholes; red triangles - location of stable O and C isotope samples; green rectangle -
location of the clumped isotope sample).

(2016), and Kelson et al. (2017) were applied. The powder samples
(2 aliquots of the sample, each 6-8 mg) were reacted in a common
acid bath at 90 °C and cryogenically purified using an automated sys-
tem. Purified CO, was analyzed using a multi-collector MAT253 IRMS
(Thermo Scientific). The correction for 170 interference used a value of
0.528 to relate abundances of 70 and '80 (Brand et al., 2010). Pressure
baseline correction (He et al., 2012) was made by measuring the refer-
ence gas signal 0.0084 V down voltage of the mass 46 peak center. Sam-
ples were converted to the absolute A4 reference frame (Dennis et al.,
2011). Temperatures were calculated from measured A4; values using
the calibration of Kelson et al. (2017), which was generated in the
same laboratory as our sample data. In the course of the A4; measure-
ment stable oxygen and carbon isotopic values of the samples were
also measured which help to check for consistency.

For determination of the rocks which presumably acted as carbonate
sources for the travertine precipitating fluids and for verification of the
geochemical relationship between the Cukor travertine deposits and
the other travertine outcrops of the Siitt6 travertine, radiogenic stron-
tium isotope measurements were also carried out on 15 samples. The
samples were chosen to cover the whole Siitt6 area (different quarries),
independent of the lithofacies/lithotype since these should not influ-
ence the signature. Care was taken to sample homogeneous pristine,
i.e. not weathered, samples. The powder samples were analyzed at the
“Université Libre de Bruxelles” (Belgium) following the procedure of
Snoeck et al. (2015). The samples were pre-treated by a 3-minute
long immersion in a 1 M acid bath and ultrasonication, followed by
three rinsing cycles of 10 min with MiliQ water. Sub-boiled concen-
trated nitric acid (at 120 °C) was used for subsequent acid digestion. Af-
terwards, samples were purified using chromatography on ion-
exchange resins (Snoeck et al., 2015). Isotopic ratios were acquired
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using a Nu Plasma MC-ICP mass spectrometer. Raw data were corrected
based on the standard-sample bracketing method of Weis et al. (2006).
The analytical precision (10) is estimated below 4-0.03. Data visualization
via box plots follows the philosophy of Krzywinski and Almtan (2014).

3.3. U-Th dating

Four, 50 to 100 mg travertine samples were dated with U-Th tech-
niques at the High—Precision Mass Spectrometry and Environmental
Change Laboratory (HISPEC), Department of Geosciences, (National
Taiwan University, Taipei, Taiwan). Three samples were selected from
the bedded travertine and one from the banded travertine layer from
the middle part of the travertine body. Care was taken to select samples
with absence of alteration. In addition, the selected samples were mas-
sive, clean, and crystalline in order to avoid influence of detrital material
or recrystallisation. A triple-spike, 229Th-233U-236U, isotope dilution
method (Shen et al., 2002) was used to determine/U-Th isotopic and con-
centration data. Instrumental analyses were carried out on a multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-MS),
Thermo Electron Neptune (Shen et al.,, 2012). Uncertainties in the U-Th
isotopic data were calculated offline (Shen et al., 2002) at the 20 level
and include corrections for blanks, multiplier dark noise, abundance
sensitivity, and contents of the four nuclides in spike solution. Half-lives
of U-Th nuclides used for age calculation after Cheng et al. (2013).

3.4. Radiomagnetotelluric survey (RMT) and geoelectric profiling (ERT)

The radiomagnetotelluric survey (RMT) was carried out with equip-
ment constructed by the Centre for Hydrogeology and Geothermics
(CHYN) of Neuchatel, Switzerland (Turberg et al., 1994; Bosch, 2002),
allowing to detect different electrostratigraphic units (EsU). The latter
correspond to relatively homogeneous layers, defined based on resistiv-
ity contrasts (Mele et al.,, 2012; Bersezio et al., 2012). This implies that
intact travertine would belong to one EsU, while fractured travertine
and other lithologies would belong to other EsUs. Altogether 83 RMT
measurements were performed covering the outcropping travertine of
the Cukor quarry and the eastern corner of the Gazda quarry as well
as the area in between (Fig. 3) in order to map the lateral and vertical ex-
tension of the travertine body in the subsurface, but also the confining
layers. RMT is a suitable tool to reconstruct the antecedent topography
and its relationship to the fault network. The direction of the three applied
antennas was N120-130° and their frequencies were 234 kHz (Beidweiler,
Luxembourg), 77.5 kHz (Mainflingen, Germany) and 24 kHz (Cutler,
Maine, USA). FITVLF2 inversion software was used for processing quantita-
tive data (Fischer et al,, 1981) and to calculate the actual resistivity and
thickness of the units. Resistivity and topographic maps were prepared
with software Surfer using the local polynomial interpolation method.

A 280 m long geoelectric profile was measured by GEOMEGA (Geo-
logical Exploration and Environmental Services Ltd) in dipole-dipole
array (Fig. 3) to investigate the travertine connection between Gazda
and Cukor quarries and to map tectonic structures. Spacing between
the electrodes was 4 m and the average penetration depth was
50-60 m. The resistivity profile was measured with an ARES-G Auto-
matic Resistivity system. Apparent resistivities were transformed into
pseudo cross—sections with RES2Dinv® software to represent the ter-
rain electric resistivity distribution.

The aim of the geophysical approach is to verify the extent of the
travertine underneath the sedimentary cover and to highlight possible
mechanical discontinuities, marked by sudden changes in the measured
values (Torok, 2018).

4. Data analysis
The data from field observations, micro-petrographic studies, stable

oxygen-, carbon isotopic-, strontium (87Sr/36Sr), clumped (A47) analy-
ses, and U-series dating as well as geophysical surveys provide

information on the: (1) fault network and travertine deposit; (2) depo-
sitional conditions and early-diagenetic processes; (3) antecedent to-
pography and its relationship to the fault system controlling the
pathway of the hydrothermal fluids producing the travertine deposit;
and (4) age of the travertine deposit.

4.1. Travertine deposit of the Cukor quarry

The Cukor quarry (Fig. 2B) consists of two main abandoned excava-
tions located at different levels with an approximate size of 100 by 70 m
(Fig. 4A). The maximum height of the fresh-cut walls reaches 20 m.
Travertine beds (0.5-1 m thick), exposed in both levels, are steeply dip-
ping up to sub-vertical, in contrast with the general sub-horizontal dip-
ping attitude of the travertine beds characterizing the rest of the Siittod
travertine (Torok et al., 2017). The bedding attitudes indicate two oppo-
site dipping directions (Fig. 4A): travertine beds, occurring in the NE
part of the quarry are steeply dipping towards the NE, with angles of
63° (£9.5°) and a strike of N142° (£11), while in the SW part of the
outcrop they are characterized by 53° (+20) SW dipping beds, and
strike N102° (£9°). Beds are dipping away from a central zone having
NW-SE strike. The northern beds in the NE part of the quarry are
steeper with respect to those cropping out in the southern part. The cen-
tral zone of the travertine body is cut by NW-SE trending banded calcite
veins, which are poorly preserved. NE-SW trending fractures have also
been observed (Fig. 4A). These are filled by the overlying loess and do
not show any apparent off-set (Fig. 4B-D). In the walls of each fracture,
banded calcite veins are also present composed of reddish and blackish
colored calcite bands (Fig. 4B-D), suggesting that fractures acted as con-
duits for hydrothermal fluids. These fractures were filled up by loess
subsequently, during their later development.

The travertine body consists of five sedimentary lithofacies charac-
terized by sugar-like texture (i.e. white, crystalline appearance). Spatial
distribution and their macroscopic characteristics are illustrated in Figs.
4 and 5 and described below.

Massive crystalline travertine consists of macroscopically white, crys-
talline calcite (Fig. 5A). Randomly distributed small (0.5 to 1 cm in size)
irregular pores, coated bubbles and molds of reworked phytoclasts are
characteristic for this lithofacies (Fig. 5B). The massive crystalline trav-
ertine lithofacies forms 1-3 m thick, sub-vertical beds (Fig. 5I) that
are dipping towards the NE within the upper excavation level, whereas
SW gently dipping beds can be observed within the lower level of the
quarry. The massive crystalline travertine lithofacies has been recog-
nized over the entire outcrop where no interfingering with other
lithofacies has been observed.

Phytohermal crystalline travertine is made up of massive, white crys-
talline travertine, possessing a dense network of in situ straw-like
phytomolds (Fig. 5C). The highly irregular pore network is partially
filled with calcite cement, however, it is locally enlarged slightly by
karstification. The size of the vertically oriented phytomoldic pores
ranges between 1 and 10 cm. The phytohermal travertine lithofacies
consists of 0.5 to 1 m thick beds, that are oriented parallel to those of
the massive crystalline travertine lithofacies, with which they alternate.
Dip angles slightly decrease from the middle part towards the northern
and southern edges of the outcrop.

Thin-bedded/laminated crystalline travertine is characterized by
0.5-2 cm thin crystalline layers (Fig. 5D). Each layer is separated from
its neighbors by layer parallel elongated pores, partly filled by calcite ce-
ment. The diameter of these pseudo-fenestral pores ranges between 3
and 7 cm. Some smaller - 3 to 5 mm in diameter - isolated irregular
pores can also be observed within the individual laminae. Locally, a
black manganese oxi/hydroxide zone was observed within the pore-
filling calcite with a characteristic thickness of 1 to 2 cm. The slightly
wavy laminae form 50 to 70 cm thick beds that occur in both outcrop
levels (Fig. 5D). The laminated packages are interbedded with massive
and phytohermal travertine lithofacies displaying a similar geometrical
setting as the enclosing travertines.
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Fig. 4. (A) Sketch-map of the Cukor quarry showing the different lithofacies and their dipping attitudes. Stereographic projection indicates the dip of the travertine beds. (B) Loess filling
the NE-SW trending fissure. Its location is indicated in Panel A. (C, D) Black and reddish banded calcite forming the vertical veins. Legend: 1: massive crystalline travertine; 2: phytohermal
travertine; 3: lithoclastic (breccia) travertine; 4: micro terraces; 5: stratal dip; 6: fracture dip, 7: supposed NW-SE oriented normal fault based on field observations; blue dots represent
the sample locations of U-series dating, black dashed line shows the boundary between the travertine outcrop and the covering loess and the light blue patch bordered by black dashed

line represents the exposed area of the travertine body.

Micro terraces are built up of 1 to 3 ¢cm thick, white massive layers
that are separated by slightly wavy porous horizons (Fig. 5E). Along
these surfaces vertically elongated pores — a few mm in length - are
lined up acting as joint surfaces. Micro terraces (Fig. 5F) are made up
of a few mm high micro-dams that are separated by shallow -
<3-5 mm deep - micro-pools. The distance between the individual
micro-dams ranges from 0.5 to 2 cm (Fig. 5F). This lithofacies appears
in the middle of the lower quarry level forming a slightly wavy, 1.5 m
thick layer that is traceable laterally over a distance of up to 5 m. The
layers of micro terraces are displaced by several small fractures with a
vertical displacement of ca. 20-35 cm. The general dip of the layer is
40° to the SW, however, it locally changes due to the displacements.
This lithofacies is surrounded by lithoclastic (breccia) lithofacies.

Lithoclastic (breccia) travertine consists of reworked travertine and
calcite clasts (Fig. 5G, H). The size of the angular clasts ranges from 0.5
to 10 cm in diameter. Clasts are embedded in weakly consolidated or-
ange colored carbonate mud, hereby forming a matrix-supported struc-
ture. Locally, thin calcite encrustation was observed around groups of
lithoclasts (Fig. 5H). It consists of 1 to 3 cm thick crusts containing a
thin (few mm) black manganese oxy/hydroxide rim. Lithoclastic traver-
tine lithofacies is exposed in the lower part of the Cukor quarry. Due to
the ancient mining activity, and to the dense vegetation, this lithofacies
can only be traced in the central part of the quarry up to its eastern edge.
Neither bedding (including lateral and vertical variations) nor any other
structure can be observed within this lithofacies. The contact of the
lithoclastic travertine lithofacies with the massive crystalline and
wavy laminated travertine lithofacies is abrupt.

A brownish banded calcite vein with a thickness of a few centimeter
(ca. 3 cm) (Fig. 51, ]) was observed on the surface of a layer of the mas-
sive crystalline travertine. On this surface, the observed vein is broken
up and exists as angular, poorly sorted cm-sized pieces. The dipping at-
titude of this calcite vein is parallel to the one of the massive travertine
lithofacies (70° to SW; Fig. 51-]).

4.2. RMT and ERT measurements

Based on the RMT measurements, resistivity maps (p,; z: elevation
above sea level) were compiled, indicating the resistivity distribution
at a given horizontal plane. They facilitate the identification of the thick-
ness of the confining layer and the travertine body. This provides the op-
portunity to evaluate the possible travertine linkage between the
quarries. Three electrostratigraphic units (EsU) were distinguished
based on the relative frequency of the resistivity values (Fig. 6). The
lowest resistivity values (<100 Om; EsU I) were detected along the
small ridge situated in the northeastern part of the study area and in
deeper regions (under 245 m a.s.l.), while the greatest resistivities
(>400 Qm; EsU III) were recorded in the Gazda and Cukor quarries.
Transitional resistivity values (100-400 Qm; EsU II) were detected in
the area between the quarries (Fig. 6). In the measured geoelectric pro-
file (ERT) resistivity values range from 50 up to 1000 Qm. The afore-
mentioned three electrostratigraphic units could also be distinguished
within the resistivity profile (Fig. 7). EsU I (<100 Q0m) is the most dom-
inant lateral unit ranging from 80 m till the end of the profile. EsU III
(>400 Om) forms a triangle-shaped unit in the southwestern edge of
the profile wedging out to the northeast. The EsU I, representing a tran-
sition zone in-between EsU I and III, forms a narrow, ca. 15 m wide zone
around EsU IIL.

4.3. Micropetrographic characteristics

The Cukor travertine is microscopically characterized by sparitic cal-
cite, showing different crystal sizes, that either forms the matrix or oc-
curs as pore-filling phases. Within the lithofacies, calcite crystals
appear in the following shapes and forms (Fig. 8):

(1) Micritic calcite develops sporadically in all lithofacies of the Cukor
travertine. The small (1-4 um in size) calcite crystals occur along
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Fig. 5. Overview of the most characteristic macroscopic features of the observed lithofacies. (A) Massive crystalline travertine lithofacies interbedded with thin-bedded/laminated
crystalline travertine. (B) Coated bubbles within massive crystalline travertine lithofacies indicated by yellow arrows. (C) Dense network of straw-like pores in phytohermal
crystalline travertine. (D) Thin-bedded/laminated crystalline travertine lithofacies with characteristic layer parallel pore network. (E) Layers of micro terraces represented by porous
horizons on freshly cut surface. (F) Plan view of the porous horizon along which micro-terraces can be observed. (G) Lithoclastic travertine lithofacies consisting of angular clasts of
travertine embedded in orange colored weakly cemented carbonate mud. (H) Manganese oxy/hydroxide layer covering calcite encrustation around the clasts in lithoclastic travertine
lithofacies. (I) Steeply dipping layers (indicated by the black line) of the massive crystalline travertine towards SW. (J) Thin calcite veneer on the surface of the massive crystalline
travertine (location of the calcite veneer indicated by black rectangle in Panel I).

3

- —

the edges of phyto-mold showing gradual transition into larger
crystal forms (Fig. 8A). In some cases, micrite crystals form
small (10-30 um, respectively) isolated clumps and islands em-
bedded in micro- and sparitic calcite crystals (Fig. 8D). In the
lithoclastic (breccia) travertine lithofacies, micrite occurs as
dense few millimeter sized irregular micritic islands that are
surrounded by sparitic calcite (Fig. 8B).

Calcite micro-spar ranges between 5 and 20 um forming a transi-
tion between spar and micrite crystals.

Calcite spar is represented by equant blocky crystals ranging from
20 up to 150 pum (Fig. 8D-F). This group of calcite crystals is char-
acteristic for the main lithofacies of the Cukor travertine. Two
kinds of calcite spar can be distinguished based on micro-

~—

features. A group of calcite spars consists of crystals with
straight and well-defined boundaries and absence of solid-
inclusions, forming the largest volume of the lithofacies in
which it both occurs as primary fabrics and as pore-filling ce-
ment (Fig. 8B, D, E, F). The other group of calcite spars is defined
by wavy and blurry crystal edges as well as their richness in solid
inclusions (Fig. 8C).

Elongated, feather-like calcite is present in the “micro terraces”
lithofacies (Fig. 8G). These feather-like calcite structures are
made up of radial crystallites with large variations in orientation
showing sweeping extinction under crossed polars. The largest
plate-like crystals may reach several millimeter in length. The
space between the individual “feathers” are filled with micro-



8 A. Torok et al. / Geomorphology 345 (2019) 106836

T 200 surface resistivity on topography

265850 ) . i
L5050 605150 606200 B05250

05700

* RMT site
I

EsUI| EsUll | Esu Il

- AEm
R A S G Sy

electrical resistivity (Qm)

Fig. 6. Resistivity maps at different elevations (p, in meter above the sea level) indicating
electrostratigraphic units (EsU) based on RMT measurement (EsU I - 0-100 Qm; EsU Il -
100-400 Qm; EsU III - 400-1000 Om).

spar and spar crystals. These structures often show a dense
“feather” pattern.

Reworked clasts of the aforementioned calcite fabrics were also ob-
served predominantly within the lithoclastic (breccia) travertine
lithofacies (Fig. 5G). Moreover, some extraclasts are present within
this lithofacies, such as angular quartz grains and bone-fragments.

Dissolution and decomposition of organic matter are the most signif-
icant processes in the formation of porosity and permeability (e.g.
Pentecost, 2005) providing space for subsequent fluid circulation induc-
ing calcite precipitation. The most commonly observed pore types are
vugs, phytomoldic and interparticle pores, all related to these above-
mentioned processes (Fig. 8A, B, F). Different kinds of cements can be
observed within the pore space. The most characteristic cement types
are the equant mosaic cement that partly infills the pore space
(Fig. 8A, B). In some cases, bladed calcite cement was also recognized
(Fig. 8E). In CL microscope, the primary sparitic calcite crystals are pre-
dominantly non-luminescent. However, the inner parts of the crystals is
occasionally exhibit dull-luminescent and/or bright-luminescent zones
(Fig. 8F). Regular alternation of these zones is rare and mottled lumines-
cence of calcite crystals is sometimes observed (Fig. 8F).

44. 680, 63C, Ay7 and 37Sr/%Sr values

5'80 and &'3C values are summarized in Table 1 and Fig. 9 and sam-
ple locations are shown in Fig. 3. Full data are provided in supplemen-
tary Table S1. Sampling was carried out perpendicular to the bedding
as well as along a layer in order to investigate spatial trends in the iso-
topic composition. The 6'3C data range between —2.6 and 0.3%. V-
PDB, with a mean value of —1.2 & 1.7%., whereas 5'80 data range be-
tween —13.9 and —11.4%. with a mean value of —12.9%. + 1.0%. V-
PDB.

5180 signature of the sparite phase is significantly different (mean
value of —13.0%. + 0.5), plotting bellow the 75th percentile of the
data sets of micro-sparitic phase (Fig. 9B). '3C data of the sparite
phase show an average of —1.3 4 0.6%. (ranging between —2.1 and
—0.4%.) having significantly lower carbon isotope signature compared
to the values of the micro-sparite phase (Fig. 9C). Contrary to the sparite
phase, the micro-sparite phase shows significantly heavier 6'C signa-
ture (—0.4%. & 0.4 in V-PDB) whereas 6'20 data represent slightly ligh-
ter values (—13.6%. + 0.2 in V-PDB) (Fig. 9B, C). Stable isotope data of
bulk samples (with a mean value of —1.1%. + 0.7 for 83C and —12.4%.
+ 0.9 for 6'80 in V-PDB) show overlapping characteristics with the
groups of the sparite and micro-sparite phases. There is no significant
difference between stable isotope values of the different lithofacies.

Clumped isotope measurements were carried out on one sparitic
sample (CU15AT003) from the Cukor quarry in order to determine the
temperature of travertine precipitation, and, together with the carbon-
ate 6'80 value, to calculate the 5'80 value of the precipitating fluid. Re-
sults of the clumped isotope measurements are summarized in
supplementary Table S2, and full data are provided in supplementary
Table S2. The determined average A4; value is 0.618 + 0.005%.. The cor-
responding temperature was calculated using the equation of Kelson
et al. (2017) resulting in 22 °C (4-0.005). The sample used for clumped
isotope measurement has a 8'3C value that agrees with the average car-
bon isotopic value for the Cukor travertine samples in Table 1, but pos-
sesses a slightly lower average oxygen isotopic signature. The 680 of
water calculated from the clumped isotope temperature of 22 °C and
580 of carbonate value for sample CUO3 is —11.0 & 0.009%. (V-PDB).
The 6'80 of the water was calculated using the average 5'20 of the
sparite-, micro-sparite and bulk phases of the Cukor with application
of the equations of Kim and O'Neil (1997), Coplen (2007) and Kele
et al. (2015).

The 87Sr/86Sr of the Siittd travertine area does not vary significantly
between the outcrops (Fig. 10A). Strontium values vary between
0.70835 and 0.70860 with an average value of 0.70848. The samples of
the Cukor travertine display an average value of 0.70852, representing a
strontium ratio typical for the Siittd travertine area (see Fig. 10A).

4.5. U-Th dating

U-Th sample locations are indicated on Fig. 4A, and the results of the
analysis are presented in Table 2. The 2*°Th/232Th ratios suggest that
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with one exception, the analyzed samples of the Cukor quarry are low in
detrital thorium (?*°Th/?*2Th <100), therefore detrital correction of
these samples was not necessary. However, the sample from the
lithoclastic (breccia) lithofacies shows considerable contamination by
detrital thorium, therefore age correction was applied. The resulted
ages range from 318 + 18 to 554 4 60 ka BP (Table 2). The vein sample
shows the highest 23°Th/23Th ratios, i.e. a complete absence of detrital
thorium.

5. Data integration and discussion
5.1. Interpretation of travertine lithofacies and fabrics
The observed inclined phytohermal crystalline- and the thin-bedded

crystalline facies are indicative of a slope depositional system. The latter
is quite similar to the one described from the neighboring Gazda quarry

(Torok et al., 2017), and to other slope depositional systems docu-
mented from many localities around the world (Algigek et al., 2017). De-
pending on the temperature and the saturation of the travertine
precipitating fluid(s), plants could have colonized the surface of the
prograding travertine slopes, encrusting the stems of the plants thus
forming the phytohermal crystalline facies. When precipitation rate in-
creased, plants could not keep up with the fast carbonate precipitation
and became buried by layers of thin laminated crystalline crust. The lat-
ter precipitated from a carbonate saturated water film flowing along the
steep slope. This process and variations in precipitation rate likely
caused the observed alternating layers of the phytohermal and the
thin laminated facies (see Fig. 4A). Some parts of the slope had suitable
conditions for the formation of micro-terraces recognized as
redeposited blocks within the lithoclastic travertine facies (Fig. 5E, F).
Micro-terraces are common around springs (Geurts et al., 1992;
Pentecost, 2005). Depending on the distance between dams, the

Fig. 8. Micro-features of the identified lithofacies of Cukor quarry. (A) Phytomold filled with blocky calcite cement. Along the edge of the pore, a few micrometers thick micrite coating can
be observed (PL photo). (B) Angular clasts of massive crystalline travertine enveloped by thin layer of micrite. Between the angular clasts, islands of dense micrite and calcite cement occur
(PL photo). (C) Solid-inclusion rich calcite spar (PL photo). (D) Clotted micrite embedded in sparitic calcite (PL photo). (E) Vuggy pore in massive crystalline crust almost entirely filled
with bladed calcite cement (PPL photo). (F) Equant mosaic cement and solid-inclusion rich sparitic calcite showing dull mottled orange luminescence (upper: PL photo; lower: CL photo).
(G) Elongated, feathery calcite crystal embedded in sparitic calcite (PPL photo). (PL - polarized light, PPL - cross-polarized light).
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Summary of 5'>C and §'80 values of Cukor quarry travertine, from which sparite and micro-sparite phases were separately sampled. Bulk samples represent a mixture of these two phases.

Number of samples 5'3C (%o, V-PDB)

'20 (%o, V-PDB)

Minimum Maximum Average Minimum Maximum Average
Sparite phase 11 —21 —04 —-13+06 —135 —12.2 —13.0 £ 0.5
Micro-sparite phase 14 -1.1 03 —04 4+ 04 —1,313,134.0 —13.2 —13.6 + 0.2
Bulk 6 —26 —0.6 —-11+£07 —134 —114 —124 £ 09

steepness of the slope can be identified (Pentecost, 2005). In case of the
Cukor quarry, the distance between each dam is about 2 cm suggesting
a slope of about 40°.

Carbonate precipitation close to the spring orifice is controlled by
fast degassing, resulting in micro-textures with sparite crystals. Since
both the primary and secondary carbonate precipitates are character-
ized by sparite crystals, separation of different calcite generations is dif-
ficult, however, some micro-features of the crystals can help in making
the distinction. The observed calcite spars represent two groups of dif-
ferent origin. The group with solid inclusion poor sparite crystals
which display clear, well-defined crystal edges represent pore-filling
cement generations (Fig. 8). These crystals are predominantly non-
luminescent reflecting precipitation under oxidizing conditions. The
other group of solid inclusion rich calcite spars with wavy and blurred
crystal edges represents carbonate precipitates that, later on, were af-
fected by neomorphism, i.e. sparitization. Similar evolution was also ob-
served as recrystallization stages of shrubs by Guo and Riding (1994)
and Claes et al. (2017). The solid inclusions could be the remnants of
non-carbonate phases (Torok et al,, 2017). The latter sparite crystals oc-
casionally show mottled luminesce providing additional evidence for
recrystallization (Fig. 8F).

The micro-terraces are made of elongated, feathery crystals (Fig. 8G)
characteristic of thermogene travertine with high precipitation rates
(Guo and Riding, 1992; Pentecost, 2005). Chafetz and Folk (1984) de-
scribed similar crystals from the Central Italian travertine outcrops as
“ray crystals”. Based on the texture of the feathery crystals, they can
be related to a dominance of physico-chemical precipitation, i.e. fast
degassing of highly calcite oversaturated fluids.

In conclusion, micro-terraces and coated bubbles, in particular, are
diagnostic fabrics of spring related travertine deposits (Gandin and
Capezzuoli, 2014). Additionally, the massive white macro-appearance
of the crystalline fabrics, and the micro-scale feathery calcite are typical
for fissure ridge travertine deposits (Guo and Riding, 1998). Although
some crystalline fabrics can be partly related to recrystallization, careful
petrographic observations indicate the existence of primary crystalline
fabrics, too. Evidence for the primary origin of the calcite crystals are
presented by straight crystal boundaries and transparent - inclusion-
free - crystals possessing predominantly non-luminescent characteris-
tics. These suggest fast carbonate precipitation, often in a spring-
proximal position, along a self-created slope depositional environment.
The observed crystalline textural characteristics of the Cukor travertine
body are in contrast with the micrite dominated lithofacies reported
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Location Sample Nr. 8%r/ 8%]_
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Fig. 10. (A) Strontium isotope values of the Siitté travertine area. 5°’Sr values are uniform. (B) Satellite image of the quarries of the Siittd travertine area with indication of elevation above

the sea level.
(Modified after Google Maps.)

from the neighboring outcrops (Sierralta et al., 2010; Torok et al., 2017)
suggesting that the Cukor travertine body is a unique depositional envi-
ronment, where one of the ancient springs of the Siitt6 travertine might
have been located.

5.2. Geophysical methods as powerful tools for mapping morphotectonic
features in travertine depositional systems

On the basis of the lithological succession exposed in the quarries
and boreholes at Siitto, it is obvious that the beds overlying and under-
lying the travertine body have significantly lower resistivity values than
those characterizing the travertine itself (Loke et al., 2013). This allows a
relatively straightforward mapping of the intact travertine body by elec-
tric and electromagnetic methods, in this case RMT and ERT. In fact, after
correlation of the resistivity values with the available borehole informa-
tion (Véghné et al., 1971), field observations (Fig. 3) and literature ana-
logues (e.g. Palacky, 1988), EsU III corresponds unequivocally to
travertine. Likewise, EsU I represents fine-grained siliciclastic sediments
such as loess and sand. EsU II (with transitional resistivity values) could
be interpreted as coarser-grained sediments of travertine and/or loess
and sand. The data set provided by RMT measurements allows prepara-
tion of resistivity maps of the near subsurface region (0-50 m). Based on
these maps the highest elevation of the Cukor quarry is around
275-280 m (a.s.l.). The resistivity map of the level at 245 m (a.s.l.)
(p245 map; Fig. 6) shows absence of travertine, suggesting that the max-
imum vertical extent of travertine here ranges between 30 and 35 m.
Additionally, all p, maps indicate two separated travertine bodies, pres-
entin the left upper and right lower corners on the map. It indicates that
the travertines exposed by the Gazda and Cukor quarries are discon-
nected. Furthermore, the antecedent topography of the travertine
body, displaying the pre-travertine relief can also be identified
(Fig. 11A). It can be concluded that the antecedent topography was al-
ready developed at the time of the Cukor travertine formation i.e. the to-
pographic height of the Haraszt Hill was already present when
travertine deposition began. On its southern slope a local depression
was present providing accumulation space for the formation of the
Cukor travertine. Additionally, on the western slope of the edge of
Haraszt Hill another depression can be seen, suggesting the formation
of the Gazda travertine body also having taken place in a depression.

The geoelectric profile across the Haraszt Hill (Figs. 3, 7 and 11B)
shows a triangle-shaped travertine body in the south-western edge of
the profile, wedging out to the northeast. The surrounding boreholes
(S-13 and S-15, in Figs. 2B and 3) did not intersect travertine, indicating
that the Cukor travertine wedges out towards the NE. The abrupt
boundary between the travertine and non-travertine lithologies sug-
gests a tectonic contact.

In conclusion, ERT and RMT measurements, in combination with
borehole data, facilitated the identification and 3D mapping of traver-
tine and tectonic structures in the subsurface. The travertine consists
of an isolated domal geobody in continuation with the surface outcrops
with a maximum thickness of 35 m. It developed along the south-
eastern slope of the Haraszt Hill in a depressional paleo-topographical
setting.

5.3. Depositional temperature and origin of the parent fluid(s)

5'80 and §'>C values of the travertine body cluster around —13.1%.
and —0.9%., respectively (Table 3). These signatures are diagnostic for
thermogene (Pentecost, 2005) or hypogean (Teboul et al., 2016) traver-
tine deposits, precipitated from dominantly “endogene” (i.e. deep
ground) waters (Crossey et al., 2006). The 5'3C values of the travertine
reflect the 5'3C value of the fluid source as well as the carbon signature
of the porous rock through which the fluid was flowing. Possible CO,
sources are summarized in Fig. 12. Using the empirical equation of
Panichi and Tongiorgi (1976), the 6'Cco; of the precipitating waters
can be calculated. In the case of the Cukor travertine this value plots
around —12 + 2%, suggesting that, beside the main carbon source (i.e.
dissolution of Triassic and Jurassic carbonate successions forming the
dominant part of the Gerecse Hill, e.g. Haas, 2001), some CO, contribution
originated from the atmosphere, from soil and from deeply circulating
fluids (Fig. 12). This observation is in full accordance with previous stud-
ies carried out in the area (Sierralta et al.,, 2010; Torok et al,, 2017).

While the 6'3C value is comparable to the results acquired from the
rest of the Siittd travertine area (Torok et al., 2017), the 880 of the
Cukor travertine is generally lower (Fig. 13). The lower 6'80y,, can be
explained by either a source of lower 680y and/or a higher precipi-
tation temperature. Although the U-Th data indicate a different fluid ep-
isode in comparison to the rest of the Siitto travertine area, based on the
stable carbon isotope signature, the main fluid reservoir seems not to
have changed between the two episodes.

Estimation of the precipitation temperature is challenging due to the
processes of carbonate formation where kinetic fractionation frequently
occurs. Vent and pool depositional environments are the ‘closest-to-
equilibrium’ places where temperature calculation can be done with
the least error (Yan et al., 2012; Kele et al., 2008, 2011, 2015).

For paleo-temperature calculation, equations of Kim and O'Neil
(1997), Coplen (2007) and Kele et al. (2015) were used (Table 3).
580 of the travertine precipitating fluid was calculated using the tem-
perature derived from the measured A4 value and the above equations,
which are based on the temperature dependence of calcite-water oxy-
gen isotope fractionation (Table 3). Based on the §'80 of the travertine
precipitating fluid, precipitation temperature of the different calcite
phases (i.e. sparite and micro-sparite phases) can be calculated. The
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Table 2

resulting 6'80yater Values were then compared to the 6'80ya¢r values
provided by Babidorics et al. (1998) in order to select the most plausible
5'80uater values for the Pleistocene waters. According to Babidorics et al.
(1998) the ground waters infiltrated in Pleistocene times in the thermal
karst system of the Buda Mountains (Hungary) are characterized by a
5180 range of —14%. to —11%., whereas the thermal waters have §'%0
values between —12.7%. and —9.4%. (V-SMOW). Our U-Th dating re-
veals that the Siitt6 travertine area was active during Pleistocene, in
agreement with Kele (2009) and Sierralta et al. (2010). Consequently,
the travertine precipitating fluids could have been characterized by a
similar 6'80 range as the waters in the Buda Mountains represented
by an oxygen isotopic range from —14%. to —9.4%. (V-SMOW), suppos-
ing a combination of karstic and thermal water origins. Our calculations,
using the equation of Kim and O'Neil (1997), resulted in a 680y ater
value of —9.3%. (V-SMOW), which is out of the above range. The equa-
tion of Kele et al. (2015) suggests karstic water origin with calculated
value of —12.3%. (V-SMOW) whereas equation of Coplen (2007) re-
sulted 6'80yater signature of —10.9%. (V-SMOW) with dominance of
thermal water contribution. In all cases, equilibrium is assumed.

Using the calculated 6'80,yer signatures (indicated in the second
column of Table 3) and considering the §'80,yatr ranges provided by
Babidorics et al. (1998) (indicated in the last column of Table 3), the
temperatures of all Cukor travertine samples could be calculated
(Table 3). Depending on the applied 6'80y,ater value, the micro-sparitic
calcite phase is characterized by the highest calculated precipitation
temperature ranging between 34 and 36 °C, while the sparite phase
could have precipitated from slightly colder fluids (31-32 °C). Our cal-
culations demonstrate that the derived temperatures only slightly de-
pend on the equation used in the calculations. Comparing the results
of this study with the one published on the neighboring Gazda quarry
(Torok et al., 2017) (Fig. 13 and Table 3), it can be stated that the tem-
perature of the precipitation fluid must have been at least 7 °C higher
in case of both sparite and micro-sparite phases of the Cukor travertine
than in the case of the Gazda travertine body.

On the basis of the 7Sr/Sr ratios there is no significant difference be-
tween the values of the Cukor travertine and the neighboring travertine
body exposed in the Gazda quarry (Fig. 10). This suggests that even though
these travertine bodies show petrographic differences and were formed in
isolated depositional environments, the travertine precipitating fluids orig-
inated from the same reservoir. The Sr signatures of the travertine deposits
of the Siitt6 area, however, are significantly higher than those of either the
Upper Triassic (0.7076-0.7080) or the Eocene (0.7077-0.7078) marine
carbonates forming the dominant part of the reservoirs in the
Transdanubian Range (e.g. Brass, 1976). This indicates that the travertine
precipitating fluid(s) also could have interacted with other rock sequences
with higher 87Sr/%5Sr-ratios (e.g. McArthur et al,, 2001). Based on the local
geology, Paleogene (i.e. Oligocene) siliciclastic rocks, characterized by
higher 87Sr/86Sr-ratios are likely candidates, because they occur in the
Siittd area directly underneath the travertine and on top of the Mesozoic
and Paleogene successions. Given the uniform signature, leaching of Sr
with high 87Sr/25Sr-ratios from these Oligocene lithologies might have
happened during (downward) percolation of the fluids.

In conclusion, stable and clumped isotope data suggest that the
Cukor travertine precipitated from waters coming from the same main
reservoir, although precipitation temperature was most likely higher
than the one inferred for the other nearby travertine deposits
(Fig. 13). This supports the idea that the area of the Cukor quarry was
a discharge center of the travertine depositing springs. Additionally,
the travertine precipitating fluids interacted not only with Upper Trias-
sic and Eocene marine carbonate successions but also with Oligocene
siliciclastic rocks, resulting in a mixed 87Sr/36Sr signature.

5.4. The age of the travertine body

The age of the Siitt6 travertine complex has been estimated by several
methods resulting in several independent age ranges (Ruszkiczay-Riidiger
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etal,, 2005). The new results have been compared with the previous dating
results (Fig. 14) in order to verify the simultaneous deposition of the Cukor
travertine body and the other neighboring travertine deposits in the area.

Micro-petrographic analyses revealed that the samples selected for
U-series dating were crystalline with a dominance of calcite (>99%).
The 23°Th/?*?Th atomic ratios confirm the purity of the samples with
low contamination as inferred from thorium concentrations that nor-
mally are detrital in origin (23°Th/23?Th <100, Richards and Dorale,
2003; Woodhead et al., 2006). Diagenetic overprint of the primary
sparitic calcite generation, as well as the cementation, has been ob-
served to affect the initial uranium and thorium content of travertine
(Livnat and Kronfeld, 1985). Due to this, samples with clear indication

Table 3

of recrystallization were avoided as far as possible. To test the level of
thorium contamination a sample was taken from the lithoclastic (brec-
cia) travertine facies that apparently formed via the reactivation of the
NW-SE directed normal fault after travertine formation (Fig. 6). Since
its micro-petrographic characteristics suggest weathering and
micritization, leaching of uranium is likely to result in an older age in
such a sample (Clark et al., 1991). The older age of the lithoclastic (brec-
cia) travertine facies can indeed be interpreted as a result of uranium
leaching due to subaerial exposure and can be considered as an outlier.
Based on the remaining data, the formation of Cukor travertine started
about 553 + 60 ka and continued until about 318 4 18 ka. The U-Th
age data provided by Kele (2009) and Sierralta et al. (2010) represent

Calculation of the oxygen isotope compositions and temperatures of the travertine precipitating fluid(s) based on clumped isotope measurement. The blue bar on the right indicates the
5'%0 range of the karstic waters, whereas the pink bar shows signal of the thermal waters in the Pleistocene times (based on Babidorics et al., 1998). Temperatures as well as &'®0yacer
signatures within these ranges are accepted as potential values of the travertine precipitating fluid(s).

Gazda quarry .
Calculated Cukor quarry (Torsh et al., 2017) Range of:
B0 yat . Micro- .
water Sparite . Karstic Thermal
(V-SMOW) | g | Sparie Bulk | Average waters waters
18 )
MeaSI(l{;?-(li)DB)OCalclle ~13.0 ~13.6 124 —-10.8 (Babidorics et al., 1998)
T°C
(Kim and O'Neil, -9.3 32 35 29 22
1997)
T°C
(Coplen, 2007) -10.9 32 36 29 22
T°C
(Kele et al,, 2015) -12.3 31 34 28 22
T°C ( 47) 22
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younger ages for the travertine formation in the area with a maximum
interval of 444-144 ka (including errors) based on samples from the
Diésvolgy, Hegyhat and Ujharaszt quarries (Fig. 10B).

The age of the travertine body was also estimated based on the fossil
content of the Cukor quarry (Pazonyi et al., 2014), which suggests that
its formation started much earlier, during the Pliocene - Early Pleisto-
cene (Fig. 14). However, this apparent discrepancy in age can possibly
be interpreted by supposing the re-deposition of older fossils. Taken to-
gether, the new and previously published age data of the Siitt6 traver-
tine area (Lantos, 2004; Kele, 2009; Sierralta et al., 2010; Pazonyi
et al.,, 2014; Ruszkiczay-Riidiger et al., 2018) indicate that the Cukor
travertine body must have formed during an independent precipitation
phase and represents the oldest deposit of the Siitto travertine complex
(Fig. 14).

5.5. The Cukor deposit as a fissure ridge—-type travertine body: integration of
the results

The steeply dipping travertine beds exposed in the Cukor quarry,
coupled with the opposite dip of the beds on the northern and southern
parts of the outcrop (e.g. Fig. 4), strongly suggest deposition from ther-
mal spring(s) aligned along the apical part of a fissure ridge (Fig. 15).
The fact that this part is now characterized by lithoclastic (breccia) trav-
ertine suggests that the fault zone, along which fluids where channeled,
also was active after the formation of the fissure ridge. Travertine

lithoclasts are bordered with calcite cements attesting a hydrothermal
circulation coeval with deformation of the pre-existing travertine. The
elongated shape of the travertine body, the nearly parallel subvertical
beds forming the opposing slopes, as well as the occurrence of banded
calcite veins following the same trend of the whole body strengthens
the hypothesis of a NW-SE oriented fissure ridge, now dismantled. Its
occurrence and geomorphology indicate a buried fault zone, which
played the role of the feeder conduit for thermal springs (Figs. 4, 5).
The micro-terraces and coated bubble facies are diagnostic proximal
travertine fabrics (Gandin and Capezzuoli, 2014). In addition, the mas-
sive white macro-appearance of the crystalline fabrics and the micro-
scale feather-like calcite indicate fast carbonate precipitation, typical
for fissure ridge travertine deposits (Guo and Riding, 1998). The isola-
tion of the travertine body is confirmed both in space (surface and sub-
surface mapping) and time (oldest U-Th age). The stable and clumped
isotopes suggest a higher precipitation temperature from the same res-
ervoir for Cukor travertine compared to the rest of the Siitt6 travertine
complex. The central fissure of the ridge was highlighted by geophysical
data (Fig. 11B). By these analyses, the northern wall of the ridge is topo-
graphically higher and its layers are steeper than those of the southern
one (Fig. 4). In addition, the geoelectric profile shows a steep boundary
between the travertine body and its substratum (Fig. 11B). These obser-
vations attest that the original fissure ridge could have been slightly
asymmetric, as documented in other areas where fissure ridges devel-
oped along the traces of normal faults (i.e. Terme S. Giovanni, Italy; De-
nizli area, Turkey; Brogi and Capezzuoli, 2009; Brogi et al., 2014b,
2016b). In this view, the fault along which the Cukor fissure ridge devel-
oped was characterized by a dominant normal movement with the
northern part of the deposit corresponding to the fault-hanging wall
(Figs. 4, 15, 16).

Several observations indicate that the original attitude of the traver-
tine beds was modified due to fault activity after their deposition: a) the
micro-terraces that developed in the southern wall of the fissure ridge
are tilted (Fig. 5E-F); b) the two sides of the ridge display different
dip values (Fig. 4A); and c) lithoclastic (breccia) travertine in the central
zone of the quarry, in the apical area, can be the result of a brittle defor-
mation of the travertine deposited over the buried fault (Fig. 4A): in this
view the lithoclastic (breccia) travertine is interpreted as the result of
fault activity after the travertine formation. Alternatively, such
lithofacies might be the result of the collapse of some parts of the fissure
in correspondence with the central fissure. A similar complex origin of a
travertine breccia was described in case of a Slovakian ridge by
Gradzinski et al. (2014). Clasts of the lithoclastic lithofacies ranging
from 0.5 up to several centimeters are partially cemented and float in
a weakly consolidated carbonate mud. The occurrence of loess and/or
carbonate rich soil filling the open fractures suggests an episode of sub-
aerial exposure of the whole structure after hydrothermal fluid circula-
tion ceased. In conclusion, the formation of the lithoclastic travertine is
polygenetic and was the result of the combination of tectonic and sedi-
mentary processes.

The results of the different methods complement each other,
allowing the unequivocal reconstruction of the whole Cukor travertine
body, and also its feeding system. The conceptual model displaying its
evolution is illustrated in Fig. 16.

5.6. Local geological framework and the Cukor fissure ridge

The Cukor fissure ridge developed along a NW-SE trending normal
fault that is interrupted, and locally dissected, by NE-SW trending frac-
tures (Fig. 16). This setting fits into the tectonic evolution of the
Transdanubian Range and the Pannonian Basin. According to Wéber
and Siile (2014) and Wéber (2016), seismic activity in the central part
of the Pannonian Basin is regarded as moderate. Looking at the Gerecse
Hills (Fig. 2A), the two main fault systems are: (1) NE-SW trending
strike-slips and normal faults, formed in a time interval between late
Miocene to Present, and (2) NW-SE trending normal faults, which
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Fig. 13. Cross-plot of §'>C-5'80 values of the Cukor travertine with indication of the values from the neighboring Gazda quarry (based on Térok et al., 2017).

were active during the Cretaceous-Cenozoic time span. Faults of
the study area (Figs. 15, 16) show both of these trends as reported in
Fig. 2A. However, different ages can be deduced on the basis of this
study: as documented by the new U-Th results (Fig. 14, Table 2) depo-
sition of the Cukor fissure ridge can be constrained to a time interval be-
tween about 554 4- 60 and 318 + 18 ka. This constraint implies that the
NW-SE trending fault system must have been active, at least in the
study area, also during the Middle Pleistocene, right before providing
the structural path for the travertine precipitating fluid. Field observa-
tions reveal that the NE-SW trending fractures post-date the formation
of the Cukor fissure ridge (Fig. 16), suggesting reactivation of this fault
population and post-dating the fault system of NW-SE orientation.
Travertine precipitation cannot be ascribed to the NE-SW trending

fractures in the case of the Cukor fissure ridge. Torok et al. (2017) de-
scribed a NNE-SSW trending fault system from the neighboring Gazda
quarry, strictly controlling the travertine deposition. These findings sug-
gest that the regionally observed NE-SW trending fault system was
reactivated after the NW-SE trending normal faults, and that these frac-
tures also acted as pathways for travertine precipitating fluid(s) outside
of the Cukor fissure ridge.

6. Conclusions
This study presents a multi-methodological approach to recon-

struct an eroded, dismantled and buried fissure ridge system and
its fault network. Combined stratigraphical and sedimentological
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analyses and mapping of the travertine deposits represent the first
step of the approach. Lithofacies distribution and isotope geochemis-
try helped to reconstruct the paleo-thermal spring location
(s) revealing the occurrence of supposed buried faults. Clumped iso-
tope data were used to determine the temperature of deposition and
the 6'80 of the paleo-springs. Geophysical data (combination of RMT
and ERT) allowed us to delineate the geometry of the non-exposed

travertine body and confirmed the existence of the related buried
tectonic structures. The methodological approach that was tested
here for the Cukor fissure ridge is recommended for use in other
areas showing similar exposure conditions, buried faults and related
geothermal systems. Reconstruction of buried travertine bodies with
this integrated approach can provide insights into older landscapes
(maybe even older than Pleistocene) that lack preservation or
would no longer be immediately recognized at the surface. The re-
sults of this study can be summarized as follows:

Radiomagnetotellurics (RMT) reveal that the Cukor travertine body
was formed in a local depression of the southern slope of Haraszt
Hill, and that the maximum thickness of the fissure ridge was 35 m.
The Cukor and Gazda travertine bodies are disconnected, suggesting
that the Cukor travertine formed in an isolated depositional environ-
ment of the Siitt6 travertine complex. Geoelectric profiles (ERT) con-
firm the presence of a NW-SE directed normal fault which served as
fluid-pathway for the water supply supersaturated with respect to
carbonates.

The Cukor fissure ridge developed along a major NW-SE trending
fault, active (at least) during the middle Pleistocene. It could be
interpreted as a reactivated fault segment belonging to the
Cretaceous-Cenozoic normal fault system in this sector of the
Pannonian Basin.

U-Th dating shows that travertine formation (and the reactivation of
the NW-SE directed normal fault) started about 553 + 60 ka ago
and continued until about 318 4 18 ka ago, suggesting that the
Cukor fissure ridge is the oldest member of the Siittd travertine com-
plex.

Although the Cukor spring, in accordance with the isolated position of
the fissure ridge, was not a direct source of the extensive travertine
body of Siitt6. Stable carbon and strontium isotope measurements re-
veal that the travertine precipitating fluid of the Cukor travertine had
the same origin as those of all the other neighboring travertines in the
Siittd travertine area.

Oxygen isotopic composition of the travertine precipitating fluid was
calculated based on clumped isotope temperature values. The calcu-
lated precipitation temperatures of the Cukor fissure ridge suggest
that the fluid was at least 7 °C higher (between 28 and 36 °C) than
that of the neighboring Gazda travertine.
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