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ABSTRACT

Travertines are terrestrial carbonates that are commonly associated with fault
activity in extensional and transtensional basins. The faults serve as con-
duits for the rising and mixing of carbonate-enriched fluids with thermal
and meteoric CO, inputs promoting travertine precipitation at the surface.
Therefore, travertine successions provide key constraint on the faulting,
depositional environments, fluid flow and climate. This work focuses on the
travertine succession in the Miocene Levac¢ Basin, the marginal basin of the
Morava Corridor situated at the junction of the Dinarides and the southern-
most Carpathians. Detailed sedimentological, geochronological (U-Pb age,
laser ablation — inductively coupled plasma - mass spectrometry) and struc-
tural analyses of the travertines are used to reconstruct the evolution of the
feeding geoothermal system. Furthermore, these data were used to under-
stand the controlling factors governing alternation of fluid flows enriched in
thermally generated and meteoric CO,, and precipitation of travertines in
Levac Basin, and finally to elucidate the late stage of basin evolution. Four
facies associations are distinguished within the succession, i.e. travertine
slope, ridge, flat, and travertine flat under the fluvial influence. The results
demonstrated that travertine deposition was controlled by north-west/south-
west and north-east/south-east normal fault arrays. Stable isotope data show
positive 8'°C values (with 8'®0 being negative) shifting to negative in the
distal and stratigraphically younger deposits implying dilution of deep
hydrothermal fluids by mixing with meteoric waters. Finally, travertine
deposits yielded a new U-Pb age of ca 14 Ma indicating that the Middle
Miocene extensional phase known from other intermountain basins in the
Dinarides reached as far east as the Leva¢ Basin and Morava Corridor.

Keywords Dinarides, extensional tectonics, hydrothermal fluid flow, intra-
montane basin, Miocene, travertine.
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INTRODUCTION

Travertine, especially thermogene, precipitated
from fluids enriched in thermally generated CO,
(sensu Pentecost, 2005), is commonly associated
with fault activity as frequently observed in
extensional and transtensional tectonic regimes
(e.g. Hancock et al., 1999; Faccenna et al., 2008;
Brogi et al., 2012, 2014; Van Noten et al., 2013;
Bigi et al., 2014; Vignaroli et al., 2016), while
travertine is less common in compressional to
transpressional settings (e.g. Mesci et al., 2008;
Sanchez et al., 2020; Canora et al., 2023). In all
of these settings, active faulting and fracturing
provide paths for the circulation and mixing of
carbonate-enriched endogenic and meteoric
fluids from which thermogene travertines pre-
cipitate upon reaching the surface (e.g. Pentecost
& Viles, 1994; Pentecost, 1995).

Fault-related travertine deposits are studied
worldwide to retrieve information about the
fault network, age of the deposition/faulting
activity, heat source, geothermal field evolution,
physical and chemical parameters of thermal
water (temperature, pH, discharge rate), palaeo-
climate, availability of carbonates in the base-
ment, basin palaeorelief and topographic
gradient (e.g. Altunel & Hancock, 1993; Guo &
Riding, 1998; Brogi et al., 2012; Yan et al., 2012;
De Filippis et al., 2013a, 2013b). In particular,
the stable isotopes of oxygen and carbon provide
information on palaeotemperatures of the source
fluid, circulation depths and the fluid source(s)
i.e. hydrothermal, magmatic, biogenic or mantle-
derived CO, (e.g. Minissale et al., 2002; Kele
et al., 2011). Therefore, the thermogene traver-
tines in the extensional intramountain basins
may yield constraints on the extensional process
and regional tectonic events (e.g. Brogi, 2004;
Croci et al., 2016; Vignaroli et al., 2016), poten-
tially including mantle processes like delamina-
tion (e.g. Minissale, 1991; Minissale et al., 2002;
Newell et al., 2005; You et al., 2023).

This paper investigates the thermogene
travertine-dominated succession from the Mio-
cene Levac Basin (Serbia) aiming towards an
understanding of the factors controlling the inter-
play between fluids carrying thermally generated
and meteoric CO,, and their effect on the traver-
tine evolution, depositional cycles (for example,
alternation of thermogene-dominated and
meteogene-dominated travertine successions,
sensu Pentecost, 2005) and geometries. The Levac
Basin forms a marginal subbasin of the larger
extensional system called the Morava Corridor

(Fig. 1). Morava Corridor is located at the junc-
tion between the Dinarides, southernmost Car-
pathians and Pannonian Basin (Fig. 1A and B).
Previous studies suggested that the regional
extension started in the middle Oligocene, ca 29
to 27 Ma (Erak ef al., 2017) and was controlled by
a combined effect of Carpathian and Dinaridic
retreating slabs (e.g. Matenco & Radivojevic, 2012;
Krstekanic et al., 2020, 2022; Kosti¢ et al., 2021).
Stratigraphic data show that the alluvial to lacus-
trine deposition in the Morava Corridor and mar-
ginal basins (for example, Levac Basin, Popovac
Basin) started several million years later in the
Early Miocene (ca 17.0-16.2 Ma, Markovi¢, 2016;
Sant et al., 2018a). The onset of deposition over-
laps with the onset of the Miocene Climatic Opti-
mum (MCO, Zachos et al., 2001), characterized
by globally warm and wet climate conditions.
The MCO probably stimulated the lake formation,
as observed in other lakes across the Dinarides
(e.g. De Leeuw et al., 2010). The association of
these deposits with normal faults (this study;
Knezevi¢, 1997; Matenco & Radivojevié, 2012)
shows an important tectonic contribution to its
evolution.

This work complements previous studies by
providing a detailed investigation of the traver-
tine succession in the Leva¢ Basin in order to
derive a depositional model. This model shows
a better insight into the controlling factors affect-
ing the changes in travertine depositional
dynamics and geometry through time.

This study includes five main objectives: (i)
analysis of the travertine sequence; characteriz-
ing (ii) the depositional environments, and (iii)
their relation to faulting phases in the Levac
Basin; (iv) tracing the water source and tempera-
tures at the spring; and (v) delineation of the
mechanisms controlling depositional cyclicity of
the travertine succession. To do so, this study
combines sedimentological, mineralogical, struc-
tural analysis, U-Pb radiometric dating, oxygen
and carbon stable isotope data of the travertine.

GEOLOGICAL SETTINGS

Regional setting

The studied travertines from the Lozovik quarry
are situated along the north-western flank of the
Levac Basin which is a member of the Miocene
Serbian Lake System (SLS, Fig. 1, Krsti¢
et al., 2003, 2012, Sant et al., 2018a, 2018b). The
transition from the Morava Corridor to the
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Fig.1. (A) Tectonic map of Alpine — Carpathian — Dinaridic system (modified after Schmid et al., 2008). An over-
laying transparent polygon represents Pannonian Basin realm. Red thick lines with dextral kinematic indicators
delineate Cerna-Timok dextral strike-slip zone. A dashed orange line divides the internal and external parts of
the Dinarides, towards the east and west, respectively. Pink polygon marks Serbian Lacustrine System (SLS); Inset
shows simplified map of Europe with the location of the Alpine — Carpathian — Dinaridic system shown in the fig.
(B) Geological map of Leva¢ Basin (modified after Doli¢ et al., 1978). The black rectangle delineates the extent of

Fig. 3A.

Carpathians to the east is formed by the wide
Cerna-Timok dextral strike-slip zone (e.g.
Kriautner & Krsti¢, 2003).

This region is strongly influenced by the latest
Cretaceous to earliest Palaeogene collision
between Europe and Adria plates along the Sava
suture zone (Fig. 1A; Schmid et al., 2008).

During Oligocene to Miocene times, the region
underwent several stages of extension controlled
by retreat and subsequent break off of the
Dinaridic slab (e.g. Matenco & Radivojevi¢, 2012;
Andri¢ et al., 2018a) and the Carpathian slab
(Fodor et al., 2005). The Carpathian slab retreat
resulted in the opening of the Pannonian Basin
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(in the north and north-east) and a clockwise
rotation around the Moesian platform (in the
east, Kriautner & Krsti¢, 2003; Krstekanic
et al., 2022). This rotation was accommodated
by the Cerna-Timok dextral strike—slip zone.

Structural data of the pre-Oligocene basement
of the area surrounding the Morava Corridor
suggest that the middle Oligocene orogen-
parallel extension was accommodated by north—
south striking faults (starting around 29 Ma; Erak
et al., 2017; Krstekani¢ et al., 2020). This tec-
tonic phase was associated with the reactivation
of the Sava suture zone and thrusting (e.g.
Ustaszewski et al., 2010; Schefer et al., 2011;
Stojadinovi¢ et al, 2013). The subsequent,
orogen—-perpendicular extension mostly led to
the formation of Early-Middle Miocene intra-
mountain basins, likely pull-apart basins (associ-
ated with east-west striking faults), located
between the eastern flank of the Morava Corridor
and the Cerna-Timok strike—slip fault zone
(Krstekanic et al., 2020).

Deposition in the Morava Corridor started
in the Early Miocene (e.g. Knezevi¢, 1982, 1996;
Matenco & Radivojevi¢, 2012) and likely
included two depositional cycles during Early
and Middle Miocene (Knezevié, 1982, 1996;
Knezevi¢ et al., 2016). The deposition was associ-
ated with north-south striking and east-dipping
(system of) listric normal fault(s) and roughly
east-west striking normal faults (Knezevi¢, 1997;
Matenco & Radivojevi¢, 2012). However, the rela-
tionship between north-south and east-west
striking faults has not been determined.

Levac Basin

The Levac Basin is formed by syn-kinematic
deposition above a likely listric fault that is
probably a reactivated thrust as a normal fault,
as observed in the northern part of the Morava
Corridor (Matenco & Radivojevié, 2012). The
pre-Miocene basement of the Leva¢ Basin com-
prises Palaeozoic metamorphic rocks of the
Serbo-Macedonian Massif, mainly micaschists
with lenses of amphibolite, gneisses, amphibo-
lite schists, quartzites, carbonaceous and dolo-
mitic marbles (Fig. 1; e.g. Doli¢ et al., 1978).

The oldest Miocene basin deposits are alluvial
coarse-grained deposits of the Sibnica Formation
cropping out along the south-western basin mar-
gin (Fig. 2; sensu KneZevi¢, 1982, 1996;
Knezevié¢ et al., 2016). The fossil mammal fauna
that corresponds to the MN4 mammal zone, sug-
gests a deposition age of ca 17.2 to 16.6Ma

(Markovi¢, 2016). Laterally, the Sibnica Formation
passes into the lacustrine Dragovo — Kaludra For-
mation (Fig. 2; sensu Doli¢, 1980; Knezevic¢
et al., 2016). These are overlain by the deposits
(KruSevica—Pcelice, KneZevi¢ et al, 2016) of
the second lacustrine phases that transgressively
overlay pre-Neogene basement (Fig. 2). Based
on faunal similarities, this formation was probably
coeval with the development of Lake Popovac (14.6
to 14.2 Ma, Sant et al., 2018a) located on the eastern
margin of the Morava Corridor. The fluvial-deltaic
successions of the Belica-Belusi¢ Formation
unconformably cover the KrusSevica-Pcelice For-
mation (Fig. 2; sensu KneZevi¢ et al., 2016). This
formation also extends into the Velika Morava
Graben (central part of the Morava Corridor,
Doli¢, 1980) suggesting that Leva¢ Basin and
Velika Morava Graben were connected. However,
in the Velika Morava Graben, the Belica—Belusi¢
Formation is overlain by marine series deposited
shortly before the Sarmatian (12.6 Ma), while
marine deposits have not been detected in Levac
Basin, so far.

The Lozovik travertine deposit represents a lens
in the upper part of the Belica—Belusi¢ Formation
(Doli¢ et al., 1978) against the basin bounding nor-
mal fault (Fig. 2). It comprises travertines, oncoidal
limestones, and fluvial tufa intercalated with con-
glomerates, sandstones, siltstones and marlstones
(Ili¢, 1952). The thickness of the travertine deposit
varies from 1 to 60 m with an average of 23 m cover-
ing an area of 120000m? (Ili¢, 1952). Travertine
layers contain redeposited remains of Hemicion
sansaniensis Lart., Anchitherium aurelianensis
Cuv., Dicrocerus elegans Stehlin and Dicerorhinus
(Ciri¢, 1962). These remains correlate with mam-
mal remains from the Prebreza locality that corre-
spond to the MN6 mammal zone (Stefanovic,
2004), likely covering a time frame between
13.0Ma and 12.5Ma (Agusti et al, 2001). Plio-
Pleistocene lacustrine deposits of Guvno Formation
and Holocene fluvial and alluvial deposits
(Knezevic et al., 2016) are the youngest of the Levac
Basin.

METHODS AND SAMPLES

Detailed sedimentological and structural mapping
of the open quarry Lozovik was carried out. Sedi-
mentological mapping included facies description,
recognition of depositional geometries and archi-
tecture, and sampling. Facies are distinguished
based on textural characteristics, calcite crystal
morphology, components and colour (Table 1).
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Fig. 2. Synthetic lithostratigraphic
scheme for the Levac Basin (based
on the data available in Doli¢

et al., 1978; Knezevi¢, 1982, 1996;

Matenco & Radivojevié, 2012;
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Facies are classified by the terminology proposed
by Della Porta et al. (2017a,b) and references
therein. Further on, facies are grouped into facies
associations based on their distribution, stratal
geometries and relationships with the faults and fis-
sures (e.g. Chafetz & Folk, 1984; De Filippis
et al., 2012; Claes et al., 2015). For the sake of sim-
plicity, facies associations are labelled by their
interpretative genetic names. Moreover, the miner-
alogical and structural characteristics of the traver-
tines are analysed by polarized transmitted light
and scanning electron microscopy (SEM, details
are described in Data S1).

Structural mapping included analysis of the
faults, their kinematics, geometry, architecture
and cross-cutting relationships. The sense of
movement is determined using kinematic indi-
cators such as Riedl fractures and slickensides.
The relative age of the faults was deduced by
cross-cutting relationships.

The 41 samples of travertine from the Lozovik
quarry were selected for stable oxygen and car-
bon isotopic analysis. About 0.3 to 0.5mg of
powder was used to measure oxygen and carbon
isotope performed by adding 100% H3;PO, to
samples heated at 70°C using GC PAL online

Knezevic et al., 2016).

system and subsequent analysis of *C and '?0O
by a ThermoFisher DELTA-V isotope ratio mass
spectrometer (ir-MS; Thermo Fisher Scientific,
Waltham, MA, USA) at Montanuniversitit, Sta-
ble Isotope Laboratory (Leoben, Austria; 17 sam-
ples, LT2-11, Table 2) and 0.3 to 0.5mg at the
Laboratory for Environment and Raw Materials
(LERA) of the Institute of Applied Geosciences
at Karlsruhe Institute of Technology (Karlsruhe,
Germany; 24 samples, Samples 1 to 8, Table 2).
The uncertainties of the isotope measurements
at LERA are in the range of 0.07%. for 8'°C and
0.08%0 for 8'0. Based on duplicate analyses,
the uncertainty in §'°C and §'°0 is in the range
of 0.1 to 0.2%0. at Montanuniversitit, Stable Iso-
tope Laboratory. The results are reported relative
to the Vienna Pee Dee Belemnite (VPDB) stan-
dard for both calcite §'°C and §'®0 (e.g. Zaras-
vandi et al., 2019). The present study uses §'°0
values to calculate the temperature of the traver-
tine parental fluids following the equation of
Kele et al. (2015):

T = (16.8* 1000)/(1000" Ina + 26)—273.15;

whereas
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Table1. Overview of the lithofacies distinguished in the studied sedimentary succession.

Facies
code Facies texture

Description

Depositional processes and
environment

F1 Light crystalline crust
travertine

F2 Dark crystalline crust
travertine

F3 Coated gas bubble
boundstone to
wackestone

F4 Clotted peloidal
dendritic micrite,
microsparite
boundstone

Dense white to beige-brown wavy to hori-
zontal bands dominated by elongated
coarse calcite (sparite) crystals perpendicu-
lar to the band surface; calcite has pris-
matic, blade or feather-like morphology,
and may contain fluid inclusions; blocky
crystals are rare and often present in the
hinges of the folded bands; crystals are usu-
ally arranged radially forming fans; band
thickness varies from >1 to 5 cm, often
grouped into band sets reaching up to 2m
in thickness; upper and lower boundaries
are sharp; upper boundaries laterally,
layers are continuous or pinching out;
alternating vertically with F2, F3, F5, F9,
can be cross-cut by F2

Dense dark coloured wavy to horizontal
bands dominated by the dendritic, blade —
and feather-like calcite associated with
accumulations of opaque minerals and/or
clotted micrite that are either accumulated
along crystal or cleavage boundaries, but
also as bands cross-cutting them; upper
and lower boundaries are sharp; and
thickness varies from 1 to 10 cm grouped
into band sets reaching 1.5 m in thickness;
in most cases, they fill faults and fissures;
in the uppermost part of studied travertine
succession, they form laterally extensive
layers that vertically alternate with F1, F3
and F11

Highly porous white and beige boundstone
to wackestone, with horizontal to weak
wavy bedding; pores range from millimetres
to centimetres in size; coatings are made of
white dense fan-like, feather-like, or den-
drite coarse calcite-sprite; coated bubbles
exhibit ellipsoidal to isometric geometry;
coated bubbles with ellipsoidal are perpen-
dicular to the depositional surface; bed
thickness varies from 0.5 to 1.5 m; lower
and upper boundaries are flat and wavy,
respectively; in the vertical succession it
alternates with F1

Porous, beige to pale grey small shrubs;
internally made of peloids and clots of
micrite with dendritic to irregular
framework engulfed within microsparite
or sparite; growth is arranged in multiple
laminae reaching cumulative thickness up
to 15 cm; laminae are often separated by
oncoids (F5) and/or paper-thin rafts (F6)
with/without limonite crusts; they form
horizontal layers or mounded structures
that pinch out laterally

Precipitation of calcite caused by
rapid CO, degassing from fast-
flowing waters on clinoforms of the
smooth slopes or terraced slopes at
the rims of the pools (e.g. Folk

et al. (1985), Guo & Riding (1998)

Deposited by rapid precipitation
from fast-flowing waters: (i) along
the slopes, rafts and fault planes
(e.g. Folk et al., 1985; Guo & Rid-
ing, 1998); and/or (ii) along the
vent, fault plains/fissures (e.g. Della
Porta, 2015; Della Porta

et al., 2017a, 2017b)

Rapid precipitation of calcite on
the gas bubbles trapped among the
crystals in standing water in the
pools and ponds (Allen &

Day, 1935; Chafetz & Folk, 1984;
Della Porta et al., 2017a,b); gas
bubbles may be CO, generated by
shallow boiling, turbulence or
pressure release (Jones &

Renaut, 2010) or by microbial
activity (Guo & Riding, 1998)

Microbially mediated precipitation
of calcite in terrace pools,
depressions, or flats from slow-
flowing waters (e.g. Chafetz &
Folk, 1984; Guo & Riding, 1994,
1998; Della Porta, 2015). Limonitic
micrite laminae between shrubs
suggest interruption of deposition
and frequent subareal exposure
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1220 N. Andri¢-Tomasevié et al.

Table1. (continued)

Facies
code Facies texture

Description

Depositional processes and
environment

F5 Oncoidal grainstone

F6 Laminated micritic
boundstone

F7 Coated reed
boundstone,
grainstone

F8 Lithoclastic breccia

F9 Hydraulic breccia

F10 Intraclastic packstone

to wackestone

Beige spherical to irregularly rounded
oncoids bounded by microsparite; oncoid
size varies from 0.1 to 1.0 mm with grain
or pore space as nuclei. The oncoids are
welded together to form mounded-like
structure millimetre to centimetre thick
layers vertically alternating with F4

Beige to yellow, brittle, wavy paper-thin
sheets of micrite or microsparite up to

3 mm thick; occasionally, they may con-
tain limonite crusts on the upper surface;
discontinuous thin lenses few decimetres
wide

Porous greyish to beige wackestone to
packstone with cylindrical moulds of
microphyte stems and roots (reeds and
grass) filled with microsparite/sparite;
horizontal bedding, bed thickness varies
from 0.2 to 1.0 m; often associated with F5
and Fé

Polymict breccia with angular clasts of F1,
F2 and F3 embedded within porous beige
mudstone or dense sparite cement; poor
sorting, rarely can be imbricated; lens to
tabular-shape bed geometry up to 0.7 m;
beds laterally pinch out

Monomict breccia with angular clasts of
F1, F2 or F3 embedded within porous
beige mudstone cement; associated with
faults and fractures

Beige to green, subangular to subrounded
intraclast (pellet, gas bubbles microphyte
rafts, ostracodes) engulfed within micrite
or microsparite; pore space filled with
microsparite and sparite; poorly sorted,
structures, size of the intraclasts varies
from millimetres to centimetres;
sometimes it is intercalated with up to
0.5 cm thin wavy crystalline crust vein

made of fan-like sparite; bed thickness var-

ies from 0.1 to 1.0 m; vertically alternates
with F1, F11

Precipitation of carbonate in
splashing and turbulent water is
closely associated with bacterial
activity in the pools of the terraced
slope or along smooth slopes (Guo
& Riding, 1994; Della Porta

et al., 2017a,b). The transition from
F5 to F4 represents stagnant
conditions and microbially
influenced precipitation (e.g. Guo &
Riding, 1998)

Calcite precipitation from thin still
water films in small stagnant pools
or distal ponds (e.g. Guo, 1993; Guo
& Riding, 1998; Della Porta

et al., 2017a,b). Lamination
suggests deposition under periodic
changes in precipitation due to
variable physicochemical
conditions driven by flooding
events or microbial activity
(Pentecost, 2005). The presence of
limonitic crusts suggests subareal
exposure

The encrustation of vegetation by
carbonate precipitated from cool
spring water or cooled hot spring
waters in marshy flats, horizontal
terraced pools, or at the base of the
slope (Guo & Riding, 1998; Della
Porta, 2015)

Degradation of travertine facies
(F1, F2, F3) by collapse slumping,
sliding and erosion of slope or
cliffs and redeposition in the lower
slope, depression, pool, or marshy
environments (Guo & Riding, 1998)
Fluid-assisted fracturing induced
by an increase in the fluid pressure
within the vein/fault (Jébrak, 1997;
Shukla & Sharma, 2018)

Deposition in a marshy pool
environment during the break in
the hydrothermal vent activity.
Intercalations of crystalline crusts
suggest a periodic renewal of
hydrothermal activity or changes in
the flow direction (e.g. Gandin &
Capezzuoli, 2014; Della Porta

et al., 2017a,b)
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Table1. (continued)

Travertine deposition in the intramountain basin 1221

Facies
code Facies texture

Description

Depositional processes and
environment

F11 Extraclastic packstone
to wackestone

F12 Grainstone
F13 Altered travertine
F14 Porous wackestone

F15 Conglomerate

Subrounded to subangular extraclasts
(quartz, schists) and intraclast (crystalline
dendrite cementstone fragments, pellet,
coated plant fragments) embedded within
micrite; medium sorting, structureless;
often mottled with caliches and red to
orange coloured patches; horizontal
bedding from 0.3 to 1.2 m in thickness;
vertically alternates with F7, F9, F10 and
F15

White to beige rigid grainstone, with/
without vuggy quartz and angular
fragments (ca 1 mm) of quartz, F1 and F2,
coated plants embedded in microsparite
and sparite; poor sorting, structureless
thickness varies from 0.1 to 1.0 m;
intercalated with F1 and F2

Grey, dark grey, dendrite to fan-like calcite
patches perpendicular to the fissures; opa-
que mineral accumulations along grain
boundaries and cleavage; often developed
in porous F1 and F3 and associated with
hydraulic breccias, i.e. F9

Beige micrite to microsparite,
structureless; filling the fissures and fault
zones

Polymict subangular to subrounded clasts
of schists, marbles, crystalline dendrite
cement stone; grain size varies from 2 mm
to 1 cm; clast to matrix-supported; sandy
to silty matrix; calcite cement; medium
sorting, structureless; may be cross-cut by
calcite veins; bed thickness up to 2 m; the
lower boundary is plane to slightly ero-
sional; alternates with F10 and F11 in ver-
tical succession

Deposition in a marshy pool
environment during the break in
the hydrothermal vent activity
allows soil development (Della
Porta et al., 2017a,b). Extraclasts
suggest basement erosion and
transport into the basin by river or
wind

Recrystallization of intraclastic
packstone to wackestone either
during diagenesis or under the
influence of post-depositional warm
fluids that could contain silica

Alteration of crystalline crusts and/
or coated bubble boundstone
affected by the influx of metal-rich
fluids circulating along the faults
and fissures. This process leads to
the crystallization of the opaque
minerals (Mn oxy-hydroxides,
romanechite and, most probably,
jianshuiite and chalcophanite,
Simic¢ et al., 2012) along the calcite
crystals which are macroscopically
visible as dark patches. This facies
is often fractured due to its close
association with active faults

Deposited from fluids along the
fissures

Deposition from debris flow in the
alluvial/fluvial environment
(Nemec & Postma, 1993)

A = (1+38"0(SMOW)

/1000)/

trav

however, the study of Botsyun et al. (2022) pro-

(1+5"*0(SMOW),,,,/1000).

water

The values of 8"®*0(SMOW),yater used to calculate
palaeotemperatures are —6%o. and —9%o.. Average
rainfall and infiltration water '20 values of the
region for the Miocene are not available;

vides a range of likely values for the Dinarides
during this time period. The calculations herein
are based on this range (—6 to —9%o) and these are
used as the upper and lower boundaries. Further-
more, 8'°C values were used to distinguish the
sources of CO, based on the equation proposed
by Panichi & Tongiorgi (1975):
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1222 N. Andri¢-Tomasevié et al.

Table 2. Stable isotope composition of the samples and related calculations. §**C %o (CO,) is carbon isotope com-
position of the “original” CO,. T is the estimated palaeo-temperature of the fluid from which the travertines are

precipitated.

Sample Facies 550 %o 8"%C %o 8"C %o 5"%0 %o T T
name code® (VPDB) (VPDB) (CO,)° (SMOW) cce (o)
LT-2a F2 —7.60 —8.56 —20.77 23.03 33.51 17.48
LT-2b F1 —11.55 5.68 —3.69 18.95 57.59 39.01
LT-3a F2 —7.51 —8.92 —21.20 23.12 33.01 17.02
LT-3b F1 —11.32 3.79 —5.95 19.19 56.07 37.66
LT-4a F1 —13.97 5.80 —3.54 16.46 74.39 53.93
LT-4b —13.32 6.16 -3.11 17.12 69.73  49.80
LT-4c —13.48 5.96 —-3.34 16.96 70.85 50.80
LT-4d —13.73 5.82 —3.52 16.70 72.65 52.40
LT-4e —11.24 5.94 -3.37 19.27 55.58 37.23
LT-6 F10 —7.23 —3.59 —14.81 23.41 31.42 15.59
LT-7 F1 —10.35 3.78 —-5.97 20.19 49.86 32.12
LT-8 F5 —8.76 —9.55 —21.96 21.83 40.18 23.46
LT-9 F1 —-9.03 1.72 —8.44 21.55 41.82 24.93
LT10 F14 —11.04 —6.50 —18.31 19.48 54.28 36.06
LT-11a F7 -9.11 —1.66 —12.49 21.47 42.28 25.34
LT-11b F1 vein —10.62 3.90 —5.82 19.91 51.60 33.67

in F7
LT-11c F7 —9.63 —0.56 —-11.17 20.93 45.43 28.16
Sample 6-1 F7 —-7.97 —1.68 —12.51 22.65 35.61 19.36
Sample 6-2 F10 —7.96 —4.56 —15.98 22.66 35.56 19.31
Sample 6-3 F7 —-9.01 0.29 —10.15 21.58 41.67 24.79
Sample 6-4 F10 —8.24 —3.22 —14.36 22.36 37.19 20.78
Sample 7-1 F1 (brown) —12.10 6.25 —-3.00 18.39 61.25 42.27
Sample 7-2 F1 -9.79 4.65 —4.92 20.77 46.38 29.01
Sample 7-3 F2 —8.73 -3.11 —14.23 21.86 40.04 23.34
Sample 4-1 F3 —12.22 6.11 -3.17 18.26 62.07 43.00
Sample 4-2 F13 —12.43 —10.69 —23.33 18.05 63.49 44.26
Sample 4-3 F13 —10.45 —8.77 —21.02 20.09 50.49 32.68
Sample 1 F14 (fault —8.66 —9.81 —22.27 21.93 39.63 22.97

zone

older phase)
Sample 3-1  F1 (brown) —13.68 5.36 —4.07 16.76 72.27 52.06
Sample 3-2 F1 —12.26 6.09 -3.19 18.22 62.36 43.26
Sample 2 F14 (fault -7.71 —10.34 —22.90 22.91 34.15 18.05

zone

younger

phase)
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Travertine deposition in the intramountain basin 1223

Table 2. (continued)

Sample Facies 5'%0 %o §"3C %o 5"3C %o 580 %o T T

name code® (VPDB) (VPDB) (CO,)° (SMOW) CC)e (o)
Sample 5b-1 F2 —7.55 —6.17 —17.90 23.08 33.23 17.23
Sample 5b-2  F2 —~7.53 —6.46 —18.25 23.10 33.11  17.12
Sample 5a-1 F2 —7.45 —-9.16 —21.50 23.18 32.69 16.74
Sample 5a-2 F2 —7.44 —4.03 —15.33 23.19 32.63 16.69
Sample 5a-3 F1 —8.53 —2.05 —12.96 22.06 38.88 22.29
Sample 5a-4 F1 (brown) —-10.85 5.67 —-3.70 19.67 53.06 34.98
Sample 5a-5 F4 —8.92 —~0.19 -10.73 21.66 41.16 24.33
Sample 8-1  F7 —~7.62 —4.66 —16.09 23.00 33.65 17.60
Sample 8-2  F7 -8.01 —7.34 ~19.31 22.61 35.83 19.56

& Facies codes see in Table 1.

b Calculated using the equation of Panichi & Tongiorgi (1975).
¢ Calculated using the equation of Kele et al. (2015) and using —6%o as 8'°0,yaer. @ Calculated using the equation

of Kele et al. (2015) and using —9%o. as 5"®*Oyater-

83Cco, = 1.2 x 8" Cray—10.5.

Two samples were dated using the U-Pb method
at LERA at the Karlsruhe Institute of Technology
using ThermoFisher Element XR ICPMS coupled
to an Analyte Excite+ laser (Teledyne, Bozeman,
MA, USA) with a slightly modified procedure
described in Beranoaguirre et al. (2022). Further
details are shown in Data S1.

RESULTS

The analysis of the travertine sedimentary succes-
sion in the Levac Basin is focused on the distinction
of lithofacies, main structural phases, stable oxygen
and carbon isotopic composition, facies associa-
tions and age determination. The petrographic and
geochemical analysis of travertine lithofacies is pre-
sented in Data S1 (Sections S1-S3).

The studied sedimentary succession in the Lozo-
vik quarry is estimated to be near to 200m thick
and ca 500 m wide (Fig. 3). This succession is gen-
erally tilted towards the north-west. The inclination
gradually decreases upward from around 45° in the
lower part of the succession to horizontal in the
uppermost part of the succession (Fig. 3B).

Deposits are travertine and siliciclastics divided
into 15 facies described in Table 1 and Fig. 4. The
travertine facies, such as light and dark crystalline
crust travertine and coated bubble boundstone (F1,
F2 and F3, Table 1, Fig. 4A to C) often intercalated

with breccias (F8 and F9, Table 1, Fig. 4G and H)
and porous wackestone (F14, Table 1, Fig. 4M),
dominate in the succession’s lower part. They are
often intercalated and overlain by terrigenous and
marshy travertine deposits that dominate the upper
part of succession (F4, F6, F7, F10, F11 and F15,
Table 1, Fig. 4D, E, F, I, J and N). Oncoidal grain-
stone, grainstone and altered travertine facies (F5,
F12 and F13, Table 1, Fig. 4D, K and L) are less
abundant facies in the studied sedimentary
succession.

Structural features

The north-east/south-west trending, south-
eastward dipping normal fault indicated in
Fig. 1B is the basin forming fault that creates the
accommodation space, and that is the first sus-
pect for fluid migration to and from depth. This
fault does not crop out in the Lozovik quarry.
The following description concerns the second-
ary faults that crop out in the quarry.

The main mapped structures linked to travertine
deposition are represented by fractures and faults
(Fig. 5, Table S2) often filled with facies light and
dark crystalline crust travertine, lithoclastic
and hydraulic breccias (F1, F2, F8, F9 and F14,
Table 1, Fig. 5D to H). Three sets of faults have been
distinguished in the Lozovik quarry (Figs 3 and 5A
to C). The first deformation phase is represented by
north-eastward dipping and north-west/south-east
striking fractures and normal faults. These faults are
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Fig. 3. (A) Detailed geological map of Lozovik quarry (modified after Doli¢ et al., 1978, and this study); (B) profile
A-B through Lozovik quarry (B1-B4 borehole data from Neji¢, 1968). Thinner red lines delineate strike-slip faults
with a low amount of displacement (below map resolution). The dashed red lines delineate uncertainty in the

fault geometry with depth.

observed only in the lower parts of the travertine
succession (Unit 1 in Fig. 3). The offsets range from
a few centimetres to 100 cm (Fig. 5D). These planar
faults are often refracted by decreasing dip while
cross-cutting facies F3 (coated bubble boundstone,
Fig. 5D).

The second deformational phase includes frac-
tures and normal faults trending north-east/
south-west, south-east dipping (Figs 3, 5B and
E). The offsets vary between a few centimetres
to 1m. Structures developed during this defor-
mational phase cross-cut the early north-west/
south-east striking faults formed during the first
deformational phase (Fig. 5D). This second

generation has a complex internal architecture
that includes various facies (F1, F2, F8, F9, F12
and F13, Table 1, Figs 4H, 5E, 5G and 5H). The
dominant travertine facies is dark crystalline
crust travertine intercalated with thin intervals
of light crystalline crust travertine (up to 0.5 cm,
F2 and F1, Table 1). They form packages up to
0.5m thick that coat fault/fracture walls and
have angular, zigzag and/or wavy sharp contact
towards the surrounding facies (Fig. 5E, G and
H). These packages are getting younger towards
the inner part of the fault/fracture zone. Inter-
nally, these packages have wavy bedding includ-
ing shallow depressions in which were
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Travertine deposition in the intramountain basin 1227

Fig.5. Kinematic of deformational phases observed in studied sedimentary succession in Lozovik quarry. (A) to
(C) Stereoplots showing the orientation of faults developed during the first, second and third deformational
phases, respectively; (D) cross-cutting relationship between normal faults developed during the first and second
deformational phase. Orange colour marks north-west/south-east trending faults, cut by younger north-east/south-
west trending faults marked as red lines. Accordingly, orange and red planes on the stereoplot delineate the orien-
tation of the aforementioned faults. Please note that red lines mark up to 0.5m thick fault zone filled with dark
crystalline crust travertine lithofacies; (E) close up view on architecture of the fault formed during the second
deformational phase. Red thick lines delineate fault planes, light crystalline crust travertine, coated gas bubble
boundstone to wackestone and intraclastic packstone to wackestone lithofacies (F1, F3, F10, Table 1) green line
delineates marker bed; (F) close up view of fractures formed during the second deformational phase. They are
filed with dark crystalline crust travertine lithofacies (F2, Table 1); (G) secondary fractures branching from the
main fault zone. Some of the branches were used to deliver metal-rich fluids presented as a fan-like dark patch
(marked by the blue dashed line, altered travertine, F13, Table 1 (hammer head for scale is 15 cm long); (H) imbri-
cated fragments of dark crystalline crust travertine showing down the slope flow direction (red arrow); (I) cross-
cutting relationship between normal faults (red thick lines) and strike-slip (yellow thick lines) fault formed during
second and third deformational phases, respectively. Red thin lines mark fractures associated with the second
deformational phase. Black thin lines mark bedding planes and black thick lines show the transition between
facies association travertine flat (FA3) and travertine slope (FA1) (for detailed facies code description see Table 1).

deposited lenses of facies F4, F6 and F8. The
central part of the fissure/fault zone is domi-
nated by lenses made of facies F8 and F14. The
imbricated fragments of F2 blanketed by F6 can
be observed in some fault zones (Fig. 5H). Facies
F9, F13 and F14 are observed in sill-like struc-
tures and injection veins, i.e. perpendicular to
the host rock bedding (up to 15cm long and
3 cm wide) that deviate from the main fissure/-
fault and cross-cutting the fissure/fault wall
coating made by previously deposited facies F1
and F2 (Table 1). In many cases, the upper parts
of these small veins are associated with cone-
shaped facies F13 (dashed orange and blue line
on Figs 4L and 5G, respectively) and/or host
rock brecciation associated with the jigsaw, puz-
zle or crackle texture (Fig. 4H, facies F9,
Table 1). The latter suggests hydrofracture pro-
cesses. The centimetre to decimetre size cone-
shaped facies is most likely extruded by the
overpressured fluids that abruptly escaped along
the fractures. Steeply deepening fractures with
spacing of 1 to 2m are observed in the hanging-
wall of these faults (Fig. 5E). These fractures are
filled mainly with facies F1 and F2 (Fig. 5F).
Neither offset nor kinematic indicators were
observed, suggesting their dilatation origin and
absence of reactivation as a fault. Faults and fis-
sures of this deformational phase are cross-
cutting deposits of Unit 1 and Unit 2 in Fig. 3A.

The third deformational phase is dominated
by dextral strike-slip faults with NNE-SSW
strike (Figs 3 and 5C). They are offsetting north-
east/south-west trending normal faults (Fig. 5I)
with variable offsets ranging from a few centi-
metres to metres. The fault zones are narrow,
less than 5cm, and sometimes filled with thin

layers of dense white calcite or tectonic breccia.
These faults cross-cut all three depositional
units in the basin (Fig. 3A).

Stable oxygen and carbon isotopes

The §'0 and §'°C values of analysed travertine
facies range between —7.2%. and —14.0%. (VPDB),
and —10.7%. and 6.3%. (versus VPDB), respec-
tively (Table 2, Fig. 6). A negative correlation
between 8'°C and §'°0 is visible which is most
pronounced for the samples with the highest
5'%0 values (Fig. 6). The isotope values measured
in sample 4 (4-2, 4-3, facies F13, Table 1), sample
LT10 (F14), sample 3-1 (F1) and LT4a-d (F1)
deviate from this trend. Different lithofacies
exhibit differences in oxygen and carbon isotope
ratios (Fig. 6B to D). Light crystalline crust traver-
tine facies (F1, Table 1) are characterized mainly
by positive §'°C values (from 1.7 to 6.3%., except
for sample 5a-3, Table 2). Lithofacies F2 is char-
acterized by negative 8'°C values and clusters
together with those of F5, F7, F10, F13 and F14
(Table 1, Fig. 6). Sample 5a-3, made of white crys-
talline crusts (F1, Table 1), represents an excep-
tion given that, in contrast to other F1 samples, it
has a negative 8'°C value which better fits the
trend observed in dark crystalline crust travertine
and coated reed boundstone grainstone facies (F2
and F7, Table 1, Fig. 6).

The 8'C values in the calculated CO, of the
mineral-forming fluid are negative and vary from
—23.33 to —3.0%o (Table 2). The estimated palaeo-
temperatures range from ca 32 to 75°C (Table 2)
when using —6%o as §'®*0(SMOW),ye; and from ca
16 to 54°C (Table 2) when using —9%. as §'°0
(SMOW),yater- Both water 8'®0 values represent
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1228 N. Andri¢-Tomasevié et al.

upper and lower boundaries and are higher than
present-day spring water isotope values of ca
—10%o (Kacanski et al., 2001). The water isotope
values take into consideration the model-predicted
range for the meteoric water in the Balkans and
Dinarides during the warmer Miocene (e.g. Bot-
syun et al., 2022). Higher palaeo-temperatures are
estimated for precipitation of light crystalline crust
travertine facies, whereas an up to two-fold
decrease in palaeo-temperatures is suggested for
dark crystalline crust travertine, coated reed
boundstone to grainstone and intraclastic pack-
stone to wackestone facies (F2, F7 and F10,
Table 1).

Facies associations in the studied
sedimentary succession in the Lozovik quarry

In the studied sedimentary succession, four facies
associations have been distinguished - FA1 to
FA4. Their vertical and lateral distribution in the
Lozovik quarry is shown in Figs 7 and 8.

Facies Association 1

Facies association 1 (FA1) mainly consists of
light and dark crystalline crust travertine, coated
bubble boundstone, clotted dendritic microspar-
ite and laminated boundstone, lithoclastic brec-
cia, intraclastic packstone to wackestone and
grainstone (F1, F2, F3, F4, F6, F8, F10 and F12,
Table 1, Figs 4A to E, 4G, 41, 4K and 7B). FA1 is
characterized by wavy subparallel layers (centi-
metres up to 2m thick) that may be locally dis-
rupted by steeper laminae delineating pool rims.
Pools are shallow, up to 30cm deep and up to
4m wide in general, suggesting progradation
towards the north-east (Fig. 7C). They are pre-
dominantly made of light and dark crystalline
crust travertines and coated gas bubble bound-
stone to wackestone facies (F1, F2 and F3,
Table 1) with lenses of lithoclastic breccia (F8,
Table 1) blanketing inner parts of the rim
(Fig. 7C, D and E). Clotted dendritic microsparite
boundstone, laminated micritic boundstone,
intraclastic packstone to wackestone and grain-
stone facies (F4, F6, F10 and F12, Table 1) are
less abundant and form thin layers or lenses. FA1
forms massive packages that may be markedly
lenticular, especially at the top and base of the
sequence. Their thickness ranges from 30 to 20 m
which can be traced laterally tens of metres
(Figs 7 and 8). The lower part of FA1 is domi-
nated by light crystalline crust travertine and
coated gas bubble boundstone to wackestone
facies (F1 and F3, Table 1), whereas the

frequency and thickness of the laminae and beds
of dark crystalline crust travertine facies (F2,
Table 1) increase up in the stratigraphy (Fig. 7B).
This facies association dominates the lower part
of the Lozovik quarry (Fig. 8) and it is cross-cut
by FA2. It interfingers with FA3 and FA4 (Figs 7B
and 8) and towards its top it is bounded by their
erosional or gradational surfaces.

Facies Association 2

Facies association 2 (FA2) consists of dark crys-
talline crust travertine, lithoclastic breccia,
hydraulic breccia, altered travertine and porous
wackestone facies (F2, F8, F9, F13 and F14,
Fig. 4B, G, H and M) with minor contribution of
light crystalline crust travertine and clotted peloi-
dal dendritic micrite, microsparite boundstone
facies (F1 and F4, Table 1, Fig. 4A, B and D).
They are characterized by steeply banded veins
and dykes (Fig. 5E, G and H) that occupy gently
dipping fissures cutting surrounding FA1. These
bands (alternating white and grey to black, non-
porous sparry calcite, light and dark crystalline
crust travertine, F1 and F2, Table 1) are parallel
to one another and strike parallel to the fault
fracture (Fig. 5F, see detailed description in
Structural features subsection). FA2 fills fracture
and fault space developed during the second
deformational phase (Fig. 5B, D and E). FA2
cross-cuts FA1 (Fig. 8) and faults formed during
the first deformational phase (Fig. 5A and D).
All fissured travertines are found in the lower
part of the quarry and show the absence of any
continuity towards the upper parts. This facies
association is often associated with the second
deformational phase.

Facies Association 3

Facies association 3 (FA3) is dominated by facies
consisting of clotted peloidal dendritic micrite,
microsparite boundstone, oncoidal grainstone,
laminated micritic boundstone, coated reed
boundstone, grainstone, intraclastic packstone to
wackestone and grainstone facies (F4, F5, F6, F7,
F10 and F12, Table 1, Figs 4D to F, 41, 4K, 7A, 7B
and 8). They are intercalated with thin layers of
light crystalline crust travertine (F1, Table 1) that
reach up to 3 cm in thickness. The frequency of
these intercalations decreases up in the vertical
succession (Fig. 7A). FA3 includes tabular sub-
horizontal beds varying from a few centimetres to
1m (Fig. 7A and B). FA3 alternates with FA1 and
FA4 in vertical succession (Figs 7A and B and 8).
FA3 is cross-cut by FA2. The transition towards
FA4 is sharp (Figs 3 and 8).

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 12141244

85UB017 SUOWILLIOD BAIRR.D 8|qeoljdde au A pauienoh aJe ssjpie WO 8sn o Sa|ni 1oy Afeiq ) 8U1IUO /8|1 UO (SUORIPUCD-pUR-SWLBYWI0D" A8 | 1M Afeiq 1 [ouUO//SARY) SUOIIPUOD PUe SWB L 8U3 89S * [7202/2T/0¢] Uo ARiqITauliuo AB|IM "o Injisul eynsiey Ag TLTETPeS/TTTT 0T/I0p/wod" As|1mAkeiq1eul|uoy/sdny woiy papeojumod ‘v ‘v202 ‘T60ESIET



Travertine deposition in the intramountain basin 1229

A §*12
o
2
hydrothermal fluid £ 10
: [
end-member system cooling o
(little meteoric influence) -8
7%
UT-4d
LT-4aﬂ§ 6
31
' -4
| . .
' mixing with
' meteoric water L2
\ LT-9 (and continuous cooling)
| -
50 %o (VPDB) A
[ T T T T T hd T 1
- - | - - - -
16 -14 “ 12 19 4 2 ) 2 4
--2
\
! 7-3
|
' - -4
\
\
\
\ -6
LT-10,
\
\ L8
| 4-3
\ X
\
4-2, --10
X\
A
high-T end-member fluid 12
mixed with little meteoric water OR: deep
circulation of pure meteoric end-member -4
4-2 Sample ID (see Table 2)
X Facies label (F1-F14)
®F1 oF1(br) ~F1inF7 MF2 XF3 —F4 +F5 AF7 OF10 XF13 ©F14
B c D
8 i 8-
6 ° -8 } } 6+ 3o
4 1 4
B 21 @ 9 } @ o
g of 104 s 0 7
& 21 £ & 27
S 41 o1 o 41
o 6 } © 4 j[ Z 6 " 2
-84 [ i . 8- 13
-10 E } -134 10 + 10
12 -147 127\\\\\\\\\\\\\\\\\\
2 4 6 8 10 12 14 2 4 6 10 12 14 1413121110 9 -8 7 -6
facies type facies type 5"C (%0 VPDB)

Fig. 6. (A) A plot of measured isotopic values in the studied samples. See Table 1 for the facies code description;
(B) to (D) distribution of stable isotopes depending on facies type.

Facies Association 4

Facies association 4 (FA4) consists of extraclas-
tic packstone to wackestone and conglomerate
facies (F11 and F15, Table 1) with minor

contribution of intraclastic packstone to wacke-
stone, grainstone and light crystalline crust trav-
ertine (F10, F12 and F1, Table 1, Fig. 4A, I to K
and N). Horizontally bedded thick layers up to
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Fig. 7. Field examples of facies associations: (A) log of showing facies associations FA3 and FA4 in vertical suc-
cession; (B) log of FA1 and FA3 in vertical succession; (C) and (D) rims and pools of FA1 facies association. Ham-

mer head for scale on the left-hand side is 15 cm long.

1m, often including angular to subrounded
basement and travertine clasts. The extraclastic
packstone to wackestone with mottled structure
and caliches (F11, Table 1, Fig. 4]) layers are
often covered by conglomerates (F15, Table 1,
Fig. 4N) building an overall coarsening-upward
sequence (Fig. 7A). Rare thin layers of light crys-
talline crust travertine lithofacies (F1, Table 1)
are present in this facies association (Fig. 7A).

This facies association reaches a thickness of
more than 20m (Fig. 8). This facies association
intercalates with FA1 and FA3, and is likely
cross-cut by FA2 at depth (Figs 7A and 8).

Uranium-lead dating

The concentrations and isotope ratios of all ana-
lysed phases are summarized in Table S1 and
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SE

Fig. 8. Profile A-B through Lozovik om
quarry (B1-B4 borehole data from
Neji¢, 1968).
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Tera-Wasserburg Concordia plots (Fig. S6) in
Supplementary Material. Sparite and micrite
accumulations were analysed within the light
crystalline crusts (F1, Table 1, Fig. 4A) and
micrite in the coated reed boundstone, grain-
stone (F7, Table 1, Fig. 4F). The U and Pb con-
centrations range from 0.004 to 2.6 ppm and
from 0 to 1.2ppm, respectively (Table S1).
2381J/29°Ph  varies from 0.1574 to 257.5 and
207ph/?°°Pb ranges from 0.3727 to 0.8946. From
two analysed samples, nine isochron ages were
obtained ranging from 13.64+2.88Ma to
18.79 +4.39 Ma. Although these data display
large uncertainties, all of them cluster around
the time window between ca 14 Ma and 16 Ma,
corresponding to the Middle Miocene.

DISCUSSION

Interpretation of the stable isotope ratios in
the studied sedimentary succession

The §'®0 and §'°C values in the Lozovik quarry
can be used to trace the fluids’ origin and the
contribution of CO, gas from different sources
(Figs 9 and 10).

The ranges of carbonate §'°0, and §"°C values,
and of §'°C(CO,) values for light crystalline crust
travertine and coated gas bubble boundstone to

wackestone (F1 and F3, Table 1) fall within the
published stable isotope ranges of thermogene
travertine observed in the Western Anatolian
Extensional Province (for example, Denizli
Basin), Tyrrhenian extensional province (for
example, Siena Basin, Albegna Basin) and Basin
and Range province that precipitated from hydro-
thermal fluids with a temperature of ca 40 to 90°C
(cf. Gandin & Capezzuoli, 2008; Kele et al., 2008,
2011; Kolomaznik et al., 2013; Ozkul et al., 2013;
Rimondi et al., 2015; Vignaroli et al., 2016; Claes
et al., 2017; Della Porta et al., 2017a, 2017b; see
also Fig. 10); also in accordance with our calcula-
tions of the temperature at the source (Table 2).
Furthermore, the positive §'°C(CO,) values in
light crystalline crust travertine and coated gas
bubble boundstone to wackestone facies (F1 and
F3, Table 1) suggest that the origin of the DIC
(Dissolved Inorganic Carbon) is linked to decar-
bonation reactions within marble lenses in the
basement (e.g. Chafetz & Lawrence, 1994; Minis-
sale et al., 2002; Pentecost, 2005). These reactions
are likely induced by an elevated regional geo-
thermal gradient controlled by the activity of the
low-angle extensional detachment during
the regional Miocene extensional phase (e.g.
Schefer et al., 2011; Matenco & Radivojevi¢, 2012).
Along these detachments, hot metamorphic base-
ment rocks were juxtaposed next to the basin
formed in their immediate hangingwall, leading
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Fig. 9. Basin formation, fluid flow and deposition of the Lozovik travertine: (A) sketch showing the crustal-scale
fluid flow paths; (B) fluid flow paths related to relay ramp formation between two strands of the basin boundary
faults showing the formation of basin-perpendicular faults (modified after Fossen & Rotevatn, 2016). For the sake
of simplicity, the travertine deposits are left out. Please note that deformational phase 0 depicted in Fig. 9B refers
to the basin opening and formation of the basin boundary fault segments pre-dating travertine deposition, likely
around 17 Ma. These segments are not observed/measured directly in the quarry. (C) to (F) evolutionary stages
and associated fluid flow of the studied travertine succession in the Lozovik quarry.
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Fig.10. Plot of §'®0 and §'°C of the measured Lozovik travertines, non-marine carbonates, thermogene and
meteogene travertines from different locations. Data of the Great Salt Lake; Mono lake; GRF-Green River Forma-
tion. Thermogene travertine from central Italy and meteogene travertine from northern Italy are extracted from
Della Porta (2015). Thermogene travertines (Yellowstone, Bagri S. Filippo, Terme San Giovanni, Denizli Basin and
meteogene travertine from the-Dinaridic area) from Karaisaoglu & Orhan (2018). Tivoli from De Filippis
et al. (2013a). Banded travertines from Xiagei (Gandin & Capezzuoli, 2008; You et al., 2023).

to an increase of geothermal gradient and active
fluid flow also observed elsewhere (e.g. Souche
et al.,, 2012; Andri¢ et al., 2015). Furthermore,
previous studies suggested that shear heating
induced by friction during fault activity/earth-
quakes may substantially contribute to the
increase of the local geothermal gradient and
facilitate CO, release from carbonate rocks within
the metamorphic basement (e.g. Famin
et al., 2008; Sulem & Famin, 2009). The negative
8'°C(CO,) values ranging from —7% to —4%.

could be also interpreted as a contribution of
magmatic and/or upper mantle CO, (Minissale
et al., 2002). However, the Miocene magmatic
products have not been confirmed in the vicinity
of the Levac Basin.

In contrast, negative 5'°C values measured in
dark crystalline crust travertine, clotted peloidal
dendritic micrite, microsparite boundstone,
oncoidal grainstone, coated reed
boundstone, grainstone, intraclastic packstone to
wackestone, altered travertine and porous
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wackestone facies (F2, F4, F5, F7, F10, F13 and
F14, Table 1) suggest that soil or vegetation-
derived organic matter was the important CO,
source (as calculated §"*C(CO,) < —20, e.g. Pen-
tecost & Viles, 1994, Minissale et al., 2002; Claes
et al., 2015). Furthermore, the isotopic signature
of described facies falls within the published
isotopic ranges for meteogene travertines
(Fig. 10). These were deposited from lower tem-
perature fluids (<30°C, Table 2 as calculated in
this study) and indicate the meteoric origin of
the fluids or a mixture of meteoric and hydro-
thermal fluids (Pentecost, 2005; Kele
et al., 2011). Biogenic activity in the soil zone
leads to negative 8'°C values in soil CO, and
subsequently in the infiltrating meteoric water.
Meteoric waters could originate from surficial or
shallow water reservoirs, or topographically
driven deeper fluid or diagenetic meteoric water
(e.g. Pentecost, 2005; Claes et al., 2015). How-
ever, the close relationship with the fissures and
faults of many lithofacies listed above (dark
crystalline crust travertine, altered travertine
and porous wackestone, F2, F13 and F14,
Table 1, Figs 3-5) suggests topographically
driven deeper fluids. This means that the topo-
graphic gradient would allow these originally
surface waters (rain, groundwater or river) to
migrate downward along the basin bounding
normal faults. Due to regionally high heat flow,
the water heats up, interacts with surrounding
rocks, mixes with rising hydrothermal fluids
and rises again as thermal springs (e.g. Pente-
cost, 2005). Our results suggest two fluid sources
circulating at different depths: the deeper, hotter
fluids enriched in thermally generated CO,; and
shallower, cooler, meteoric water-dominated
fluids enriched in biogenic CO,,

Interpretation of facies associations in the
studied sedimentary succession

Facies Association 1: Travertine slope facies
association

The travertine slope facies association (FA1)
observed in the Lozovik quarry is deposited on
the smooth to terraced slope settings, as also
observed in the Denizli Basin (Turkey, Pamuk-
kale travertine) or in the Albegna Basin (Italy,
e.g. Ozkul et al., 2002; Claes et al., 2015; Croci
et al., 2016). Here, the rapid precipitation of cal-
cite from fast thermal waters flowing over topo-
graphic slopes in a laminar sheet-like fashion is
the main depositional process (e.g. Guo & Rid-
ing, 1999). The frequent occurrence of coated

gas bubble lithofacies (F3, Table 1) within FA1
implies CO, degassing by turbulent water flow
in the vicinity of the geothermal vent (Jones &
Renaut, 2010; Croci et al., 2016) or effervescence
at or close to the vent. Turbulence, evaporation
and obstacles to the flows promote the formation
of the rims and walls of the pools (Guo & Rid-
ing, 1999). However, the coated gas bubbles and
white/dark crystalline crusts were subject to fre-
quent collapse as witnessed by lithoclastic brec-
cias present in these pools (Fig. 7C and D).
These collapses were likely driven by sediment
loading, seismic activity and/or erosion during
periods of break-invent activity (e.g. Claes
et al., 2015). For the smooth to terraced slope
facies association to form, the topographic gradi-
ent is necessary. This gradient can originate
either from pre-existing/fault-induced relief or
from the growth of the travertine along the rid-
ge/vent (e.g. De Filippis et al, 2012; Claes
et al., 2015). The latter, so far, have not been
observed at the study site.

Interestingly, the isotopic signatures of the
dominant lithofacies light and dark crystalline
crust travertine and coated gas bubble bound-
stone to wackestone show disparate values,
implying different water CO, sources. The most
common lithofacies, light crystalline crust traver-
tine and coated gas bubble boundstone to wackes-
tone, show negative 8'80 (<—8%o, F1 and F3,
Table 1, Table 2, Fig. 6) and positive 8'°C values
confirming that carbonate precipitated from the
thermal waters (40-70°C, warm to mesothermal,
sensu Jones & Renaut, 2010) fed by thermally gen-
erated CO,, which is typical for thermogene trav-
ertines (Fig. 10, Table 2; e.g. Pentecost, 2005;
Della Porta, 2015). However, the dark crystalline
crust travertine, often alternating with light crys-
talline crusts in the vertical succession at differ-
ent scales from laminae to centimetre/decimetre
beds (Figs 4, 5 and 7), reveal negative values for
both §'®0 and §'°C (Fig. 6). As elaborated in the
previous section and studies (e.g. Pentecost &
Viles, 1994; Minissale et al., 2002) these values
suggest that the fluid had a meteoric CO, source
and was part of the cooler and shallower fluid cir-
culation cell in this geothermal system. Petro-
graphic and SEM characterization of the dark
crystalline crust travertine (this work and Simi¢
et al., 2012; Fig. 4L and S1) reveals dendritic to
drop-like accumulations of the manganese com-
pounds (Mn oxy-hydroxides, romanechite and,
most probably, jianshuiite and chalcophanite,
Simic¢ et al., 2012) along the calcite crystal bound-
aries and within the pores (Fig. S1). This implies
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that Mn-minerals were precipitating from the
fluid flow phase post-dating calcite precipitation.
Similar manganese accumulations are observed
in Ouarzazate depression (Morocco), Belin
(north—central New Mexico) and Iano (southern
Tuscany), and have been described to result from
microbially mediated manganese-mineral precip-
itation (Chafetz et al., 1998; Chafetz & Guidry,
1999; Matera et al.,, 2021; Brogi et al., 2021a).
There, precipitation likely occurs due to elevated
pH and Eh in the area inhabited by bacteria where
oxidizing and alkaline conditions promote the
precipitation of Mn (Rankama & Sahama, 1960;
Chafetz et al., 1998).

The alternation between the light and dark
crystalline crust travertine, i.e. laminae/beds
depleted and enriched in manganese, could be
explained by the changes in pH conditions due
to: (i) changes in the composition of the water
source at spring; (ii) migration of the spring; and
(iii) changes in the CO, degassing location (Cha-
fetz et al., 1998). The disparate isotopic signa-
tures recorded in the light and dark crystalline
crust travertines at the study site support the
first hypothesis. This means that changes in pH
conditions promoting bacterial activity were
related to the changes in the water CO, source,
i.e. mixing between thermally generated and
meteoric CO, enriched waters supplying the
spring, as also observed in the case of Iano
travertine site (southern Tuscany, Matera
et al, 2021). In such conditions, low-
temperature meteoric water-dominated fluids
depleted in CO, allowed bacteria to thrive and
locally change pH values leading to manganese
accumulations (Chafetz et al., 1998; Matera
et al., 2021; Brogi et al., 2021a). Therefore, the
alternation between the light and dark crystal-
line crust travertine represents events of active
thermally generated CO, enriched fluid flow
associated with fast CO, degassing and events of
stasis allowing the mixing of deep thermal and
shallow cooler meteoric waters. Such cyclicity
is most likely associated with the alternation of
seismic and inter-seismic periods of the basin
bounding fault system evolution (e.g. Uysal
et al, 2011; Matera et al, 2021; Brogi
et al., 2021a,b). Certainly, the effect of climate,
i.e. contribution of wet and dry periods to this
cyclicity cannot be completely excluded. The
increased frequency of dark crystalline crust
lithofacies (F2, Table 1) towards the top of FA1
(Fig. 7B, log recorded in the upper part of FA1)
suggests increased contribution of the shallow,
cooler enriched in meteoric CO,, waters in the

Lozovik geothermal system, perhaps marking
more humid climatic conditions and decrease in
the faulting activity.

Sparse limonitic bacterial accumulations often
associated with laminated micritic boundstone
(F6, Table 1) indicate very short breaks in the
vent activity that allow microbial activity in
stagnant shallow pools and subsequent subareal
immersion (e.g. Folk et al., 1985; Guo & Rid-
ing, 1992; Della Porta et al., 2017a,b). However,
the lack of observed mature soil horizons within
FA1 suggests that there were no prolonged
periods of exposure (e.g. Claes et al., 2015).

Facies Association 2: Fissure travertine

Facies association 2 is interpreted to be deposited
in the fissure ridge settings (sensu lato, e.g. De
Filippis et al., 2012, 2013a,b) formed above the
extensional structures of the hangingwall of the
normal fault (e.g. Brogi, 2004; De Filippis &
Billi, 2012), at the fault tip (e.g. Cakir, 1999), or in
step-over zones between fault segments (e.g. Altu-
nel & Hancock, 1993; Brogi et al., 2012). Please
note that significant convex-up topographic
expression or the fissure ridge, as for example,
recorded in Mammoth Hot Springs (Wyoming) or
Bridgeport (California, De Filippis & Billi, 2012),
has not been observed in the study area yet. The
likely reason for this absence is either erosion fol-
lowing later basin inversion or the burial of the
ridge below younger travertine deposits.

The observed complex fissure morphology
(Fig. 5) originates from multiphase fissure infill,
precipitated from a predominately meteoric
source with a strong contribution of organic car-
bon, given the fact that dark crystalline crust trav-
ertine (F2, Tables 1 and 2, Fig. 6) is the dominant
lithofacies. Usually, these precipitates were inter-
bedded with lithoclastic and hydraulic breccias
(F8 and F9, Table 1, Fig. 4G and H). Lithoclastic
breccias suggest either collapse or sliding of the
fissure walls, probably driven by gravity or seis-
micity during a break in vent activity (e.g. Guo &
Riding, 1998). The appearance of hydraulic brec-
cias along the fissures indicates frequent fractur-
ing by ascending overpressured hydrothermal
fluids (e.g. Jébrak, 1997; Brogi et al., 2017; Shukla
& Sharma, 2018). Some imbricated breccia frag-
ments show a downward flow direction (down
along the fissure wall, for example, Fig. 5H)
reflecting deposition from descending meteoric
waters that were able to enter the fault/fissure
during vent silence. Therefore, normal faults and
fissures formed during the second extensional
phase and associated with FA2 likely opened
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conduits for the organic carbon-rich meteoric
water inflow into the existing hydrothermal
system.

Facies Association 3: Travertine flat/marsh
facies association

Facies association 3 is interpreted to be deposited
in shallow ponds where the thermal waters were
either stagnant or less frequently slow-flowing
(e.g. Della Porta, 2015; Croci et al., 2016). These
conditions occur either far away from the hydro-
thermal vents (base of the slope, for example, lat-
eral equivalents of FA1) or in the proximal region
but only during the break in vent activity or ter-
minal phase of the vent (e.g. Faccenna
et al., 2008; Gandin & Capezzuoli, 2014). In this
case, the geothermal waters in the pools are
cooler (<30°C, Table 2) and allow for the forma-
tion of marshes, either due to a decrease in vent
activity or cooling influenced by the rain, river or
lake waters (Guo & Riding, 1998; Della Porta
et al., 2017a,b). Such conditions allow macro-
phytes and ostracodes to thrive, as observed in
coated reed boundstone, grainstone and intraclas-
tic packstone to wackestone lithofacies (F7 and
F10, Tables 1 and 2). In these settings, vegetation
covers travertines being exposed to the surface or
within marshes adjacent to the active vent. After
these regions are exposed to a renewed flux of
thermal waters, the plant stems are encrusted by
the precipitation of calcium carbonate (e.g. Croci
et al., 2016). In this instance, hydrothermal fluids
mix with meteoric water which is also suggested
by the measured isotopic signatures in our sam-
ples and examples worldwide (negative §'°C,
Figs 6 and 10, Table 2; e.g. Guo and Riding, 1998;
Deocampo, 2010). The FA3 association developed
distally to FA1.

Facies Association 4: Distal alluvial fan facies
association

Facies association 4 is interpreted to be deposited
in a travertine flat environment under the distal
fluvial influence. The dominant lithofacies F11
implies deposition in shallow marshes to a palus-
trine pond environment during the break in geo-
thermal vent activity. This break promotes
subaerial exposure identified by pedogenic fea-
tures, such as caliches, observed in extraclastic
packstone to wackestone (F11, Table 1) and terrige-
nous deposits, i.e. conglomerate (F15, Table 1.
Fig. 7A). Rare occurrences of thin light crystalline
crust travertine (F1, Table 1) layers suggest
renewed short and weaker distal spring activity.
The marsh to palustrine pond environment was

cooled by lake or river meteoric waters and
was inhabited by vegetation. In contrast to FA3,
this facies association was exposed to occasional
pulses of sediment supplied from the surrounding
basement. The subangular to subrounded conglom-
erates are interpreted as gravity-flow fans, aligned
along the extensional basin shoulders and fed by
erosion of immediate footwall (e.g. Gawthorpe
et al., 1990; Gawthorpe & Leeder, 2000). In the
extensional basin settings, gravity flows are com-
monly associated with the periodic fault move-
ments and degradation of the immediate footwall
(e.g. Leeder, 2009; Andri¢ et al., 2017, 2018b). The
polymict nature of this deposit, subangular to sub-
rounded clasts and weak sorting suggests that con-
glomerates were deposited in a distal alluvial fan
system (cf. e.g. Blair, 1987; Blikra & Nemec, 1998;
Longhitano et al., 2015). The main source of the
clasts is a Palaeozoic metamorphic basement, crop-
ping out in the footwall of the basin bounding fault
along the north-west basin margin (Fig. 3). The
travertine clasts were likely collected by the gravity
flow during transport. The coarsening-upward
sequence can be interpreted as the progradation of
the distal alluvial fan deposits.

Evolution of the studied sedimentary
succession in the Lozovik quarry

Travertine deposition started predominantly
with the deposition of travertine slope facies
(FA1) in the proximity of the thermal springs
and the more distal travertine flat facies (FA3,
Fig. 9B). This resulted in a roughly 70 to 80 m
thick succession (based on the borehole data
from the quarry, Fig. 8). The travertines were
deposited over the alluvial fan within the
Belica-Belusi¢ Formation (sensu KneZevic
et al., 2016), suggesting a change in stream
direction and/or a decreased sediment supply,
thus promoting carbonate deposition in the shal-
low ponds around the vents. The close associa-
tion of the studied succession with the normal
faults and basin margin indicates that the geo-
thermal vents were linked to the basin-bounding
fault system (Figs 3, 5, 8 and 9A). This charac-
teristic is also observed in numerous extensional
basins such as Denizli Basin (Turkey, Ozkul
et al., 2013, Claes et al., 2015), Itaborai Basin
(Brazil, Sant’Anna et al., 2004), Albegna
Basin (Italy, Croci et al., 2016) and rift lakes in
Western USA (Della Porta, 2015). The exten-
sional features associated with the basin bound-
ing fault were favourable paths for the
circulation and mixing of fluids (Fig. 9). During
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the first evolutionary stage, the slope travertines
precipitated from fluids carrying CaCO; dis-
solved from marble lenses in the Palaeozoic
basement and geothermal CO, (Fig. 6) supported
by regionally elevated heat flow. The outflow
temperature of the fluids ranged from ca 55 to
75°C as indicated by O isotopic values (Table 2).
Fluid discharged in the immediate hangingwall
of the faults is also documented in other exten-
sional systems (e.g. Gandin & Capezzuoli, 2008;
Kele et al., 2008, 2011; Kolomaznik et al., 2013;
Ozkul et al., 2013; Rimondi et al., 2015; Croci
et al, 2016; Vignaroli et al., 2016; Claes
et al., 2017; Della Porta et al., 2017a, 2017b;
Fig. 10). Away from the thermal spring, the
ponds and depressions promote the develop-
ment of a marshy environment indicated by sed-
imentological  characteristics and isotopic
composition (Fig. 9C, Tables 1 and 2). There,
plants are encrusted by the carbonate (coated
reed boundstone, grainstone, F7, Fig. 4F) precip-
itated from the cooled thermal waters, mixed
with the meteoric (surface) waters enriched with
organic CO, (Fig. 6, Table 2). This depositional
environment is reflected in the isotopic compo-
sitions of dominant lithofacies in this associa-
tion, where negative 8'°C values suggest an
organic carbon origin (Figs 6, 8 and 10). During
this evolutionary phase, the vent activity and/or
thermal water flow (warm to mesothermal ther-
mal springs, sensu Jones & Renaut, 2010;
enriched in thermally generated CO,, sensu Pen-
tecost, 2005, Table 2) direction varied which
was recorded by the intercalation of the traver-
tine slope and flat facies in the vertical succes-
sion (Figs 7 and 8). Scarce thin intercalations of
the dark crystalline crusts (F2, Table 1) suggest
breaks in vent activity and a cooling (ca 30-
40°C, Table 2) of geothermal waters by a mixture
with surface organic CO,-rich waters.

The second evolutionary phase was coeval with
the generation of the north-east/south-west-
directed normal faults and fractures (Figs 3, 5, 8
9B and 9D) and significant input of meteoric
water (cool to warm springs, sensu Jones &
Renaut, 2010; enriched in meteoric/biogenic CO,,
sensu Pentecost, 2005; Table 2) to the geothermal
fluid flow, as witnessed by the dominance of the
dark crystalline crust travertine with low §'°C
values (Figs 5A, 5B, 6 and 9D). Fissure travertines
(FA2) are topped by slope travertine (FA1). Sur-
face waters infiltrated along the permeable fault
damage zone(s) at the basin margin to interact
with the deeper fluids (e.g. Faccenna et al., 2008;
Croci et al., 2016). The observed sliding and

folding of travertine down the fractures (Fig. 5H)
and the presence of limonitic facies along the fis-
sures indicate the presence of open fractures that
were exposed to the surface, facilitating the
descent of meteoric waters to depth (Fig. 9A and
D). After being heated due to regional heat flow,
surface waters were feeding vents at the surface
leading to the precipitation of carbonates with the
biogenic carbon isotope signature (e.g. Minissale
et al., 2002). High precipitation rates in the Bal-
kans during the humid Middle Miocene Climatic
Optimum (MCO, Zachos et al., 2001) likely con-
tributed to the increased mixing of deep geother-
mal fluids with surface waters. The heated
surface waters (Fig. 9D) sometimes ascended
under pressure through the clogged fractures as
witnessed by numerous examples of hydraulic
breccias associated with FA2 (for example,
Fig. 4H).

The third evolutionary stage was dominated by a
distal alluvial fan and travertine flat/marsh deposi-
tional environments (Unit 3, Figs 3 and 8). Com-
pared to the previous stage, the significantly
decreased geothermal vent activity can have differ-
ent causes, such as tectonic quiescence or lower
surface water infiltration (Fig. 9E). Although the
geothermal vent was still weakly active, the traver-
tines were deposited only during periods of breaks
in gravity flows. The frequent terrigenous material
input and progradation of distal alluvial fans sug-
gest degradation of the basement and a decrease in
the basin accommodation space.

The fourth and final stage was dominated by
the deposition of distal flat/marsh travertine
(FA3, Figs 3 and 8). Through this phase, the
proximal facies associations of slope and ridge
travertines (FA1), may be missing due to erosion
or the low/terminal vent activity being buried by
younger deposits (e.g. Croci et al., 2016; Della
Porta et al., 2017a). The seemingly lower geo-
thermal activity may reflect a changing tectonic
regime (Fig. 9F). Finally, the basin was exposed
to the strike-slip activity (deformational phase
3, Fig. 5C) that likely led to its inversion.

Factors controlling the travertine deposition
in Levac Basin

The depositional architecture and isotopic com-
position of the travertine deposits result from
the interplay between tectonic and climate vari-
ations, fluid patterns and their composition, the
nature of basement carbonate-rich rocks, and
the distance from the vent (e.g. Guo & Rid-
ing, 1998; Minissale et al., 2002; Faccenna
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et al., 2008; De Filippis et al., 2013a,b). Similar
to other thermogene travertine provinces, faults
and fissures served as a conduit for rising ther-
mal waters from which fissure ridge travertine
facies (Figs 5 and 6) in the Levac¢ basin were
formed (e.g. Altunel & Hancock, 1993; Brogi &
Capezzuoli, 2009; De Filippis et al., 2012; Ozkul
et al., 2013). The travertine deposition in the
study site is likely related to the younger Middle
Miocene (ca 14 Ma, suggested by U-Pb data) evo-
lutionary phase of the Leva¢ Basin bounding
fault, which likely initiated before 17 Ma. Fis-
sure ridges typically look like mounds and are
often located at fault tips, relay ramps and/or
releasing steps (for example, Denizli Basin,
Ozkul et al., 2002; De Filippis et al., 2013a,b).
The local fault geometry fits that of a relay ramp
or a releasing step linking two north-east/south-
west fault segments (Fig. 3A). There, subsidiary
faults formed during progressive deformation,
leading to a breached relay ramp. The formation
of breached fault zones with faults that are obli-
que to perpendicular to the main fault segments
in relay ramps, is related to effective strain
weakening (Fig. 9B, Fossen & Rotevatn, 2016)
that occurs in strong lithologies like the brittle
metamorphic basement of Levac Basin. This
explains the north-west/south-east trend of
Phase 1 normal faults at the base of the succes-
sion, perpendicular to the basin forming faults
(Fig. 9B). Second phase normal faults likely are
secondary faults that accommodated ongoing
sedimentation and extension. As such, faults of
the first and second phases represent a progres-
sive evolution typical for relay zones and not
separate  tectonic  phases.  Similar time-
progressive deformational patterns are observed
associated with the releasing step-overs deter-
mined by the strike-slip faults (e.g. Smit
et al., 2010; Brogi et al., 2021b). The strike-slip
faults of Phase 3 would form in releasing step-
overs during the same tectonic phase with pro-
gressive deformation. Alternatively, faults of the
third phase point to a separate tectonic phase of
strike-slip following extension. Based on the
presented analysis, neither scenario can be
excluded. However, considering that the Dinar-
ides were affected by regional Middle Miocene
extension (e.g. Erak ef al, 2017; Matenco &
Radivojevi¢, 2012), followed by a Late Miocene
transpressional phase, it is assumed that
observed third phase faults correspond to the
Late Miocene transpressional phase, likely
occurring after 10-8 Ma (Schefer et al., 2011;
Mladenovi¢ et al., 2014, 2019; Andri¢

et al., 2015, 2017; Krstekani¢ et al., 2022). Fol-
lowing the deformation development, the ther-
mal springs emerging along relay-ramp related
faults led to the deposition of travertine on the
slope and depressions (smooth and terraced
slopes and pool facies associations) which is
also observed in Pamukkale, Keykaya and Ballik,
in Denizli Basin in Turkey (Ozkul et al., 2002;
Kele et al., 2011), and Mammoth Hot Spring in
Yellowstone National Park, US (Chafetz &
Folk, 1984; Pentecost, 1990). Levac Basin traver-
tine deposits evolve from a slope to a flat/de-
pression depositional system upward in the
stratigraphy implying a decrease in overall flow
and slip rates along the faults. This evolution is
in contrast, for example, to the Balik travertine
sequence (Denizli Basin), which records an
increase in flow rate in time recorded by the
transition from travertine flat to slope facies
(Ozkul et al., 2013). The mountainous region
along the western Leva¢ Basin flank was likely
the main recharge area of the geothermal system
(Fig. 9). The Leva¢ Basin is likely developed
above an inherited thrust fault that reacted as a
normal fault during the Miocene extension; this
also explains the assumed listric geometry and
low-angle dip at depth of this fault. The listric
fault geometry explains the strong progressive
rotation that causes the tilting of the observed
travertine succession and faults to a lower angle.

This study area records a temporal evolution
in the dominant water source and likely circula-
tion depths, from deep hydrothermal sources to
shallow waters of mainly meteoric origin
(Fig. 6). In contrast to the Denizli Basin and
basins in Tyrrhenian extensional province,
where part of the CO, is associated with mag-
matic sources (Minissale et al., 2002; Kele
et al.,, 2011) in our study the source of CO, is
likely related to marble lenses spread within the
Palaeozoic metamorphic sequence in the base-
ment (Fig. 1, Doli¢ et al., 1978). In the study
site, the process of release of carbonate from
marble lenses in the basement was most likely
associated with the fault-induced shear heating
and overall high regional geothermal gradient
that drove metamorphic reactions. The fluid
flow circulation is linked to CO, degassing dur-
ing seismic events (e.g. Uysal et al., 2009; Wil-
liams et al., 2017, 2019; Matera et al., 2021). As
a consequence, the expansion of CO, enriched
fluid together with high buoyancy leads to
upward acceleration. In many cases worldwide,
it resulted in explosive eruption (for example,
geothermal fields in New Zealand, and Kirsehir
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and Pamukkale in Turkey; Zhang, 1996; Browne
& Lawless, 2001) witnessed by the presence of
hydraulic breccias, also in the present study
area (Fig. 4H). The following periods, i.e. fault
inactivity, are characterized by carbonate precip-
itation and sealing of the faults and fractures.
The subsequent seismic pulse restores perme-
ability and triggers exceeding of the hydrostatic
pressure allowing fluid flow.

In time, when the contribution of the meteoric
waters in the Leva¢ Basin geothermal system
increases, these were heated by the regional geo-
thermal gradient after penetrating faults and
fractures. Such hot water — basement rock inter-
action at depth, fluid boiling, vapour condensa-
tion and mixing with deeper fluids resulted in
the enrichment and mobilization of the carbon-
rich fluids which essentially led to the precipita-
tion of the dark crystalline crust travertine and
altered travertine. The north-west/south-east
trending faults and associated fractures acted as
conduits to promote fluid flow circulation, i.e.
the transfer of these waters from the shallower
to the deeper reservoir (also suggested for Lar-
derello geothermal field, Bellani et al., 2004).
Previous studies demonstrated that the geother-
mal systems’ fractures are often rapidly filled by
carbonate precipitation (e.g. Bellani et al., 2004;
Brogi & Novellino, 2015). The subsequent fault
slip events led to the re-opening of the pre-
existing fractures or the generation of new ones.

In contrast to the majority of observed traver-
tine sequences worldwide, dark crystalline
crusts and facies associated with the travertine
flats show negative §'°C values, implying a
strong contribution of meteoric waters that
included biogenic carbon (Table 2, Minissale
et al., 2002; Kele et al., 2011). The 8'3C values
correspond to the tufa (mainly fluvial) deposits
observed in northern Italy and the external
Dinaridic areas (Fig. 10) covered by the Meso-
zoic carbonate platform basement. These values
are similar to §'°C values recorded in Miocene
lacustrine mollusc fragments from likely coeval
Middle Miocene lakes overlaying Mesozoic car-
bonate platform basement located in the external
Dinarides (Harzhauser et al., 2011). Slightly
higher §'®0 values (mean of 4.6%., Harzhauser
et al.,, 2011) observed in Sinj, Livno and Drni$
basins during Middle Miocene times may reflect
reduced isotopic depletion by Rayleigh rainout
in the external Dinarides compared to the inter-
nal Dinarides (—7-9%o for samples influenced by
meteoric water in our study area, Table 2, F2,
F7 and F10). This observation agrees with the

hypothesis of Andri¢-Tomasevi¢ et al. (2021)
expecting a decrease in precipitation §'°0
between the Adriatic coast and the highlands of
the Dinarides, caused by orographic-driven rain-
fall related to storms traversing the Dinarides.

CONCLUSIONS

The studied sedimentary succession in the
Leva¢ Basin indicates the deposition of traver-
tines from thermal fluids associated with the
basin bounding fault. The predominant deposi-
tion of slope travertines laterally passing into
flat and marsh facies was promoted by thermal
fluids rising along the fractures and normal
faults striking north-west/south-east and dipping
north-eastward. The §'°0 and §'°C values indi-
cate deep hydrothermal sources of carbon likely
related to the dissolution of marble lenses in the
basement. In time, as the deformation associated
with the relay ramp evolution progresses, youn-
ger north-east/south-west trending structures are
being filled by mainly fissure ridge travertines
cross-cutting the previous facies association.
These structures served as conduits for meteoric
water infiltration leading to interaction with the
deeper fluids, likely reflecting increased surface
water input during the Miocene Climate Opti-
mum. Furthermore, their isotopic records (nega-
tive 8"C wvalues) indicate shallower fluid
circulation and meteoric CO, origin. A new U-
Pb age of ca 14 Ma of the travertine deposits in
the Leva¢ Basin, implies a second Middle Mio-
cene extensional phase in the Morava Corridor.
This phase is also known from other intermoun-
tain basins in the Dinarides and was likely
driven by the extension in the Pannonian Basin.
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Supporting Information

Additional information may be found in the online
version of this article:

Figure S1. Microphotograph examples of facies in the
Lozovik quarry.

Figure S2. BSE images and textures of LT-3 and LT-9
travertine samples.

Figure S3. Chemical profile perpendicular to the
banding in LT-3b travertine.

Figure S4. Chemical profile perpendicular to the
banding in LT-9 travertine.

Figure S5. Ternary Ca-Mg-Mn plot of carbonates in
LT-9 travertine.

Figure S6. ***U/*°°Pb versus *°’Pb/*°°Pb Tera—Wasser-
burg Concordia diagrams and corresponding
absolute ages.

Table S1. U-Pb isotope data for dated carbonates.

Table S2.
kinematics.

Deformational phases and their

Data S1. Supplementary material.
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