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Abstract

The laterally extensive sub-horizontal laminate/értine deposits outcropping in the Cakmak
quarry (Denizli Basin, Turkey) allows reconstrugtintheir three-dimensional geobody
architecture. Based dield observations, detailed petrographic and geotbal analyses (stable
carbon and oxygen isotopes, major and trace elentdrg most important controlling porosity-
permeability parameters in this lacustrine-domidatacies, in relation to microfacies and
diagenetic modifications were constrained. Sediolegtcal analyses and the observed
architectural geometries allowed to subdivide thie-Isorizontal carbonate succession into three
main depositional units. These units in turn, basednacro- and microscopic observations were

subdivided into ninedominant lithotypes reflecting an overall shrubt flemd a marsh pool
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depositional setting. The shrub flat facies maictynprises dendritic shrub crusts boundstone,
pustular grainstone and clotted micrite mudstonddandstone. In contrast, the marsh pool
environment is dominated by coated reed rudstort®tmdstone, cryptalgal silty bioclast-rich

bioturbated mudstone and peloidal packstones.

The diagenetic study revealed that the sedimente w#ected by dissolution, cementation,
sparmicritization, recrystallization, and local fmation of Fe-oxi/hydroxides and chalcedony.
Among the diagenetic products, in particular, tladcite cements were investigated, applying
micro-analysis of stable carbon and oxygen isotopesordingly, the co-variation between the
obtained isotopic values and the elemental conagomis (Sr, Mg, Na, and S) point to a
thermogene fluid system that likely circulated tigh the subsurface limestones, dolomites and
evaporites of the Lycian Nappes. These findingsienan in-depth understanding of continental
carbonate deposition, i.e. sub-aqueous travertimeshe context of a lacustrine depositional

system.

Keywords: shrub-like fabrics, sub-horizontal facies, stabkotope, sedimentology and

diagenesis

1. Introduction

Since Roman times travertine carbonates have mbady used as a building material. By the
end of the '90, the scientific interest for thixkaype increased in relation with its applications
in various research fields including tectonics @Akl and Hancock, 1993a, 1993b, 1996;
Altunel, 1994;Hancocket al., 1999; Mesci et al., 2008; Brogi and Capeliz2009, 2014),

palaeoclimate (Yan et al., 2012; Wang et al., 20idjies analysis (Guo and Riding, 1998;

Pentecost, 2005; Capezzuoli et al., 2014; RondhiGuruciani, 2015Della Porta, 2015; Claes et
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al., 2015, 2016; Erthal et al., 2017), stable ipetgeochemistry (Andrews et al., 1993; Fouke et
al., 2000; Andrews and Riding, 2001; Kele et al002 2011; Fouke, 2011), geobody
architecture (Claes et al., 2015, 2016), petromaysanalysis (Soete et al., 2015, 2017) and
reservoir characteristics (Soete et al., 2015; Rioaed Cruciani, 2015; Claes et al., 2015, 2017;
De Boever et al., 2016; Schroder et al., 2016). [atter interest is related to the relatively récen
hydrocarbon reservoir discoveries offshore SoutheAca and offshore West Africa in
continental carbonate deposits (the so-called Bltegeposits) (Carminatti et al., 2008). The
study of travertine outcrops as potential resenamalogues is considered as an effective
alternative to study the reservoir properties aodtrolling parameters (e.g. lithotype and
diagenesis) in these heterogeneous carbonates.laliee relates to the high variability in
architecture, lithotypes, diagenesis and petroglygroperties. Of key importance within the
Pre-salt setting are shrub-like fabrics that dgwetb within a lacustrine setting (Dias, 1998,
2005; Carminatti et al., 2008; Wright, 2012; Rez=mahd Pope, 2015; Saller et al., 2016) and
that also have been reported from lacustrine tteeeenvironments (e.g. Erthal et al., 2017).
The current study focuses on a sub-aqueous depuditsystem of extended sub-horizontal
laminated travertines in the Cakmak quarry (TurkeSub-horizontal laminated travertine
deposits outcrop in the lower part of the Cakmalhd¥, Ece, Alimglu, llik quarries, and extend
over at least 2 by 1.5 KnfVan Noten et al., 2013; Claes et al. 2015, 20&f7jyhich a part has
been characterised in detail in this study. Dedpiéefact that the travertines from the Ballik area
have been studied by Ozkul et al. (2002, 2013)e<kt al. (2015) and De Boever et al. (2016),
no detailed information is yet available about sub-horizontal travertineshat according to
these authors developed in a lacustrine-like geti®laes et al. (2017) worked out a widely

applicable classification for shrub-like fabricgdaheir pore typology. The lateral continuity and
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the transition from one shrub-type to another,unction of the palaeoenvironmental setting,
have been addressed by Erthal et al. (2017) ircdélse of the Tivoli travertines (central Italy).
These variations are not only of importance for tleeonstruction of the depositional
environment but are also of interest from a hydrdoga reservoir point of view since they
potentially instigate reservoir variability. Conseqtly, in this study, the vertical as well as
laterallithotype variations inside the sub-horizontal ggines and their depositional setting are
addressed. In addition, the thermogene nature exfetliravertines based on stable carbon and
oxygen isotope signatures (Pentecost, 2005; GaaihCapezzuoli, 2008; Kele et al., 2008,
2011;Teboul et al., 2016) is highlighted. A microscopampling of cement and micrite phases
was executed in order to compare the sediment@bdom the diagenetic signature. Early
diagenetic cements negatively affected porosity pemneability, however, they also reinforce
the rock framework, resulting in a higher mechanstaength that would hamper porosity-
permeability decrease during compaction (e.g. Seet®., 2015). Therefore, it is essential to
determine the diagenetmverprints, such as precipitation of cements. Furttore, chemical
analyses were carried out in order to address suintke geochemical signatures pointing to
their origin. Finally, since microbial activity isften linked to the development of shrub fabrics
in sub-horizontal travertines (Krumbein et al., 79Chafetz and Folk, 1984; Chafetz, 1986;
Buczynski and Chafetz, 1991; Guo and Riding, 198%concelos and McKenzie, 1997; Dupraz
et al., 2004, 2009; Vasconcelos et al., 2013; Gha013, Erthal et al., 2017), TOC analyses
were carried out to deduce possible microbial fatences, also considering organic carbon

isotope signature and C/N ratios.

This study thus (i) considers small-scale lithotyagiations providing a systematic framework

related to the palaeo-environmental evoluiioa sub-aqueous system; (ii) focuses on the micro-
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analysis of carbon and oxygen stable isotopes udysthe nature and spatial distribution of
cements and matrix in continental carbonates andilimately provides a conceptual model for
the evolution of the sedimentary palaeoenvironmerihis sub-horizontal laminated travertine
succession. Consequently, this study improves onderstanding of the processes that affect the

reservoir architecture within sub-aqueous travesin
2. Geological setting

The study area is situated in the Denizli Basinjctvhis Early Burdigalian in age (Algicek,
2010). This graben of approximately 50 by 24 kmlasated in the Western Anatolian
Extensional Province of Turkey (Fig. 1). This basitbound by normal faults along its northern
and southern margins (Kog, 2005; Westaway et al., 2005; Algicek et al.0202013). The
Denizli Basin is the continuation of the E-W-tremgliBuyik Menderes Graben, the NW-SE-
trending Gediz Graben and the Kiciik Menderes Gréekul et al., 2002, 2013; Kele et al.,
2011; Van Noten et al., 2013). In the Denizli atde, rollback subduction of the North African
oceanic crust below the Anatolian plate led toftypdissociated with exhumation and subsequent
relaxation, with an extensional collapse, resulim@ horst-graben structure (Westaway, 1993;
Westaway et al., 2005; van Hinsbergen et al., 2GiBbiz et al., 2012 he central part of the
Denizli Basin comprises two Quaternary sub-basiasyely the Laodikeia Graben in the south
and the Curuksu Graben in the north (K@ttyi 2005). The latter, which is a Neogene-
Quaternary depression, is of interest in this stuélye-Neogene bedrock, consisting of the
Palaeozoic-Mesozoic Menderes Massif, Triassic caates and evaporites and the Upper
Cretaceous thrusted Lycian Nappes, is exposedeandnthern and southern margins of the
Denizli Basin. The Menderes Massif is composed efamorphosed rock units (Algicek et al.,

2007). The Lycian Nappes are subdivided into theidry Thrust Sheets, the Lycian Mélange and
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the Lycian Ophiolites (S6zbilir, 2005). The lithgles forming the Lycian Nappes are dolomitic

limestones, marbles, sandstones, ophiolitic mékagd evaporites (Alcicek et al., 2007).

The Ballik study area is located in the southeagtart of Denizli Basin at the intersection of the
Curiksu and Baklan Grabens (Van Noten et al., 20¥&)ere continental carbonates are
exposed along its northern flank, it is subdividetb a northernmost so-called “upper area”,
containing more than 10 travertine quarries, anldveer “domal area”. The latter contains
several large travertine quarries (e.g. Best AbaadpAlimaslu, Cakmak,illik, Faber and Ece
quarries) in which the lowermost excavated parssia of sub-horizontal laminated travertines
(Van Noten et al., 2013). The WNW-ESE oriented Cakmuarry (37 51'44.71" N, 28 20’
35.66” E) forms one of the largest excavations hie southern flank of the “domal area”.
Previous researchers (Claes et al., 2015; De Ba\edr 2016) have described the “domal area”
as consisting of five different lithofacies, fronbdoto young, sub-horizontal facies/extended
pond, non-carbonate marls/conglomerates, smoothrgjacascade, steep-sloping waterfall and
reed facies (Figs. 2 and 3). The development cfetfowntinental carbonates and non-carbonates
took place through several evolutionary steps (BW). Their precipitation commenced with
formation of thesub-horizontal strata in a shallow sub-agueousrenrient (Fig. 3A sequences
1). The substrate upon which these deposits formausisted of unlithified siliciclastic
sediments (Curewitz and Carson, 1999). This systewolved into non-carbonate
marls/conglomerates, likely related to a changdimatic conditions (Verbiest et al., 201@)ig.

3A sequences 2, 4 and 5) followed by renewed ddmapes travertine deposition of smooth-
sloping cascade, steep-sloping waterfall and remik$ (De Boever et al.,, 2016) (Fig. 3A
sequences 3). This study focuses on the sub-haoaizstnata which are located within the lower

15 m of the vertical quarry wall, and are exposedran area of about 400 by 350 m. The
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studied sub-horizontal facies were one of the fahes reported by De Boever et al. (2016).
However, a detailed study of this facies, as preeskm this paper, has not been reported before.
This study focuses on the sub-horizontal strata r@port for the first time on the internal
organisation of the rock fabrics and existing v#oiss of these sub-horizontal deposits (Figs. 2

and 3).

3. Methodology

3.1 Field observations, petrography and mineralogy

The lateral and vertical sedimentological charasties along the lower part of the quarry walls
were described, photographed, and logged to ad@gnmessd m-scale variations. 120 horizontal
representative core plugs were collected alongo@$ performed on the quarry walls. Samples
were impregnated with blue resin, and thin sectimese prepared. Some samples were also
impregnated with fluorescent resin to highlight ¢ro)-porosity. Lithotype and diagenetic
features were studied in thin sections by tradaidight, fluorescence (Leica DM LP equipped
with a fluorescence lamp 12/100 W, type: 301e391 @ith BP450-490/LP515 filter set) and
cathodoluminescence (CL) microscopy (modified Tesyn 9200MK2 operated at 15 kV and
300—400 pA gun current). CL colours will only be mentionedheve luminescence was
encountered. Most of the samples are, however,lummescent. In addition, a scanning
electron microscope (SEM, model Hitachi TM-10@0th magnifications up to 11000x was used
to study the micro-fabrics of fresh-cut, un-polidreirfaces. The mineralogy of 12 samples was

determined by X-ray powder diffraction (XRD) usiad’hilips PW 1930 diffractometer.

3.2 Stable carbon and oxygen isotopes
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In order to enhance the accuracy of isotope meammnes and to clearly distinguish the values
obtained for cement and micrite, a micromill dewaéh a drill bit of 200um diameter was used
to collect sample powders with microdrill-holes2& um deep. 71 powders were collected in 12
ml Labco Exetainers. Samples were analysed on emidhBelta V Advantage isotope ratio mass
spectrometer coupled to a GasBench Il. In the ktboy, samples were flushed with helium and
reacted with 100% phosphoric acid to produce, @&s. Samples were allowed to react for 24
hours at 25°C to reach isotopic equilibrium. Datanf each run were corrected using the
regression method with LSVEG'O = —26.7%o,5"°C = —46.6%0), NBS19 (%0 = —5.01%o,
§5C = -23.2%0), and NBS-1$1°0 = —2.2%0,6*°C = +1.95%0) as standards, as well as using two
in-house CaC@standards, which were regularly calibrated agaitis$-19 and LSVEC. Long-
term standard deviations were better than 0.1%ch B0 and5'°C values of samples are

expressed relative to VPDB (Vienna Pee Dee Belannit
3.3 Major and trace element geochemistry (ICP-OES)

Inductively Coupled Plasma - Optical Emission Spesttopy (ICP-OES) was used to analyse
the concentration of major and trace elements h ddmples. The elemental composition of
travertines allows linkage to fluid composition aedglentually to the source rock and the
hydrological system (Teboul et al., 2016). Samplege selected to represent different stages in
the evolution of the travertine body and to detestations between different lithotypes. Before
analysis, the samples were dissolved accordingftairaacids digestion protocol , which allows
for the dissolution of carbonates and non-carbonatestituents that possibly could result from
detrital influx ordiagenetic processes. For analysis, 100 mg of peddsample was weighed
and put into Teflon beakers. The four acids usedigestion of the samples were HNQ@4M

or 65%, sub-boiled), HCI£X(70%, pro analysis Sigma Aldrich), HF (49%, sulilde) and HCI
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(2.5M). The digestion of the samples in the aci@ds \@one on two hotplates. First 3 ml HNO
was added, turning the temperature to 200°C, atigwio evaporate during 40 minutes.
Subsequently, 3 ml of HClQwas added and “cooked” for 1 hour at 230°C. Ontarge drop
was left (about 0.5 ml), 3 ml HF was added at 248A@ digested until almost dry. Finally, 7 ml
HCl was added and heated for 15 minutes. All samplere fullydissolved, i.e. no residue
remained, so no filtering was required. In the Ifstap, the sample solution was diluted up to 25
ml with MilliQ water. To determine the detectiomit and the analytical accuracy, two reference

samples and two blanks (one per hot-plate) includéde study.
3.4TOC

15 mg of representative lithotype travertine samplere weighed into 9x5 mm Ag cups, and
carbonates were removed by repeated acidificatidtmduuted (2%) HCI. For the determination
of %0OC (organic carbon), %N (nitrogen) and the Istadarbon isotope composition of the OC
fraction ¢'°Coc), samples were combusted in an elemental analysiotope ratio mass
spectrometer (EA-IRMS, ThermoFinnigan Flash HT, ahérmoFinnigan DeltaV Advantage),

and data were calibrated using an in-house Lewidd AEA-C600 standard (caffeine).

4. Field observations

Within the sub-horizontal facies, on the basis leé tontinuous lateral correlation markers,
which reflect breaks in the travertine precipitati¢i.e. exposure surfaces), and lithotype
association, three different units were distingadltfFig. 4). These units that can be laterally
followed over several hundreds of meters, exhibdimentary structures with slightly different
orientations.

Unit 1 (2-4 m thick) displays a low dipping angle (< 165the E-SE. The top is marked by an
erosional surface that laterally can be followea@ a®n-travertine deposits . It is composed of

9
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compact white with a faint brownish hue horizorttatl, which contrasts with the typical white
coloured travertines.

Unit 2 (4-9 m thick) displays a gradual steepening froim-Borizontal phyto-boundstones above
the lower non-travertine deposits evolving intoywlaw angle (< 5°) micro-terrace deposits. The
boundary between Unit 2 and 3 consists of altemgdtat to wavy laminae. The latter are cut off
the deposits by a red-stained exposure suffags. 4E and F).

Unit 3 (4 m thick) consists of a smooth slope facies ahow angle terrace slope facies, which
are locally bordered by steeper laminae definirggbol rims. The smooth slope facies laterally
changes to flat sub-horizontal facies. Towardsrtbghwestern side of the quarry, these strata
change into flat laminae. .

5. Petrography and lithotype description

Nine travertine lithotypes and a marker horizonnoh-travertine deposits were differentiated
based on meso- to micro-scale characteristics aathlsarchitecture within the sub-horizontal
travertine facies (Fig. 5), from which five lithgtgs (i.e. L4, 5, 6, 7 and 9) have been previously
reported by researchers addressed in Table 1sfidy therefore will mostly focus on providing
additional observations on the aforementioned tyjhes, and introducing new detailed
lithotypes based on recent findings. First theoliyipes will be described, which is then followed
by a brief interpretation. Lithotype is here definas the macro-scale appearance of the
microscopic fabric organization (see Claes et8l15). Fabric analysis relied on reported studies
from other localities by Folk and Chafetz (1983)j0Gand Riding (1999), Sant’Anna et al.
(2004), Jones and Renaut (2010), Barilaro et &1Z2 Gandin and Capezzuoli (2014), Della
Porta (2015) and Croci et al. (2016), as well amfthe studied Ballik area (Turkey) by Claes et

al. (2017) and Tivoli area (Italy) by Erthal et 2017). The rock type terminology used in this

10
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study is based on Dunham (1962) and Embry and KI¢¥871). The classification of shrubs is
based on morphology reported by Chafetz and Gyi#99), Claes et al. (2017) and Erthal et al.
(2017).

Dendritic shrub boundstone

At macro-scale dendritic shrub boundstone makeasnajpllating layers of bright white to creamy
travertine, with regular geometric shrub morphoésgwvith arborescent and arbustiform outline.
This lithotype can be followed laterally and veatly over more than 100 m and 7 m,
respectively. The thickness of the individual layénat contain dendritic shrub crusts changes
from 5 mm to 2 cm (Figs. 6A, B, C). They are boetkat their bottom and top by millimeter
sized peloidal grainstone. At microscopic scalediigic shrub boundstone consists of bush-like
structures, with dendritic outlines consisting fréus (Figs. 7A, B) as well as wide dendritic
structures (Figs. 7C, D) diverging from a centnatleation centre (root-like structure) (Fig. 7E).
The latter are sometimes surrounded by thin cat@teent rims up to 1-2 mm in length and 2- 5
mm in width. The dendritic fabrics occur adjacemteach other, as dense and tightly packed
clotted structures. The primary voids is reducedspgr crystals. Intershrub, intrashrub and
interdigit growth framework porosity, interlaminporosity, microporosity and mouldic porosity
are the characteristic pore types in this lithofypleich appear in most cases partially reduced by
cement (Fig. 7D).

Interpretation

This lithotype displays micritic aggregates of ragunorphology making up dendritic shrubs
well described in literature (Guo and Riding, 192999; Folk and Chafetz, 1983; Chafetz and
Folk, 1984;Chafetz and Guidry, 1999; Chafetz, 2013). Some attaristics such as regular

morphology, micrite aggregation and microporosgpresent some similarity with microbially

11
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mediated shrubs described by the above-mentionbdrgu More specifically, presence of fauna
or flora (e.g. ostracods, rarely cyanobacteria-Bkeictures and microbial filaments) in some
cases can be attributed to appropriate environrheatalitions where microbial activity likely
was prolific. However, no distinct evidence regaglithe presence of microbes was found.
Based on the observed microbial textures (Ridin@)02, the lack of distinct fluorescence
microscopical observation, and low TOC values, supthe dominance of abiotic travertine
precipitation. Therefore, abiotic processes likdlgminantly influenced the development of
Cakmak shrub structures. The shrubs are laterallgigient in wavy crust structures making up
almost straight to slightly inclined layegsinting to deposition in gently sloping micro-&ced
settings. Some lateral variations, from proximaldistal environment (with regard to spring),
have been noticed where the branch morphology odritec shrubs changes from narrow and
elongated to wider and shorter widespread shrulphatypes often with interdigitated pore
shapes (Figs. 7A to F). Thus, shrub morphology setambe influenced by hydrodynamic
conditions (as stated by Erthal et al. 2017) ad a®lby pre-existerdmall-scale topography.
Incomplete growth structures usually occur in laltgr restricted laminae in distal parts,
suggesting shrub growth under low energy conditidiigs may likely be related to occur at
times of sudden saturation increase as a consegudnevaporation in stagnant water within
distal locations, i.e. away from the spring areas. Here the mariggregation resulted in
broadleaf, wide-branching shrub structures. Thellslaccumulations are — as a rule - laterally
and vertically continuous over several meters. Toiggn change into clotted micritic mudstone

to boundstone, which can result from a decreasater-flow energy or a change in topography.

Pustular shrub grainstone:on macro-scale, the pustular shrub grainstoneshaeacterised by

white, tightly cemented, sub-rounded shrubs varyiom 0.1 to 4 mm in size (Fig. 6F). Lateral
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continuity of this lithotype is commonlgxtensive in layers of centimeters to maximum one
meter in thickness. It occurs laterally, kdiscontinuously, over the entire study area. The
pustular grains are relatively homogeneous in arm morphology. On microscopic scale they
show densely packed micritic clumps with uniforrtemmal structure (Fig. 7G). The limited size
of the pustular shrubs points to their stunted gnoarigin, compared to dendritic shrubs. This
lithotype is associated with dendritic shrubs. Whilere is a complete absence of microporosity
in the pustular shrub structures, grainstones ays@ large intershrub growth framework

porosity, which is partially filled with cement.

Interpretation

Based on Dias (1998), the pustular shrubs resafh fundeveloped branches of arborescent
shrubs as a consequence of local physico-chemiwdl bgological conditions. Chafetz and
Guidry (1999) suggested that pustular shrubs aatgifrom broken “leaves” of bacterial shrubs
that formed under periodic turbulence. In our dhgy show good sorting, but the roundness of
the individual pustules is not perfect, which catate to the reworking but over a restricted
transport distance. Hence, the formation of pustsit@ubs probably took place after decrease in
turbulence in a water column where they accumulated made up lenticular bodies at the
bottom and behind the obstacles. Their patchy aatatian in small depressions between other
lithotypes supports this hypothesis (Fig. 6E). Thilotype is laterally extensive, however
discontinued locally, within lacustrine marshy eownments and distal parts of shrub flats.
Vertically and laterally they are usually interfergng or occur adjacent to dendritic shrubs and

spongy boundstones as well as coated eroded Eguénts.

Radial shrub packstone/grainstone:on macro-scale the radial shrub packstones/graiasto

display spherical and rounded to sub-sphericalbereunded white coloured grains, 1 to 5 mm

13
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in size (Fig. 6G). They contain cores that areams cases patrtially dissolved. This lithotype
occurs widespread in the study area, especialthenareas most far away from the assumed
springs. They form horizontal lenses of 10 to 60 ionthickness and up to 40 cm of vertical
extent. Microscopically this lithotype reveals amegular to regular concentric radial shrub
morphology that develops around a nucleus, whigears alongside clotted peloids floating in a
microsparitic matrix (Fig. 7H and 1). Intershrubogith framework porosity, microporosity and
interdigit growth framework porosity can be observéthin this lithotype, which in some cases

are partially to entirely reduced by cement (equant calcite cement).

Interpretation

This lithotype resembles to some extent the pigmgertine described by Guo and Riding
(1999) and the radial pisoids of Chafetz and FaB8@). Similar lithologies have been described
by Rainey and Jones (2009), Della Porta (2015)Gnodi et al. (2016). According to several of
these authors, pools on terraced slopes and #ptedsions are suitable places for their
formation. Their rounded shape with internal rat@&nches point towards small shallow ponds
for their formation. An organic influence on thengeation of the internal radially structured
shape is supported by the abundance of bactdt@aldoccoid structures, as also reported by
Chafetz and Guidry (1999). In addition, the varyargount of microporosity is likely the result
of bacterial decay. The size of the microporosyt (um in size), observed in several samples, is
in accordance with such microbial activity. Radibfubs display some similarity in their lateral
extension comparable to pustular shrubs. Verticaligy usually occur between lower-energy
lithotypes such as mudstone and clotted micrite &titbtypes reflecting higher-energy

environments like shrub crusts. This lithotype Uisudgevelops in the bottom part of shrub flats
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and lacustrine settings. They vertically and ldkgrasually interfinger or are associated by

dendritic shrubs and spongy boundstones and exatacteroded reeds.

Clotted micrite packstone to boundstone at the macro-scale, this lithology consists of
compact gray-coloured travertines with layers thage from centimetres to metres in thickness.
This lithotype usually alternates vertically withltys mudstone andpeloidal packstone.
Microscopically these strata are made up of densdtereferred to as “micrite islandssehsu
Riding, 2000). Clotted micrites are usually surrded by bladed calcite cement of 50 - 100

in length (Fig. 9F), which in some cases shuouattled orange luminescence patterns. The most
important porosity type observed is microporositgcture, vuggy and micro-biomouldic pores.
The latter especially derive from dissolution ofangbacteria, algae, gastropod and ostracod

shells and are filled by equant calcite cement.

Interpretation

Clotted micrite can be interpreted as microbialledmated precipitation with evidence of
cyanobacteria, coccolith bacteria and algae. Intnsases some biofilms of cyanobacteria,
filaments and diatoms can be observed, but intdesemposition prevents identification of the
exact species. In addition, according to Dupraal.e2004), Extracellular Polymeric Substances
(EPS) can also mediate precipitation of similan&urres.In the latter case acts as a place for
carbonate nucleation and when after precipitatifon EPS is destroyed, it leaves behind only
traces. As already stated by many authors (e.gtWd876; Freytet and Plet, 1996; Gierlowski-
Kordesch, 2010; Croci et al., 2016), micrite is @®ped around and within microbial
communities like cyanobacteria especially in stary water pool settings. According to
Golubi et al. (2009), without EPS, precipitation of catoi carbonate would still occur, but it

would be much slower. These mudstones to boundstoae be made up of homogeneous
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micrite, which points to an authigenic origin okethicrite clumps. Turbulent waters finally may
tear up, rework and transport the initial micrés individual grains. The latter case implies
transportation of travertine intraclasts, which dam interpreted as resulting from upstream,
lithified and eroded travertine (Guo and Riding999 Rainey and Jones, 2009; Gandin and
Capezzuoli, 2014). They have rather large latextdrg and vertically they are often related to
mudstone in lacustrine parts of marsh environmefinally, they often exhibit some

luminescence that likely relates to recrystalliaati
Non-travertine deposits:

Non-travertine deposit form a thin horizon contagireworked material (e.g. siliciclastic and

clay) that has been transported formed by locabgedesis. It can be easily recognized as a
horizon due to the presence of palaeokarst featgssciated with it and the dark grey colour in
outcrop. Its thickness varies from 15 cm to 20 ¢d ean be followed laterally over a distance
of more than 100 m (see Fig. 4B). In the upper parsists of angular breccia fragments of
travertine within a brown clay matrix. The tips agsociated reed moulds are inclined towards

the NW.
Interpretation

The encountered horizon are the products of treneedlteration under influence of rainwater,
biological activity and evaporation during periods exposure. This exposure is due to a
decrease or cessation of fluid discharge from tat(g) (e.g. Guo and Riding, 1999; Fllgel,
2010). Variations in vent location and/or directiohwater flow may also result in widespread
exposure (Chafetz and Folk, 1984; Guo and Ridi®§91 Faccenna et al., 2009; Ozkul et al.,

2002, 2014). Local travertine fragments inside tiosizon suggests that they may have been
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subject to erosion especially during the last stafgdevelopment of this horizon. They likely
reflect a pedogenic overprint combined with layestifying to deposition of erosional material
from the hinterland, thus corresponding to kindsloéet-floods taking place during periods of
emergence. These fragments displaying imbricateddiructures indicate up-current orientation
patterns and high water-flow energy, which mayeefifluvial activity or some sheet flooding
from SE direction. Moreover, presence of plantctsliat the top of this horizon reflects
subsequent suitable conditions for plant growthdicating palustrine conditions. Their

inclination is towards the NW.

6. Diagenetic features and porosity types

The major diagenetic processes affecting the suizdrdal travertines of the Cakmak quarry are
cementation, dissolution, spar-micritization, retajlization, and formation of authigenic

minerals. XRD analyses indicated tlataverage 96% of the studied travertine is compo$ed o
calcite. The other 4% consists of quartz, Fe-oxifbyide, manganese oxide, and clay minerals,

as can also be inferred from the geochemical aisalys

Carbonate dissolution and organic decay resultedignto cavity development (Figs. 10C to F)
and (enlarged) reed mouldic porosity (Fig. 10F)eillsize can reach up to 10 cm in diameter
and exceptionally 80 cm in length. Larger cavitiesy be partially filled by rafts (Fig. 10D) and
small stalagmite-like structures while cavity wallee sometimes covered by coarse banded
calcite cement (see Fig. 10C). Moreover, solutiolamged fractures of 1 to 4 m in length were
observed. These features thus testify of intra-giéipoal dissolution, whereby cavities in the
past were sometimes partially or completely watkedi Apart from the dissolution cavities
creating porosity, a wide range of micron to ceetia sized pores occur, being depositional in

origin or relating to the decay of organic materiaépositional porosity includes shrub- and
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phyto-framework porosity, observed in dendriticuthiand reed lithotypes and intergranular
porosity particularly observed within the pustuéirubs, radial shrubs (see Figs. 7H and 1) and
coated grains. Fluorescence microscopy revealsmawoporosity in the dendritic shrub crust
boundstone, while the clotted and peloidal textusé®w well-connected microporosity.
Secondary porosity is mostly observed in the formbm-mouldic reed-, ostracod- and
gastropod-mouldic porosity. Fenestral-like poroddgypresent in both peloidal and spongy-
microbial travertines (see Fig. 9A and B). Vuggyqgsity originates from solution enlargement
of other pore types. It occurs in all lithotypesuggy pores can be connected (see Fig. 9G) or
isolated (see Fig. 9I). Finally, intra-crystalliperosity occurs between cement crystals (see Fig.
9l). The lowest porosity was observed in mudstathetlypes while the highest porosity occurs

in the spongy lithotype.

The cements are generally non-luminescent calcltesy include: (1) Fibrous, bladed cements
and dogtooth cement rims (Figs. 11A, B and C);BR)cky and equant mosaic cement (Figs.
11D and E) usually filling intergranular, vuggy amaduldic pores; (3) Isopachous banded crystal
- micrite couplets in which micro-lamination insittee cements reflects different cement growth

stages (Figs. 11A, F and G) and (4) Meniscus-cemtemt near coated grain contacts (Fig. 11H).

Recrystallization is evidenced by orange to duthilbescence and undulose extinction involving
several adjacent crystals. Clotted micrite inclusions inarspcrystals also evidence
recrystallization. These phenomena are mostly obsein clotted micrite and dendritic shrub
fabrics (Figs. 12B, C). SEM analyses show theoenae of spar-micritization in both clotted
micrite and mudstones. Finally, formation of auémg minerals, including trace amounts of

chalcedony and dendritic oxides/hydroxides, werseoked in mudstones.

7. Geochemistry
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7.1 Stable carbon and oxygen isotopes

To avoid mixing of different fabrics and cementsraisampling for stable isotope analysis was
applied. The values of analysed components are rstiovppendix 1. The'*C values of all
analysed carbonates vary between —0.4 and +3.7%.5f® values of micrite and cement
phases range between —9.4 and —5.7%.. 3¢ signature for the individual units plots in
discrete but overlapping clusters. Unit 1, 2 arfth8e5**C values varying from +0.9 to +3.7%o,
+0.2 to +2.1%0 and —0.4 to +1.7%o, respectively. THE® values obtained for these units range
between —7.9 to —5.9%o, —7.6 t0 —5.7%0 and —9.4 tG%&% respectively (Figs. 13 and 14). In
Unit 1 and 25™3C values from micrite are often more enriched tinaiie cements, while in Unit

3 they vary around a similar mean value. Micritewsh relatively depleted*®O signatures in
comparison to the cements in Unit 1 (with the ekioepof one sample) while micrite becomes
more often less depleted in comparison to the cé&meithin Unit 2. In Unit 3 no clear trend can

be deduced (Figs. 15 and 16).
7.2 Major and trace element geochemistry

The elemental concentrations of major elementsaf@@aMg) and trace elements (Al, Fe, Mn, K,
Ti, P, Ba, Sr, Ni, As and Rb) are given in Appen@ixThe concentrations do not show any
specific trend in function of the different lithggs. However, the co-variation among the
concentrations of Al, Fe and K is obvious in theinity of the non-travertine deposits. These
concentrations generally appear as outliers (>10§/@) among the recorded values. The high
concentration of these elements with respect to rtbemal ranges known for travertine

(Pentecost, 2005) relates to the presence of ndimoigate components, in particular, clay

minerals. The Fe and Mn concentrations, excludiegabove-mentioned samples, are within the
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expected range reported by Pentecost (2005). Meréay Mg, S and Na concentrations clearly

display some co-variation. The non-travertine dépas not considered.
7.3TOC

Measured Total Organic Carbon (TOC), stable caidh nitrogen isotopic compositions and
C/N ratio obtained from the different TOC samplesndnstrate variations within and between
lithotypes (Table 2). The OC values show an aveddd®17 % with highest value of 0.25% in
the reed lithotype and lowest value of 0.09% in fily cemented radial shrub lithotype. The
C/N ratios range between 2.27 to 4.62 (mean 3.Bl0g. lowest value is measured within the
fully cemented radial shrub. The highest ratiosuodn thereed lithotype. Thé'*Coc values
vary from -14.5 to -24.6%0 (mean -22.0%0) in radibligs and mudstones, respectively. The
8™N values range from -0.1 to +3.4%0 (mean + 1.4%o).0Amthe samples, the clotted micrite

and reed samples show the lowest and highest vaasgectively.
8. Discussion
8.1 Organic inferences

Total organic carbon (TOC), which is an indicatbiooyanic matter content, has been analysed
to infer whether additional arguments in favouroofanic mediation of carbonate precipitation
can be put forward. Moreover, it can provide intlmas on the type of depositional environment
(e.g., lacustrine, fluvial, fissure ridge). The aobrganic matter content is, however, low,
indicating a dominantly abiotic precipitation systeéather thara biotic system. Despite these
low values, the C/N ratio and carbon isotope sigigatan be used as indicators of the biota
living in the settings where the aquatic sedimeotsned (Thornton and McManus, 1994;

Meyers, 1997; Andrews et al., 1999). The carbotos® values of TOC vary between -14.5 and
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-24.5%0 and C/N ratio plots between 2.27 to 4.6Zhaut a clear trend in function of type of
samples. Comparison of the measured data with Big@607) points towards involvement of
microalgae and microbes including bacteria, diatogreen and blue-green microalgae. This
result is in accordance with the petrographic oleens, apart from the obvious presence of
vascular plants, i.e. reeds. They should be cheniaet! by high C/N ratios (100 to 1000). The
low ratio, however, could be attributed to the omation of bacterial populations (e.g., C/N
ratios of 3 to 4; Rice and Hanson, 1984), covemmagcular plants representing a dominant
fraction of the total N thereby decreasing the BDIN ratio of this material. With regard to the
organic carbon isotope signature, it is not posstbl pinpoint the exact organic matter type
within the different lithotypes. However, it likeleflects cyanobacteria based on the study by
Hayes (2001). More specifically, the samples shalmes similar to lacustrine algae, which is in
line with the inferred lacustrine depositional enuiment of the sub-horizontal travertingsg.

17).
8.2 Nature and source of parental fluids

Unit 1 is characterised by relatively more depleséiC and more enriched™®0 values in
cements when compared to the micrite. As soil-@efizarbon can lower tie*C signature and
cooling normally increases tt3¢°0 valuegPentecost, 2005), one possible explanation fdn suc
pattern in Unit 1 can be a larger contribution wfilirating cold meteoric waters that passed
locally through overlying soils situated uphill dhe depositional setting affecting the
precipitation of cements. This explanation is imeggnent with thejeneral trend i%°C values

in both cement and micrite of Unit 1 indicating mafepleted values towards then-travertine

deposits.
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Unit 2 is characterised by relatively more depletéiC and§°0 values in cements when
compared to the micrite. The possible explanationsuich depletion both i*C and'®0
valuescould relate to differences in temperature and skigg. After the initial precipitation of
micrite, because of the large water mass volumeithin the lacustrine setting, the temperature
of the fluids could have been slightly higher, loing the rese6'®0 values. Furthermore, the
intensity of degassing in such a water mass mgiatli decline through time, and thus the fluids
which previously precipitated micrite, may have gipéated cement in between the micritic
components. The overall increase in water tempeyatimd decrease in levels of degassing
ensure a lightersotopic signature of the cements. In such a ctee,isotopic signature of
cements that probably originated from dissolutiod precipitation of pre-existing micrite would

be masked due to the large water volume.

Unit 3 does not show clear systematic patternssatopic composition of the cement versus
micrite, most likely resulting from mixing water sdiharge affected by evaporation and

temperature fluctuations.

The §*%C and 0 values obtained by micro-sampling (see Figs. A& &6) prove that the
discrepancy between micrite and cement reflectsffarehce in fluid signature between the
diagenetic and the primary fluids. However, oneusthdoe aware of the fact that the reasons for
the variations in isotopic signature of micrite argiments, such as precipitation conditions in
terms of the thermogenic water discharge, extrdtretion mixing of pre-existing water,
seasonal variations, evaporation, temperature, ssmall-scale morphology variations of the

depositional environment (deep, rough and steappeavery complex.

A comparison betwees*C ands'®0 values of all the three units shows a decrea®it@ trend

from Unit 1 towards Unit 3, while th8*®0 values remain more or less similar. Generally,
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enricheds'®C signature in travertine deposits has been at&ibto CQ degassing (Fouke, 2000
and references therein) while not much effectirg&ifO signature. Accordingly, the enriched
813C values in Unit 1 possibly reflect the highestwanalation and contribution of the fluids

affected by prominent CQOdegassing.

According to Pentecost (2005) travertines can lessiied asthermogene (deep thermal
processes) or as meteogene (meteoric), based amigie of CQ. Samples from the study area,
both cement and micrite, show posit8/&C values (with the exception of one outlier). T
and5'®0 values obtained by micro-sampling, plotted ondtegram of Teboul et al. (2016) in
Figure 13, show a pattern that is in agreement \whth isotopic signature of thermogene
(hypogean) travertine as introduced by Pentecd¥SR Accordingly, the source rock likely
consists of carbonates and/or igneous rocks (ex@apbnatites and ultramafics). Trace element
analysis provides further constraints on the kiridfleid source(s) as well as on potential
fluid/rock interactions. The obtained results iradec that the elemental concentrations do not
show specific trends in function of facies anddldgical units. This suggests precipitation under
non-equilibrium condition. Based on the recordeevanations between different elements as
well as previous studies (Pentecost, 2005; Claed.,e2015), the elements can be divided into

two groups.

The first element group consists of Mg, S, Ba, Nd &r and relates to intra basinal factors (i.e.
the feeder discharge), and most importantly toflilnd composition. The co-variation of these
elements possibly reflects the influence of fluidat interacted with evaporitic deposits, which
would explain the high S and Na contents, with eeige mean values of 1410 and 97.6 ppm.
Moreover, according to Teboul et al. (2016), chednetements participating in the formation of

travertine deposits may originate from the alteratf source rocks, in association with either
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non-hydrothermal (epigean) or hydrothermal (hypogedaydrogeological systems. Especially
based on the Sr (ranging from 364 to 1599 ppm)Bm@anging from 4 to 327 ppm) cross plot,
strong concentration differences in source rocklayatologic regime can be inferred according
to the latter authors (Fig. 18). With referencéhte diagram of Teboul et al. (2016), tlesults of
the studied samples plot in the field of limestgnegaporites and dolomites as source rock
reflecting a thermogene system. Based on the tithtographic section of the Denizli Basin, the
most likely formation with the above-mentioned @dwderistics are the (Mesozoic) Lycian
Nappes consisting of both limestone and evapodgposits. This interpretation is in full
accordance with Claes et al. (2015) and El Desaikgl. (2015), who based their conclusion
also on the Sr-isotope signatures recorded in rdneettines. Notice also that other travertine
deposits that have been studied in this DenizlirBagere also classified as thermogene (e.g.

Pamukkale; Kele et al., 2011 and Alcicek et al1&0

The second element group, composed of Al, Fe, MR land Ti, relates to the non-carbonate
fraction reflecting external sediment input. Thesult is in agreement with petrographical
observations, where clay and heavy minerals as agelletrital quartz and feldspar have been
encountered. Group two displays elevated valupsogglly inthe non-travertine deposits, as

well as in distal parts of the basin away fromgpéangs.

Although, each of the studied units is charactdribg a distinct stratigraphic pattern, the
overlapping trend of the stable isotopic valuesgests a similar source rock. Whether the small
variations are related to changes in groundwatesl land/or flow pathways cannot be deduced

with certainty.

8.3 Local precipitation conditions and spring proxmity
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The synthesized geomorphological and sedimentabgisservations related to the depositional
model are graphically represented in Fig. 19. Bylgihg the Cakmak sub-horizontal layers as a
representative outcrop of a flat depression, a nmoepth understanding can be gained on its
“building blocks”. Here the lateral variation evelsfrom smoothly sloping travertines as a part
of micro-terraced travertines at the toe of theslto a shrub flat environment, finally grading
into a marsh environment, in line with the deposiél model introduced by Guo and Riding
(1998, 1999) for Rapolano Terme in Tuscany (centtaly). These deposits are gently
prograding from Unit 1 to Unit 3, while the lateedd vertical distribution of the shrub flat and
marsh environment is not uniform within them. Thesincontinuous lithotype in the shrub flat
environment corresponds to the dendritic shrubtdsasndstone, and in the marsh environment

to the peloidal packstone.

Despite the present-day south facing topographthe@fsub-horizontal strata, Van Noten et al.
(2013) showed that the tectonic activity of thebgma postdated the development of the sub-
horizontal strata, explaining the existence of tiaisies in the uplifted northern flank with a
different topography from the original depositiormdvironment. This interpretation is in line
with the pond development, since a pre-existecefrehould have more likely resulted in
formation of a cascade and/or waterfall facies eatthan a sub-horizontal. The fact that the
present-day topography of the sub-horizontal sisatet representative of the time of formation,
the reconstruction of the paleoflow direction isé@ on the criteria such as different strata
orientations, fossilized plant growth orientatiomsparticular reed, sedimentary structures (e.g.
imbrications) and dip-orientation of the sedimeptdeatures. Accordingly, the dominant
paleoflow in Unit 1 were originally directed frorhd east-side of the quarry, and changed to

northeast in Unit 2, and eventually to north in ti(see Fig. 5). The comparison with active
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analogues (e.g. Pamukkale) supports changing sjm@agjon and or direction based on substrate
layers and slope (Ozkul et al., 2013). Notice hosvaliat we have to rely on 2D observations on
wall surfaces present in the quarry, which do tioinaa full 3D reconstruction of the paleoflow

directions.

In Unit 1 fenestral-like porosity (see Figs. 9A aB{, along with evidence of brecciation
supports a system with stagnant and shallow watgibuted to a marsh environment. A sharp
boundary within the overlying non-travertine compmdayer, interpreted as erosion surface
occurring at the same elevation throughout theystuda, indicates that the environment most
likely consisted of a uniform, vast, extensive ftatol. Notice that this unit starts with vadose
pisoids and brecciation structures and progressiighnges to clotted micrite similarly to other
reported lacustrine examples (e.g. Arenas et 8B71Alonso-Zarza and Wright, 2015). This
unit ended with an unconsolidated thick non-tramertleposits, which reflects an interruption of
the spring activity. Unit 1 is relatively poor imrsibs and where they occur, they consist of
pustular shrubs. This points to low energy watewflresulting from remoteness of the main
spring and/or different fluid. This is in line withe5'*C values being relatively more enriched in
comparison with Unit 2 and 3. In fact, evasion @.,(as yielded a remarkable increase in the
heavy carbon isotopes, and as a consequenc&IBegets the highest amount at the furthest
distance from the springs (Fouke, 2000, 2011; leelal., 2011). Therefore, the decreasing trend
in the 8'3C from Unit 1 to Unit 3 indicates a possible evintof the succession from distal
areas (Unit 1) to more proximal (Unit 3) and ulttelg in the direct vicinity of the original

thermal springs.

Unit 2 is marked by wavy laminations of alternathendritic shrubs (individual thickness of 1

to 5 cm) and thin micritic laminae (5 mm mean thieks) making up wavy crust structures,
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making up a slightly inclined micro-terraced systesth shrub flats. The latter flats, however,
gradually transit laterally in downflow directiomto straight layers, which are reflecting a
marshy environment. This environment is dominastlig-aqueous, i.e. lacustrine, but it became
occasionally sub-aerially exposed in marginal peetkecting palustrine conditions with in-situ
reed developmenfccording to Freytet and Verrecchia (2002), hyditplplants colonization
marks especially newly established palustrine regtiwhich argue for more remoter location
from the main feeder spring(s) in comparison togheub flat. Furthermore, the development of
shrub structures, in general, requires higher gnkengels and thus more proximity to spring(s)

than those of lithotypes assigned to the marshremwients (e.g. mudstone).

The shrub flat deposits are characterised by lapetading an alternation of shrub micrite and
porous micritic layers with fenestral porosity, leeting seasonal variations during their
development (Pentecost, 2005; Jones and Renau; ¥¢dng et al., 2016). The less turbulent
water flow during cold seasons most likely resultedhe development of the porous micritic
layers. The shrub micrite structures likely fornteding warm seasons, as also was proposed by
Wang et al. (2016). Such seasonal variation isgireement with the stable isotope and pollen
analyses reported by Toker et al. (2015). The tesoibtained by the latter authors reflect
alternating warm summer and cold and wet wintes@es when this travertine formed (Late
Pleistocene). Accordingly, it can be interpretedt tthick laminae of dendritic shrubs formed
during warm seasons with high energy water-flow dittons, which caused rapid GO
degassing. Indeed, the study area occurs at a ele@azation of 550 m, likely to have snow-cover
in winter-time. Generally, during cold seasons,irgfg especially in pool environments were

covered by snow and ice, which could reduce, @€gassing. At the top of Unit 2 sub-aerial

27



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

exposure features occur (see Fig. 8G), such asstaued layer from oxidation of iron

components and reflecting periodic interruptiortratertine precipitation.

Unit 3 is characterised by an alternation of degasflecting a faint low angle terrace slope to
smooth slope facies in downslope direction. Thietdtcies represents the shrub and dominantly
marsh environment. In the slope facies, reeds wesaving in small pools, at the end of the
slope where the water was slowing down, lowering water turbulence. The terrace slope
facies, generally, reflects a high energy, turbuleater flow, which is expected to be situated
closer to the feeder spring(s). The presence af fizies within Unit 3 supports its relative
proximity to the spring(s) in comparison to Unitafid 2. Moreover, the relatively deplet&dC
values are in agreement with rapid water flow acduaence of C® degassing. Finally, it
should be noted that in all the three studied umits lithotypes attributed to the dynamically

high and low energy flow exists within the centrall peripheral parts, respectively.
8.4 Diagenetic history and development of porosity

The studied deposits are relatively young, siney #ire Pleistocene in age, and have never been
deeply buried. Therefore, burial diagenetic proesssan be excluded. However, widespread
alteration reveals the influence of early diagenptocesses, most likely due to the passage of

thermogene and meteoric waters during ongoing ttiaesformation.

On macroscopic scale, the most obvious alterasalts in dissolution enlarged cavities and
plant decay. They are mainly observed above thetrawertine deposits in reed lithotype and
cut the horizontal lamination. Their occurrencetriavertines, formed in the more distal parts
away from the springs, is probably related to anrdased influence of meteoric water

infiltration. However, regarding the hydrothermdlid system characteristics, it cannot be

28



635 excluded that some aggressive acidic fluids agxample HS-bearing fluids could have caused
636  such type of enlargementdowever, no reaction products like gypsum have @ountered.
637  Another eye-catching type of porosity in the figddthe well-developed fenestral-like porosity,
638 the origin of which is attributed to organic ded@hafetz, 2013). Another type of porosity
639 relates to leaching of the unstable part of sh@lleng diagenesis giving rise to bio-moldic
640 porosity development (Flugel, 2010). Vuggy porosgywidespread, which originates from
641  enlargement of other types of porosity. Framewantopity is well developed in dendritic shrubs
642 and to a lesser extent in radial shrubs. In pusshaubs, intergranular porosity is the only pore
643  type, which is usually primary. SEM analyses andoiescence microscopy also reveal

644  microporosity in most of the studied lithologies.

645 Recrystallization of micrite manifesting aggradaibneomorphism (Love and Chafetz, 1988) is
646  often observed. One of the most important diager@tbcesses is cementation in the form of
647  fibrous cement rims, bladed cements and dogtootienes. They grow perpendicular on pre-
648  existing components and surround them isopachoéglgording to Claes et al. (2017), their
649 origin can be related to subsurface water peramaith travertine systems. The occurrence of
650 equant mosaic cement and blocky cement filling teeaiamong the components was also
651 reported by Rainey and Jones (2007) from the Holedeafa deposits of Fall Creek (Canada).
652  They reported that adjacent sub-crystals use ethdr as growth template and therefore appear
653  as a parallel overprinting of trigonal crystalsa€d et al. (2017) addressed the rounded edges of
654 the cements and related them to late-stage digsolulternation of light-coloured crystals and
655  dark-coloured micrite forms isopachous banded alystmicrite couplets. They are usually
656 found around degraded, probably biologically indycelotted micrite. Dripstone cements

657  exhibit gravitational textures indicating vadoset@oeic diagenesis. Fan-shaped clotted micrite,
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which probably originated from cyanobacteria andicwhshow dull luminescence, can be
interpreted as recrystallization products basedexisting ghost textures of primary micrite.
Undulose extinction, which sometimes is observédws signs of extensive recrystallization.
Bioturbated intervals were more susceptible to el&gis, as inferred from the higher
contribution of microporosity and associated widpyninescence (see Fig. 100) of these
intervals. The presence of Fe-Mn-oxide/hydroxidendifites is consistent with oxidation

conditions during sub-areal exposure right afteiraentation.

5. Conclusion

The current study documents the dominantly subasgiéepositional system that prevailed at
the beginning of the development in the Ballik &dines mainly consists of deposits that
accumulated in shrub flat and marshy environmentis some micro-terracette morphologies.
These sub-horizontal travertines from the Cakmalkrmyuin the Denizli Basin represent
palustrine and lacustrine environmental conditidre lithotypes testify of changing water flow
conditions, quiescence and erosional processes.lififodype analysis reveals that reworked
material of formerly precipitated travertine andictic as well as biologically in-place

precipitation played an important role in the fotima of the sub-horizontal strata. The small-
scale variations in depositional environment aféieceed by lateral and vertical variations in
lithotype distribution. Dendritic shrubs are thempant lithotype of the shrub flat environment.
Spongy microbial, clotted micrite and radial shrudo® usually associated with bioclastic
ostracod and gastropod deposits, and thus indpzatd to lacustrine conditions with microbial
influence. Reed in association with grass and noméstlithotypes characterise palustrine
depositional environments. They often occur adjatenon-travertine deposits and reflect more

stagnant water conditions. Peloidal lithotype can fobund in both marsh and shrub flat
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environments. Granular pisoid and oncoid fabriesraftated to the edge of ponds. Detrital input
is demonstrated by the (limited) presence of quanid clay minerals, best developed in non-
travertine deposits, which are rather exceptiomaltheir appearance, but which mark the
boundaries between the units studied. Existencenfcarbonate phases is also reflected in the
trace elemental composition, more specificallyhia €lements grouping Al, Fe, Mn, K, P and Ti.
Moreover, this study clearly reveals important ifgeence of early diagenetic processes like
cementation and dissolution. In terms of porogiymary (intergranular and framework) and
secondary porosity (connected and disconnected ywuguldic, framework, fractures, and
microporosity) characterize the travertines botht@macro- and micro-scale. Results of carbon
and oxygen stable isotope and geochemical elenmalysas reflect small-scale variations in
sedimentary and diagenetic alteration. The smallesdifferences between cement and micrite
stable C- and O-isotope patterns in Unit 1 arerpméted to reflect the influence of infiltrating
meteoric water and the reverse behaviour in U2 be temperature related caused by the
extra discharge infiltration through the basin floof which the uppermost layers became
indurated. However, the non-systematic behaviodhefisotopic patterns of micrite and cement
in Unit 3 is interpreted by mixing of waters of féifent origins. Finally, the co-variation of Mg,
Na, S, Ba and Sr point towards subsurface watde/mteractions likely involving Triassic
evaporitic carbonates of the Lycian nappe affecting fluids that later were involved in

carbonate precipitation.
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Lithotypes Description on Description on microscopic scale Interpretation Reference Distribution, lateral

name macroscopic scale continuation and associated
lithotypes

L1: Undulating layers of bright Bush-like structures with The shrubs are laterally persistent in wavy crust (Guo and In unit 2 and 3 they

Dendritic white to creamy travertine, dendritic outlines of fibrous structures making up almost straight to slightly Riding, 1992, can be followed laterally and

shrub with  regular geometric (Figs. 7A, B) and wide dendritic inclined layers, pointing to deposition in gently 1999; Folk vertically over more than 100

Table caption

Table 1. Description and interpretation of travestiithotypes recognized in the studied

succession.

Table 2. TOC, C/N and organic carbon isotope vatdesganic matter of the different

lithotypes in Cakmak Quarry.

Table




boundstone arborescent and structures (Figs. 7C, D) diverging sloping micro-terraced settings. Some lateral and Chafetz, m and 8 m, respectively.
arbustiform shrub away from a central region with variations have been noticed where the branch 1983; However, it appears partially
morphologies. Thickness of nucleation center (Fig. 7E). These morphology of dendritic shrubs changed from Chafetz and to rarely in discontinuous
the individual shrub crusts rims are up to 1-2 cm in length narrow and elongated to wider and shorter Guidry, layers in unit 1. Associated
changes from 5 mm to 2 and 2-5 cm in width. The widespread morphotypes often with 1999; lithotypes are L4, L8, L7
cm (Figs. 6A, B, C). dendritic fabrics occur adjacent interdigitated pore shapes (Fig 7.B to F) pointing Chafetz,
to each other, as dense and to hydrodynamic conditions (as stated by Erthal et 2013)
tightly packed clotted structures. al., 2017) and pre-existing small-scale topography
influence.
L2: White, tightly cemented, Densely packed micritic clumps Good sorting, but lacking of roundness point that (Claes et al., It shows extensive
Pustular sub-rounded shrubs with uniform internal structure the formation of pustular shrubs probably took 2016). distribution over entire
shrub relatively homogeneous in (Fig. 7G). Their limited size points place after decrease in turbulence in a water setting but discontinuously as
grainstone morphology and varying to their stunted growth origin, column where they accumulated and made up stucking layer between other.
from 0.1 to 4 mm in size compared to dendritic shrubs. lenticular bodies at the bottom and behind Associated
(Fig. 6F). obstacles. It indicates lacustrine  marshy lithotypes is L1
environments and distal parts of shrub flats.
L3: Spherical and rounded to lirregular to regular concentric Their rounded shape with internal radial branches Rainey and It discontinuously occurs in
Radial shrub sub-spherical to  sub- radial morphology that develops point towards small shallow ponds as depositional Jones the distal depositional setting
packstone/g rounded white colored around a nucleus, which appears setting. This lithotype usually develops in the (2009), Della in the three units, in
rainstone grains, 1 to 5 mm in size alongside clotted peloids floating lower part of shrub flats and marsh settings. An Porta (2015) horizontal lenses of 10 to 60
(Fig. 6G). in a microsparitic matrix (Fig. 7H organic influence on the generation of the internal and Croci et cm in thickness and up to 60
and 1). The central cores in some radially structured features is supported by the al. (2016). cm in width. Associated
cases are partially dissolved. abundance of bacterial-like coccoid structures. lithotypes is L6
L4: Beige colour with Micritic clumps, with limited The depositional environment corresponds to a (Claes et al., Lateral continuousover 200 m
Peloidal fenestral-like pores that microbial  filaments (white shrub flat (in situ formation) and marsh-pool 2015) in length and 2 m in
packstone accentuate the horizontal colour) or dark coloured peloids environment (reworked peloids), specially the thickness. Associated
lamination (Figs. 8A and B). floating in a sparitic or micro- edge of shrub flats as they usually form where lithotypes are L1, L2, L8
sparitic matrix (Fig. 9A and B). shrub layers disappear. Dark and light colour can
be related to high and low quantities of organic
matter, respectively.
L5: Dark colored layers of Consisting of peloids, pisoids, Co-occurrence of carbonate grains (peloids, ooids, Folk and It appears in limited lateral
Coated-grain spherical to ellipsoidal oncoids, intraclasts, and coated pisoids and oncoids; Dunham, 1962) with Chafetz continuous distal depositional
grainstone coated grains ranging from bubbles floating in silt-sized phytoclastic and meniscus cement, pointing (1983), Guo settings (e.g away from the
to packstone fine to coarse sand sized. micrite matrix. Pisoids of crinkled toward distal parts of a marsh environment, with and Riding springs ) of unit 2 and 3.
The coated grains are and irregular grains up to 5 mm evidence of calcification in a palustrine (1999), Associated
glued together by in size are the most abundant environment. The development of this lithotype Jones  and lithotypes are L6, L7
cementation (Fig. 8D). components (Fig. 9C). Intraclasts can occur under vadose-like conditions in side- Renaut
are observed as millimetric-size embayments of ponds during low-energy episodes (2010) and
breccia-like fragments. in marshy environments. Ozkul et al.
(2014).
L6: Cream to white colored They reveal a frame of calcite It precipitated when sediments became trapped Guo and It laterally extends over
Reed to with imprints of up to 50 precipitation  around  phyto and lithified in the interstitial spaces between Riding several meters in distal
grass cm in diameter with reed moldic pores (Fig. 9D). Skeletal vascular plants (reeds and grass). Often (1999), settings of unit 2 and 3. They
rudstone to and grass in growth fragments from ostracods and associated with mudstone indicating Arenas et al. are frequently present above
boundstone position (boundstone) and gastropods are observed. paleoenvironmental conditions where waters (2014), the marker horizon.
fragments of spherical to cooled down sufficiently to allow plants to grow. Ozkul et al. Associated lithotypes are L5,
ellipsoidal clasts (rudstone) This lithotype is found distally away from springs (2014), Claes L7, L8.
up to 5 cm in size, i.e. where the environment reflects palustrine et al. (2015),
hollow tubes, overgrown conditions. Croci et al.
with calcite (Fig. 8 G and (2016).
H).
L7: Dark to grey coloured They are made up of silt-sized Strongly microbially affected since widespread Guo and Laterally continuous over
Cryptalgal to dense and compact micritic aggregates (Fig. 9E), ghost-structures of microbes like cyanobacteria Riding several meters with cmto m
bioclastic homogeneous micrite together with dispersed detrital have been noticed (see Figs. 9E). Whether the (1999), thickness passing into
bioturbated layers. In some cases quartz grains and clays, along mud in this lithotype (Fig. 11K) formed by direct Sant’Anna et phytoclastic lithotypes. It
silty patchy accumulations have with small amounts of organic precipitation is unclear. The mud accumulations, al.  (2004), usually appears at the bottom
mudstone been observed. matter such as twigs and plant however, support a low-energy environment with Gierlowski- of three units and rely
stems, ostracods, gastropods, regular stagnant water pointing to a shallow Kordesch together with patchy
(with geopetal infill) (Fig. 111), palustrine  to  marshy  environment. The (2010), accumulations. Associated
phytoclasts (like green algae) bioturbated zones of the mudstones display more Ozkul et al. lithotypes are L5, L6, L8
and locally accumulations of recrystallization, which may relate to the higher (2014),
fecal pellets. specific reaction surface or higher permeability Gandin and
affecting the infiltration of diagenetic solutions. Capezzuoli
(2014)
L8: Compact gray-coloured They are made up of dense Microbially mediated precipitation with evidence Gierlowski- Laterally continuous several
Clotted travertines with layers that micrite referred to as “micrite of cyanobacteria, coccolith bacteria and algae Kordesch, meters in length with cm in
micrite range from centimetres to islands” (sensu Riding, 2000). making up homogeneous micrite points to an (2010), thickness and laterally
packstone to metres in thickness. Clotted micrites are usually authigenic origin of the micrite clumps. They Gandin and alternating  with  dendritic
boundstone surrounded by bladed cement of have rather large lateral extent and vertically they Capezzuoli shrub and peloidal travertine.
50-100 pm in length (Fig. 9F) are often related to mudstone in lacustrine parts (2014) Associated lithotypes is L1
which in some cases show of marsh environments pointing to the same
mottled orange luminescence. environment as mudstone.
L9: White porous sponge-like They are composed of an Large elongated filaments of, most likely, moss Arenas et al. It shows patchy structures
Spongy accumulations in  patchy intertwined network showing stems pointing to the relationship between plant- (2000, 2007) and laterally discontinuous
boundstone structures  of  several strong similarities to clotted and biomass and calcite encrustation, making up the and Claes et layesr. It only occurs in unit 2.
centimeters to a maximum micritic clumps. However, their spongy structures. Presence of spherical shapes in al. (2016). Associated

of one meter in parallel
layers (Fig. 8F).

main characteristic relates to the

widespread connected vuggy
porosity (Fig. 9G), as well as
macroscopic  loose  texture
making up the spongy

boundstone.

cross-section and tube shapes parallel to the
structures support the existence of moss-like
communities involved in the precipitation of this
lithotype(Fig. 9H and 1). They probably
precipitated in shallow pan-shaped (Gandin and
Capezzuoli, 2014) and/or non-quiescent marginal
pool-type environments, where plants could
accumulate behind the edge of a small pool, and
where the water temperature became ambient.

lithotypes are L1, L8




Table 1

Samples mg N %N %C CIN 8"Coc %o 3151\!
fully cemented radial shrub 17 0.04 0.09 2.27 -19.1 | 1.0
radial shrub 17.7 0.05 0.15 3.44 -14.5 1.2
dendritic shrub 15.3 0.04 0.17 4.09 -23.4 2.1
dendritic shrub 17.6 0.04 0.14 3.97 -19.2 0.9
spongy 154 0.05 0.17 3.50 -23.2 1.6
peloid 174 0.04 0.14 4.04 -20.2 1.7
coated grain 17.9 0.05 0.21 4.60 -24.5 1.4
clotted micrite 17.9 0.05 0.17 3.32 -23.6 -0.1
pustular shrub 16.9 0.04 0.15 3.50 -23.9 1.3
pustular shrub 15.6 0.04 0.19 4.53 -22.7 0.9
mudstone 16.1 0.04 0.20 4.62 -24.6 0.9
reed 16.59 0.04 0.19 4.60 -23.9 3.4
reed 17.2 0.06 0.25 4.39 -22.6 2.0

Table 2
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Figure captions

Fig. 1. Geological framework of the Denizli areaifHey).A) Map of Turkey with indication

of Denizli. B) Cakmak and adjacent quarry locatiorthe Ballik domal area (google earth).
C) Tectonic setting of the Denizli Basin with indion of the different Quaternary sub-
basins. The star indicates the location of the Gakquarry (modified from Van Noten et al.,

2013).

Fig. 2. (A and B): Overview of the studied units2land 3 Units in the lower part of the
Cakmak quarry (blue, red and pink lines). Linesvsliioe lateral continuity of the travertine
sub-horizontal laminites. (C3hrub crust stacking pattemith intercalated porous micrite

layers.(D) Close up view of intercalation of shrub crustigorous micritic laminates.

Fig. 3. (A) Schematic view of the Ballik travertines. SequedceSub-horizontal layered
travertine (red box corresponds to study area)u&ste 2, 4 and 5. Major change towards
non-travertine deposition with lacustrine marls d@ituvial conglomerates. Sequence 3:
Continental carbonate in reed, smooth-sloping aks@nd steep-sloping waterfall facies
forming the domal travertines. Outline of this stla¢ic view is based on data form Van
Noten et al. (2013), Claes et al. (2015), and amgaesearch of Verbiest et al., (under
revision). (B) Overview image of the Cakmak quar(®@) Line drawing of a southeast to
northwest section of the Cakmak quarry, 65 m igteand~400 m in width. The lowest part
consists of the sub-horizontal facies (yellow co)ozut off by the smooth-sloping cascade
(light blue colour) travertines that evolve inteeyper waterfall systems (dark blue colour)
and reed facies (green colour) (see Claes et@l5 and De Boever et al., 20X63d box is a

A). (D) 3D model of the Cakmak and llik quarry (redx is a B and C).

Fig. 4. Internal architecturpatterns of the three travertine units identified the sub-

horizontal travertines in the Cakmak quarry. Unghbws almost horizontal layering covered
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by a non-travertineleposits dipping (IPto E-SE. Unit 2 displays wavy lamination in the
SE, which laterally evolves into flat horizontal/¢aing to the NW. Unit 3 consists of slope
layers in the SE, which laterally changes to haorab layering in the NW. (A) Internal
architecture patterns of Unit 1 showing almost rmmtal layering covered by a non-
travertinedeposits (red colour) dipping (10°) to SE. Unitigptays wavy lamination in the
SE, which laterally evolves into flat horizontayéaing to the NW. This unit is overlain by an
exposure surface (red line between Unit 2 and 8it 8 consists of slope layers in the SE,
which laterally changes to horizontal layering lve tNW. (B) Field image of Unit 1 and 2;
red line indicates non-travertirkeposits. (CField image of Unit 2 representing horizontal
layers. D) Field image of Unit 2 illustrating walgmination. (E, F) Field image of Unit 2
and 3 in NW and red line is boundary of exposundase between them (yellow arrow is

Unit 2 and red arrow is Unit 3) indicating systearigtion.

Fig. 5. Logs illustrating lithological variationalg quarry walls (positions are indicated in
quarry picture byL1 to L14). Colours indicate the individual lithgtys. The blue arrows
show inferred flow direction of each unit. The gré{P” areas indicate horizontal platforms

that separate the individual excavation levels.

Fig. 6. Quarry walls illustrating different shruborphologies. Red contour lines in pictures
accentuate the morphology of peculiar features.BAC) Alternation of dense and brightly
white relatively thick deposits of dendriform shrghusts (red arrows indicate individual
crust layers). (D) Arbustiform shrubs. (Brborescent shrubs. (F) Field image of sub-
rounded to rounded and cemented pustular shrubgzié@@ image of radial shrub travertine.
() Morphology classification of shrubs in functiaf proximal and distal position based on

Claes et al. (20162017).
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Fig. 7. Microphotographs illustrating different ahbrlithotypes, their fabrics and associated
pore types (in blue due to blue impregnation). Abations used in the microphotographs:
IDP = interdigitated growth framework porosity, IlEAnterlaminar porosity, IP #tershrub
growth framework porosity, MIP =microporosity, IAP =intrashrub growth framework
porosity, C = sparite cement. (Ajhin-section scan showing different shrub types) (B
Crossed polarized image of dendritic shrub withdhedke thin and elongated branches
possessing undulose extinction. (C) Compact arfdileabranched shrub. (D) Micro-convex
lamination of compact micrite and cement in demdrghrub (red line). (E) Thick and
elongated branches of dendritic shrubs. (F) Coexe®t of pustular (red arrow) and dendritic
shrub (blue arrow). (G) Pustular shrubs surrourtedalcite. (H) Radial shrub surrounded
by calcite with internal lamination possibly of mabial origin. (I) Fluorescence microscopy

of (H) showing green fluorescence at the edge efdldial shrubs.

Fig. 8. Field photograph of different lithotypes. (A) Dadoloured peloidal travertine
occurring in between dendritic shrub crust. (Betalation of dendritic shrub, pustular shrub
and light coloured peloidal travertine with fenaiike porosity. (C) Representative picture
of vertical lithotype variation from dendritic shruto non-travertine deposits, cryptalgal
mudstone and eroded reed. (D) Combination of erodsstl and pustular shrub. (E)
Intercalation between light coloured peloidal tréve and cryptalgal mudstone. (F) Field
image of spongy microbial travertine (red line) lwfenestral-like pores. (G and H) Field
images with respectively in situ and eroded eloagj@aeeds (now present as mouldic pores),

occurring in a brown micritic matrix.

Fig. 9. Microphotographs of different non-shrulhditypes, their fabrics and associated pore

types. Abbreviations used in the microphotographs: FP meé$tral-like porosity, MP =
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mouldic porosityCVP =connected vuggy porosity, IPA = interparticle paos| = peloid,
PS = pisoid. (A) Light colored micritic peloids Wwifenestral-like porosity (blue) and cement
(white). (B) Dark colored peloidal travertine withtergranular porosity (blue) and cement
(white). (C) Pisoid with micritic and peloidal nacis and microsparitic cortex together with
sub-rounded to rounded peloids. (D) Image of a meedldic pore (blue) surrounded by
micritic dendrites. (E) Cryptalgal mudstone indesat cyanobacteria-like mudstone
surrounded by cement. (F) Clumps of clotted migiterounded by cement. Pores filled with
yellow resin. (G) Spongy porosity associated witnreected vuggy porosity. (H) Image
showing bundle of filaments. (Fluorescence microscopy image from (H) displayinghi
fluorescence in the micritic wall parts of the ffilants, while the cement infill and

surrounding cement does not show fluorescence.

Fig. 10. non-travertineleposits and “in situ” reedA) View on non-travertineleposits at
boundary between unit 1 and 2. (B) Close view af-travertinedeposits. The upper part
consist of travertine fragments (red arrow). Notike dissolution features above the non-
travertinedeposits. (C) “Dissolution cavity” with stalactili&e structures (green arrow) and
banded cement (red arrow). (D) Dissolution cavaytiplly filled by rafts and silty lime-mud
(red arrow) that display a geopetal arrangementD{gsolution cavity with banded cement

(red arrow). (F) Solution enlarged reed structued @rrow).

Fig. 11. Diagenetic features associated with suizbotal travertine. (A) Isopachous banded
crystals with micrite interlayers (see red arrowf}. and C) Bladed calcite cement
surrounding clotted micrite. (D) Blocky calcite cem (red arrow) occurring between clotted
micrite. (E) Sub-heudral to equant calcite cement (red grfdkmg the pore space between

peloids. (F and G) Polarized and fluorescent lighdge showing different generations of
cement and its partial dissolution creating someroporosity. (H) Meniscus calcite at or
near peloid and pisoid grain. (I) Geopetal fabricgastropod with internal fillings of both

4
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cement and micrite. (J) Neomorphism of clotted itec(red arrow). (K) Bioturbation (red
arrow) and green algae (green arrow). (L) Micrat@ting (red arrow) interpreted as calcrete

microstructure related to pedogenesis.

Fig. 12. Diagenetic features associated with suiezbotal travertines. (AMouldic porosity

in gastropods. (B, C) Transmitted light and cathochdnescence image of microsparitic
fabric showing some luminescence in clotted mic(ild SEM image of organic structure in
spongy lithotype. (E) Acicular crystals (red arrowdssibly testifying of the former presence
of aragonite. (F) SEM image of micropores (red wjrin spongy travertine. (G) Crossed
polarized light image of undulose extinction incrystallised fibrous cement. (H and )
Transmitted and fluorescent light image showingnfientous structures with microporosity.

(J) Cemented fracture (red arrow) in micrite with cala@emented vugs.

Fig. 13. Cross plot of stable carbon versus oxyigetopes of different sparite and micrite
(respectively red and green squares) from the samdg, compared with encircled fields of
travertine that formed in similar hydrogeologicaldahydrodynamic contexts according to

Teboul et al. (2016).

Fig. 14. Cross plot of stable oxygen versus carisotopes of the different units from the

study area.

Fig. 15. Vertical evolution and box plots of thelman isotope composition within the 3 units.

In Unit 1 and 2 almost all couples show depletadera with respect to micrite signatures.

Fig. 16. Vertical evolution and box plots of oxygmsotope signature within the 3 units. In
Unit 1 micrite generally possesses lower oxygemo® signatures than cement, while it is

the reverse within Unit 2.
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Fig. 17. Cross plot of C/N ratio versus orgaBicC from the Sub-horizontal facies in the

Cakmak quarry (red points), with fields of interge origins according to Meyers (1994).

Fig. 18. Logarithmic cross plot of strontium verdaggium from the sub-horizontal facies in
Cakmak quarry. Blue points represent the datagpiiied in this study. They are plotted in

the “fields of origin” reported by Teboul et al.O6).

Fig. 19 Paleoenvironmental model for the extensigpressional settingg Cakmak quarry.
Vertical variation of the three described unitsaafinction of direction in water flow and
orientation of the lithological layer. The first iumeflects a shallow depression of both
lacustrine (sub-aqueous in blue) and palustrinb-garial in grey) origin. Unit 2 starts with
shrub micro-terraces with 8lip varying laterally into marsh environment. UBistarts with
smooth slope with some small-sized pool rims ctuistil of reeds that laterally evolves in a

marsh setting.

Figures



ACCEPTED MANUSCRIPT

-
________

ACIPAYAM.  ~"====mee.___

o i z A G BEN O
~ 2Qn' Rﬁ_‘._‘* zg:agl 10 km

Quaternary/Neogene basin
] infill and active deposition Normal faults
=== Fault sca
[ ] pre-Neogene basement - morphol Dg?g]
[ Quatemary fault traces
Y Study area

137 travertine deposits

138  Figure 1



ACCEPTED MANUSCRIPT

Figure 2



I Mar and siliciclastics
'| == Sub-herizontal
~ travertine

@ #7% Domal travertine

-~ == Reed

[v] Reed moulds (Reed hands)

Marl-Conglomerate [ Framework porosity
facies El

Sub-horizontal travertine facies

Reed facies

Cascade facies Stalactite-like structures
Waterfall facies [7] Porosity caused by moulds of eroded reed
Figure 3



ACCEPTED MANUSCRIPT

= : 5
Fig 4. F __'_._j"gf'."

—_—————— —

-
::‘f'é

Fig. 4 gr———————————1

Fig. 4. g ———"Unit3 f——%
e
N Fig. 4. g —
Unjr ) ——

Slm

Figure 4

10



s
= T2 :
o % :
£ = B - -
T a5 1 g E
N 3 £
== -Em4 ey
= L f=2) 2
L1d L1z

3 5 _2 1 ‘
% 5 £
.- £ : =z : k1

Height (m)
{E

il

i

&
G

[ shrubs

E= Dendritic shiub coist

Radial shrub/spheroid

____ S = Pustular shrub

fiE F g [ Choned mcrire

[ Coated reed

B Coted grain

Exposune surface

= Pebeidal
Spongy boandstone

- Cryvpralgal 1o bioclastic
Bicrurbated sttty musdstone
Excavation level in
horisental plane (HF)

\J' Exposune surlnce
Reed

-

Height (m)

Height il

Heigheim]

SR arstification
Flow dircction
- Breceiation

Figure 5

11



ACCEPTED MANUSCRIPT

Decrease in water flow rate

5
>

— Ol - s

Crust  Arbustiform  Arborescent  Pustular Rﬁdlﬂl

Proximal Distal

lcm

Figure 6

12



IDF

MIP=

P

Figure 7

13



-
[a ¥
&2
O
98}
Z
2
=
a
83
=
A
/
O
O
<




Figure 9

15



nom=raven

Figure 10

16



200 um

Figure 11

17



P vie

|; :
&= f _H_-" ]

Figure 12

18



ACCEPTED MANUSCRIPT

L= 157 &
pE=E T e
Hypogean Travertine fromy - = - “ 10 = =
carbonaies nl:nl-‘_nl'_Jgnr}Fn»rm"»; '\\ ¢
s - \,_ Lazustrine Traverting
s '\:'5 1
8150 %s _ T
r — o — T - <
-30 28 T -0 F 18T A= s 57 . S 5
Hypogean 8. Bl S .
Travertine from  ~ =~ # ¥, . 5 /
carbonatites 5 F Ny /'
#
Eplgean Travertine from curhuu;l.li'}’ /'/ :l A -'-/'
1 & =
- ._{!_’_ _______ e -
F el
# 2~ =151
¥ P
k4 L BT
-
Epigean Travertine from mﬁramaﬁ:s - i
.\.. =
G 225 «
O Sparite O Micrite 230 -
Figure 13
3 2
= =
/ o &
| o P
Rt
r).r’/hi o
-
.~'I|r e "k
q
."" | 45 I|‘\.\
|
I A
\my ‘1 A 1 4
S s m)
~, -
AT a
Al j
18 / A e ! ’/
L] l‘; L " L] L] L] c
-10 /-8, -6 -4 -2 |
e~
BUmt] aUmt2 +Unit3 -1 4

19



Figure 14

1400

313C %o
1200 F o-u
e B =
E--a
1000 F
.- =
. E——— xS
B8 “—_ Min. variation: 0.14%.
800
““““ a
ir;-;:.- [ L STt R
T O =T - EC -
= 600 | ——
"""" e
e -
400 F - T 7 _.".'._'___.._._i ______________________
E---8 Q-------mmsimmmcasman ™
200 e b a
-1 0 | 2 3 4
B Micrite B Cement
Figure 15

20

Unit 3
4
£ 2
o [ mm
B 0 —
" 1cnte Cement
Unit 2
4
& 2
o ===
e .
0
Micrite Cement
Unit 1
4
i *
2
; th
0

Micrite Cement



380 %o
Max. variation: -2.4%o
Unit 3 R e T
: B R e -
5 E----m
£
T
£ —
° " I
_lfj
________________________ e i
umit 2 R e e TR
K et hs . Eta
] Mmc Cement L) g ®-—-0-1A
2 .
g g o
10 =-u -',' B
_________ by Y T A
B--mmmmmmmaaeaa u
Unit 1
-5 L g i L. Eeeee=e "
: . . Min. variation: -0.02%e
= Micrite Cement
s s -
® EE- | R
= ]
10 - )
-9 -8 -7 -6 -5
| Micrite BCement
Figure 16

21

1400

1200

1000

80

S Height S

400

200

(cm)



ACCEPTED MANUSCRIPT

C4 Land Plant

o
o
] o2

# Study area

513C %o

C3 Land Plant

Lacustrine Algae

C:N

Figure 17

22



ACCEPTED MANUSCRIPT

Sr/Ba

100000

10000
E
o
(=

& 1000
&
Q
—

100

10 : : +
10 100 1000 10000
Log(Ba ppm)
Figure 18

23



Water

e Wetland

* Reed

Figure 19

24



