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Abstract

Although there are several attempts to compare the age distributions on travertines with episodes of surrounding volcanism,
the correlation between the precipitation record of carbonate veins and the fractural pattern around a volcanic conduit has not
yet been examined. In this study, we investigate the geochronological, geochemical and isotopic characteristics of two travertine
deposits (Balkaya and Sarıhıdır) surrounded by many eruption centers in the central Anatolia with ample paleoeruption records.
High-resolution carbonate precipitation records revealed by U-series dating are well correlated with the compiled dataset on
Acıgöl caldera and Erciyes stratovolcano eruptions with regard to fractural positioning to the volcanic centers. Syn-eruptive
carbonate precipitation is thought to occur because of sudden flux of CO-rich fluid along the extensional fracture systems
aligned tangential to the related volcanic conduit and, therefore, may be an alternative technique for the reconstruction of
paleoeruptions. δO and δC values of the travertine sites are within the range of meteogene fluids and δO values show a similar

trend to climate proxies preserved in different depositional environments throughout the world. It is likely due to that studied

carbonates were precipitated under similar fluid conditions which are represented by high rate of dilatation followed by the

meteoric water influx into the extensional fracture systems.
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Abstract 25 

Although there are several attempts to compare the age distributions on travertines with episodes of 26 

surrounding volcanism, the correlation between the precipitation record of carbonate veins and the 27 

fractural pattern around a volcanic conduit has not yet been examined. In this study, we investigate 28 

the geochronological, geochemical and isotopic characteristics of two travertine deposits (Balkaya 29 

and Sarıhıdır) surrounded by many eruption centers in the central Anatolia with ample paleoeruption 30 

records. High-resolution carbonate precipitation records revealed by U-series dating are well 31 

correlated with the compiled dataset on Acıgöl caldera and Erciyes stratovolcano eruptions with 32 

regard to fractural positioning to the volcanic centers. Syn-eruptive carbonate precipitation is 33 

thought to occur because of sudden flux of CO2-rich fluid along the extensional fracture systems 34 

aligned tangential to the related volcanic conduit and, therefore, may be an alternative technique for 35 

the reconstruction of paleoeruptions. δ18O and δ13C values of the travertine sites are within the 36 

range of meteogene fluids and δ18O values show a similar trend to climate proxies preserved in 37 

different depositional environments throughout the world. It is likely due to that studied 38 

carbonates were precipitated under similar fluid conditions which are represented by high 39 

rate of dilatation followed by the meteoric water influx into the extensional fracture systems. 40 

 41 

 42 

1. Introduction 43 

The internal structure of thermogenic carbonate veins is composed of alternated vertical 44 

bands that are precipitated from CO2-rich hot waters through the fracture systems around 45 

the geothermal areas (Pentocost, 2005; Uysal et al., 2007; Brogi and Capezzuoli, 2014; 46 

Karabacak et al., 2017). The formation of these bands is closely linked to repeated 47 



precipitation episodes that require reopening of previously sealed fractures within the 48 

bedrock, favouring a temporary hydrothermal fluid circulation. Every band of the vein 49 

presents a limited time that corresponds to the period starting just after the event until 50 

sealing (Williams et al., 2017; Capezzuoli et al., 2018; Karabacak et al., 2019). Thus, since 51 

carbonate veins are highly suitable for direct dating of calcite, they provide an opportunity 52 

to understand the history of fluid circulation in a region of seismic or volcanic unrest.  53 

Most of the previous studies devoted to carbonate veins focus on the interaction with fluid 54 

circulation and active crustal deformation (e.g. type and direction of regional stresses, 55 

dilatational rate) (e.g. Altunel and Karabacak, 2005; Uysal et al., 2007; Brogi et al., 2017). In 56 

recent works, their relations with earthquake strain cycles are also addressed (Uysal et al., 57 

2011; Brogi and Capezzuoli, 2014; Williams et al., 2017). Moreover, it is proven that the age 58 

distributions of vertical bands in a carbonate vein supply direct dates of the nearby fluid flow 59 

circulation in the areas of seismic unrest (Karabacak et al., 2019). These features make the 60 

carbonate veins quite attractive for the active tectonic studies. 61 

In volcanic regions, deformation is caused by shear failure, tensile failure or fluid 62 

pressurization process that produce ruptures at the tip of a magma body during strain cycles 63 

(Anderson, 1951; Rubin and Gillard, 1998; Azzarro, 1999; Glen and Ponce, 2002; Zobin, 64 

2003). Stress in a radial-pattern spreading generates extensional fractures positioned 65 

tangential to volcanic conduits (e.g. Anderson, 1951; Macdonald, 1972; Park, 1989; Borgia et 66 

al., 2014) thus creating deep migration pathways for the fluids. During strain cycles, changes 67 

may also occur in deep aquifers (Montgomery and Manga, 2003; Wang et al., 2004) that are 68 

loaded by great elastic strain at depth (Seed and Idriss 1971), resulting in a relatively large 69 

expulsion of depressurized CO2-rich hot waters. Therefore, subsurface hot fluids are 70 



mobilized in deeply penetrating fractures that act as conduits for hot waters and as a result, 71 

carbonates are precipitated around the volcanic eruption centers.  72 

The previous studies asserted the temporal correlation between carbonate precipitation and 73 

volcanism with random sampling strategies on travertine deposits, carbonate veins and 74 

speleotherms (e.g. Tuccimei et al., 2006; Priewisch et al., 2014; Karabacak et al., 2017; 75 

Weinstein et al., 2020). For example, Priewisch et al. (2014) suggest that the deposition ages 76 

of voluminous travertines overlap with the episodes of basaltic volcanism in New Mexico 77 

and Arizona. Karabacak et al. (2017) compare U-series geochronology of carbonate veins 78 

with previous volcanic eruption records and achieve to resolve independent events on two 79 

different eruption centers. In the literature, however, there is a lack of studies focusing on 80 

continuous precipitation record to compare the syn-eruptive fluid circulations and carbonate 81 

vein ages. Furthermore, none of the previous studies assessed the correlations regarding the 82 

fractural pattern and volcanic conduit position.  83 

In this study, we investigate a continuous precipitation records of carbonate veins in the 84 

Central Anatolian Volcanic Province (CAVP) and evaluate precise U-Th ages, mineralogy, and 85 

geochemical and isotopic characteristics of alternated bands. We compare our results with 86 

paleo-eruption records from major volcanic centers (Figure 1). Our correlations are 87 

discussed with regard to fractural positioning to the eruption centers to discriminate the 88 

event origin. Furthermore, oxygen isotope and rare element compositions of vein samples 89 

provided us with a great opportunity to examine temporal variations in the temperature and 90 

source of fluids that precipitated the studied travertines in the region.  91 

 92 

 93 



2. Material and Method  94 

Mineralogical and petrographic determinations of carbonate samples were carried out at the 95 

Geology Department (YEBIM Center) of the Ankara University. Porosity types and textural 96 

characteristics of samples were studied with Leica DMLP model polarizing microscope. 97 

Mineralogical composition of carbonates was determined with Inel Equinox 1000 X-Ray 98 

Diffractometer. Raman spectroscopy analysis on selected samples was conducted with DXR 99 

brand using laser beam of 780 nm. 100 

Carbon and oxygen isotope analyses of carbonate samples were carried out with micromass 101 

Isoprime dual inlet isotope ratio mass spectrometer (DI-IRMS) at the Environmental Isotope 102 

Laboratory of the University of Arizona. Samples were reacted with dehydrated phosphoric 103 

acid (H3PO4) under vacuum at a temperature of 700C. The isotope ratio measurement is 104 

calibrated based on replicate measurements of international standards NBS-19 and NBS-18. 105 

The analytical precision is ±0.1‰ for δ18O and ±0.08‰ for δ13C (1). 106 

The trace element analyses of the carbonate samples were performed at the Radiogenic 107 

Isotope Laboratory, the University of Queensland on a Thermo X-series ICP-MS with 108 

instrument conditions as described in Lawrence and Kamber (2006), after dissolving the 109 

carbonates in a 2% HNO3 solution embed with internal standards. The raw data were 110 

corrected for the low, detectable blank, internal and external drift, and for oxides and 111 

doubly charged species. Instrument response was calibrated against two independent 112 

digests of the USGS reference W-2, and confirmed by analysis of other inter-lab references, 113 

treated as unknowns. Corrections were applied for oxides using formation rates determined 114 

from pure single element REE standards. 115 



Carbonate samples were dated by U-series technique at the Radiogenic Isotope Laboratory 116 

at the University of Queensland using a Nu Plasma HR Multicollector Inductively Coupled 117 

Plasma Mass Spectrometer (MCICP- MS) following the analytical protocols described in Zhao 118 

et al. (2001) and Ünal-İmer et al. (2016). 230Th/238U and 234U/238U ratios were calculated 119 

using decay constants given by Cheng et al. (2000). U-series ages were estimated using the 120 

DensityPlotter 8.5 (Vermeesch, 2012). 121 

 122 

 123 

3. Geological Setting 124 

3.1. Central Anatolian Volcanic Province 125 

The tectonics of the Anatolian Block is governed by interactions between three major plates; 126 

African, Arabian and Eurasian plates. Owing to this outstanding location, the Anatolian block 127 

represents an intraplate deformation resulting from the northward convergence of the Afro-128 

Arabian plates to the Eurasian plate. As commonly expected within intraplate domains 129 

controlled by collisional margins, the central part of Anatolia has witnessed an intense 130 

Neogene-Quaternary volcanic activity associated mainly with subduction events (Innocenti 131 

et al., 1975; Aydar et al., 1994; 1995; Piper et al., 2002).  132 

The central Anatolia is shaped by a triangular frame controlled by Quaternary faults; NW-SE-133 

trending Tuzgölü Fault Zone (TFZ) in the west, NE-SW-trending Ecemiş Fault Zone (EFZ) in the 134 

east and the Central Kızılırmak Fault Zone (CKFZ) in the north. The TFZ and EFZ consist of 135 

Holocene faults with strike-slip component (Dirik and Göncüoğlu, 1996; Emre et al., 2011). 136 

The CKFZ present a southward arc-shape geometry through the Kızılırmak River (Toprak, 137 



1994). It consists of Quaternary normal faults and linements of faults with strike-slip 138 

component (Dirik and Göncüoğlu, 1996; Emre et al., 2011) and constitutes the northern margin 139 

of the CAVP (Toprak, 1994). The region of triangular frame, so called the CAVP, is surrounded 140 

by a number of eruption centers such as major composite volcanoes and monogenetic cones 141 

with voluminous volcanic products (Toprak and Göncüoğlu, 1993). In this province, 142 

Quaternary eruption development has been controlled by three main eruption centers 143 

(Acıgöl caldera, Hasandag and Erciyes stratovolcanoes) within an area of 40 km radius. 144 

Hasandağ and Erciyes composite volcanoes were formed along the TFZ and EFZ (Pasquare et 145 

al., 1988; Toprak and Göncüoğlu, 1993). The Acıgöl Caldera area lies in the central part by 146 

monogenetic cones. Paleoeruption events on extrusive materials in the region were dated 147 

by a range of methods (for the last 190 ka) (Table S1). 148 

 149 

3.2. Balkaya and Sarıhıdır travertine sites 150 

In the current study, we focus on fracture systems and their carbonate veins in Balkaya and 151 

Sarıhıdır travertine sites around the Avanos town that is surrounded by well-known volcanic 152 

centers between the Acıgöl caldera and Erciyes stratovolcano. In the area, Kızılırmak River 153 

flows towards west by drawing a southward arc.  154 

Figure 2 presents the geological setting of the study area that was improved from Köksal and 155 

Göncüoğlu (1997) and Koçyiğit and Doğan (2016) authors’ field observations. In the study 156 

area, Mesozoic-aged metamorphites (Köksal and Göncüoğlu, 1997) comprise the basement 157 

and are overlain by the Upper Cretaceous-Lower Paleocene granitoid-syenitoid and Middle-158 

Upper Eocene limestones (Koçyiğit and Doğan, 2016). Volcaniclastic sediments consisting of 159 

tuffaceous fluvial deposits (Upper Miocene-Pliocene) form a huge platform at the south of 160 



Kızılırmak River and become thinner to the north (Köksal and Göncüoğlu, 1997; Koçyiğit and 161 

Doğan, 2016). The Upper Miocene-Lower Pleistocene fluvial and lacustrine deposits are 162 

represented by tectonically controlled margins and lie on the hanging walls of the normal 163 

faults (Koçyiğit and Doğan, 2016). The studied travertines are exposed as separate bodies at 164 

the Sarıhıdır and Balkaya sites in northern part of the Avanos town.  165 

 166 

3.3. Syntectonic fluid circulation 167 

During seismic release, deep aquifers are loaded by larger elastic strain which causes a 168 

relatively huge expulsion of depressurized CO2-rich hot waters (Montgomery and Manga, 169 

2003; Wang et al., 2004; Berardi et al., 2016; Karabacak et al., 2017) giving rise to carbonate 170 

precipitation within fractures that serve as conduits for CO2-charged groundwater (Sibson, 171 

1987; Altunel and Karabacak, 2005). Although both high flux of CO2 and large rate of 172 

groundwater discharge are the ultimate drivers of carbonate vein precipitation in deeply-173 

penetrating fractures, climate-driven near-surface hydrological changes may also play an 174 

important role in episodic CO2-rich fluid circulation. Recent studies have shown that the 175 

timing of vein formation coincides preferentially with colder and drier climate regimes (Uysal 176 

et al., 2019). Such carbonate vein precipitation is, therefore, a direct record of the seismic 177 

release during glacial periods (Uysal et al., 2007; 2011; Brogi and Capezzuoli, 2014).  178 

The internal structure of carbonate veins formed in alternated bands is closely linked to 179 

repeated crustal reactivation that requires fluid circulation (Uysal et al., 2007; Nuriel et al., 180 

2012; Brogi and Capezzuoli, 2014; Karabacak et al., 2017; Williams et al., 2017). Karabacak et 181 

al. (2019) review the cycles of banded carbonate vein precipitation in tectonically active 182 

areas (Table 1) and suggest that 1) coseismic period involves the opening/reopening of 183 



fractures due to seismic release. Simultaneous fluid circulation in fracture systems and 184 

expulsion of depressurized/supersaturated hot water are resulted in rapid precipitation of 185 

carbonates on both walls of the fracture (planar). The band is formed as whitish 186 

microcrystalline calcite that is related to abundant fluid inclusions with high‐CO2 degassing, 187 

2) during the post-seismic period, saturated fluids still discharge with relatively slow flow 188 

rate until the fracture is completely plugged. Because of slow degassing rates, light‐189 

transparent macrocrystalline calcites are precipitated and 3) until the next seismic event no 190 

more carbonate could be precipitated under slow-flowing conditions. This interseismic 191 

period forms a hiatus with the former carbonate band. 192 

 193 

 194 

4. Results 195 

4.1. Sampling 196 

We investigated the structural features reported in the previous studies in the neighborhood 197 

of study area (i.e. Toprak, 1994; Köksal and Göncüoğlu, 1997; Emre et al., 2011a; 2011b; 198 

Koçyiğit and Doğan, 2016) using digital elevation data at ca. 29-m ground pixel resolutions 199 

(AsterGDEM v2) (Figures 1, 2 and S1). The key morphological lineaments were determined 200 

by satellite images (from Google Earth software) and confirmed by field observations (Figure 201 

2). Accordingly, main lineaments controlling the northern margin of the Kızılırmak valley are 202 

found to extend in E-W direction with a southward arc-shape geometry.  203 

There are two travertine sites (Balkaya and Sarıhıdır) formed on these lineaments in a few 204 

km distance. Balkaya travertines occur on a dilational jog between the NW-SE-trending dip-205 



slip faults with length of about 3 km (Figures 2 and S1b). They display a normal fault 206 

morphology on which the southern blocks have moved downward. Travertines with a well-207 

protected morphology, consist of a main central fissure filled with carbonate vein (vertically 208 

banded compact travertines), and porous bedded travertines dipping away from the central 209 

fissures. Fracture analyses on carbonate veins show the presence of two dominant stress 210 

orientations spanning the range of 70 to 130 (Figure 2). They are controlled by two 211 

conjugated sets displaying a hybrid fracture feature. 212 

The Sarıhıdır travertines are formed on a jogging area between a NE-SW-trending left-lateral 213 

oblique fault and a NE-SW-trending morphological lineament (Figures 2 and S1a). Most of 214 

the fissures in this site have been filled with carbonate material. Field observations and bi-215 

directional rose diagrams plotted for the Sarıhıdır fissures and veins reveal two conjugate 216 

sets in a range of 40 to 120 (Figure 2).  217 

For isotopic and geochemical analyses, using microdrilling technique we sampled 36 bands 218 

from four selected carbonate veins at Sarıhıdır (locations 1 and 2) and Balkaya (locations 3 219 

and 4) sites (Table S2, Figures S1-4). We selected veins that are suitable for sampling across 220 

their entire width (wall to wall) or at least from wall to the fissure center. The sampling 221 

strategy is focused on relatively thick, detritus‐free crystalline bands along the veins. All 222 

samples were labelled and signed onsite to indicate the first precipitation sides.  223 

 224 

4.2. Mineralogical and petrographic analyses 225 

Carbonate band samples were cut parallel to their deposition directions. The samples were 226 

polished and cleaned ultrasonically. Before the analysis, two sets were prepared: one of the 227 



sets was used to investigate the whole rock mineralogy and microtexture by XRD and 228 

another was for thin section petrography. 229 

Carbonate samples from the Balkaya and Sarıhıdır locations are divided into several 230 

subgroups concerning their textural features and mineral sizes (Table S3, Figures S5-S8). The 231 

first subgroup of the Balkaya samples is represented by well-developed banded and flow 232 

textures and composed chiefly of idiomorph, coarse crystalline, needle-shaped calcite 233 

minerals accompanied by trace amount of kaolinite (Figure S5a, b). Results of confocal 234 

Raman spectroscopic (CRS) and electron probe microanalysis (EPMA) studies indicate that 235 

bands are made up of rhodochrosite (Figure S7) and cryptocrystalline quartzs comprise the 236 

porous parts of carbonates. The porosity type is burrowing. The second subgroup of Balkaya 237 

samples has granular (mosaic) texture with different sized xenomorphic calcite minerals 238 

(Figure S5c, d) represented by fenestral type porosity. The third group is comprised by both 239 

flow and granular textures with shelter porosity (Figure S5e, f). The fourth group shows fine 240 

crystalline granular texture with shelter and fenestral porosity (Figure S5g, h). Balkaya 241 

carbonates are formed within the cracks and fractures of micritic limestone, which consists 242 

of calcite with rare quartz. The existence of quartz may indicate occasional erosion and 243 

sediment transport by surface runoff to the deposition site.  244 

Concerning texture types, the Sarıhıdır samples are divided into three subgroups. The first 245 

group has finely banded (flow) and granular textures and consists of fine to coarse crystalline 246 

calcite with rare quartz, pyroxene (augite), epidote and clay minerals (Figure S6a, b and S8). 247 

They typically have shelter type porosity. The second group of carbonates is characterized by 248 

finely crystalline granular texture and shelter type porosity (Figure S6c, d). Samples of this 249 

group are composed of calcite, quartz, feldspar (bytownite) and opaque minerals 250 



(manganese dioxide) (Figure S6c, d and S8). The third group presents very finely banded and 251 

well-developed flow textures with shelter and fenestral type porosity (Figure S6e-h). Clay 252 

minerals occur in the carbonate bands.  253 

Idiomorph and coarsely crystalline, needle-shaped calcites indicate rapid crystallization from 254 

the fluid. Coarse crystalline calcite minerals grow toward the fluid direction whereas fine 255 

crystalline calcites point to crystallization under a stagnant flow regime (Rizzo et al., 2019). 256 

Because of heterogeneous crystallization, calcites show various crystal sizes. The flow rate of 257 

fluids forming this subgroup is quite varied. Sarıhıdır samples contain mineral fragments of 258 

volcanic or intrusive rocks exposed in the study area. The banded texture of Balkaya 259 

carbonates is much better developed than the Sarıhıdır samples and Mn-bearing bands are 260 

thicker for the former. Cataclastic texture recognized within the Sarıhıdır carbonate veins 261 

indicates that seismic event probably postdates the carbonate formation.  262 

 263 

4.3. U-Th geochronology 264 

Based on the results of XRD and microscopy studies, collected carbonate samples are 265 

coarsely crystalline and consist of almost 100% calcite minerals. Calcite fabrics are generally 266 

observed as long elongated and open columnar forms. The discontinuities between the 267 

bands (hiatus) are quite noticeable ensuring no contamination in adjacent generations 268 

(Figure 3). Most of the bands display two crystalline zones: 1) towards fracture wall, whitish 269 

microcrystalline calcites that are related to abundant fluid inclusions with high‐CO2 270 

degassing, 2) towards fracture center, light‐transparent macrocrystalline calcites that are 271 

related to slow degassing rates. For U-Th dating, carbonate vein bands were microdrilled 272 



from the whitish microcrystalline parts, immediate nearest location of the band to the 273 

fracture wall (Figure 3). 274 

230Th/232Th ratios of most samples (more pronounced for the Sarıhıdır samples) are lower 275 

than 10 showing the presence of detrital 232Th in Balkaya and Sarıhıdır sites (Tables 2 and 276 

S4). The samples have very low U contents (6.6 to 37.4 ppb). This may imply that there might 277 

be a time gap between the vein formation and the commencement of carbonate 278 

crystallization, which led to clastic material to accommodate at the deposition site.  279 

Regarding Sarıhıdır carbonates, U-Th dates of location 1 vary from 7.5 to 29 ka and those of 280 

location 2 are rather older and range from 66 to 82 ka within analytical errors. Location 3 281 

from the Balkaya site yields U/Th ages in the range of 33 to 73 ka. Location 4 at this site gives 282 

a wide range of age data from 14.9 to 171 ka.  283 

 284 

4.4. Rare earth element contents  285 

Rare earth element + Y contents of studied travertine samples are shown in Table S5. Total 286 

REY of samples fall in a wide range from 176 to 23509 ppb. REY contents of Balkaya 287 

travertines (2.4 to 23.5 ppm) are significantly higher than those of Sarıhıdır travertines (0.2 288 

to 2.1 ppm). REY patterns of both sample sets are 1 to 3 orders of magnitude lower than the 289 

PAAS (Post-Archean Australian Shale) values (Taylor and Mclennan, 1985) (Figure 4a). REY 290 

concentrations of Balkaya samples steeply descend from La to Y and continue with a nearly 291 

flat pattern across the HREEs. However, REY patterns of Sarıhıdır travertines maintain a 292 

horizontal position from La to Lu, except for a sharp positive Eu anomaly, which might be 293 

due to replacement of calcium by this element (e.g. Rankama and Sahama, 1950). 294 



In the PAAS-normalized diagram, REY contents of Balkaya and Sarıhıdır travertines are 295 

compared to those of volcanic and granitoid rocks exposing in the region (Toksoy-Köksal et 296 

al., 2008). It is shown that host rocks with REY concentrations greater than travertines 297 

display a flat trend that slightly descends from La to Lu.  298 

 299 

4.5. Stable isotopes 300 

δ18O and δ13C values of Balkaya and Sarıhıdır samples are given in Table 2. Carbon isotope 301 

composition of Balkaya carbonates is in the range of 11.5 to 13.2‰ (VPDB) and those of 302 

Sarıhıdır carbonates varies from 8.7 to 11.0‰ (VPDB). Oxygen isotope values of Balkaya and 303 

Sarıhıdır samples are from -11.6 to -9.5‰ (VPDB) and from -16.2 to -11.6‰ (VPDB).  The data 304 

indicate that carbon-oxygen isotope systematics of Balkaya samples are higher than Sarıhıdır 305 

carbonates.  306 

 307 

 308 

5. Discussion 309 

5.1. Origin of fossil fluid circulations 310 

Carbon isotope compositions of Balkaya (11.5 to 13.2‰) and Sarıhıdır carbonates (8.7 to 311 

11.0‰) yield similar ranges. These values are higher than the array suggested for the marine 312 

limestones (±3‰; Clark and Fritz, 1997) but within the range of meteogene fluids (–3 to 313 

+8‰; Pentecost, 2005). In a previous study by Karabacak et al. (2017), δ13C values of Ihlara 314 

carbonates between the Hasandag volcano and Acıgöl Caldera are reported between 7.64 315 



and 9.31‰, which are closely consistent with the values of carbonate veins from Balkaya 316 

and Sarıhıdır sites.  317 

As shown from the δ13C vs. δ18O diagram (Figure 4b), the vein systems of Balkaya and 318 

Sarıhıdır sites, although nearly 10 km apart, are represented by different carbon-oxygen 319 

isotope systematics. For example, carbonate samples of locations 1 (r2 = 0.99) and 2 (r2 = 320 

0.93) from the Sarıhıdır site show a very strong positive correlation. However, location 4 321 

from the Balkaya area is characterized by a rather low correlation with r2 = 0.61. Figure 4b 322 

also implies that heavy isotope enrichment of samples is not restricted only to carbon but 323 

also oxygen isotope. Previous studies show that travertines deposited during rapid CO2 324 

degassing resulting from seismic events are enriched in both 18O and 13C (e.g. Pentecost, 325 

2005; Uysal et al., 2009; Yıldırım et al., in press). According to Ercan et al. (1995) and Güleç et 326 

al. (2002), mantle-derived He contributed to the thermal fluids in the central Anatolia is 327 

almost 35% of total helium inventory. Therefore, it is likely that volcanism is the major 328 

process accounting for the high volatile inventory of the fluids in this region. δ13C values of 329 

fumaroles (CO2 gas) emitting in central Anatolia (-1.9‰) fall in the range of limestones 330 

(Mutlu et al., 2018). The difference between carbon isotope values of fumaroles and 331 

travertines in the region is attributed to CO2 degassing from hot springs, which resulted in 332 

carbon isotope fractionation. This gave rise to the participation of heavy carbon isotope (13C) 333 

into carbonate phase and enrichment of light carbon isotope (12C) in the gas phase. 334 

Precipitation from isotopically enriched waters explains the isotopically heavy character of 335 

the Balkaya and Sarıhıdır carbonates.   336 

Unlike carbon isotopes, oxygen isotopes can be used to estimate the isotope composition 337 

and/or equilibrium temperature of waters that precipitated the carbonates (Friedman and 338 



O'Neil, 1977). The temperatures of hot spring issuing in the Sarıhıdır site and a thermal 339 

water produced from a well drilled in the same area are 290C and 440C, respectively. 340 

Assuming that discharge temperatures of thermal waters in the region have not significantly 341 

changed in the studied time interval and using the oxygen isotopic fractionation between 342 

calcite and water (Δ18Ocalcite-water) proposed by Kele et al. (2015), we calculated δ18O values of 343 

waters that precipitated Balkaya and Sarıhıdır carbonate veins (Table S6). Oxygen isotope 344 

composition of fluids at 290C is found in the range of -16.0 to -11.2‰ (average: -13.8‰) for 345 

the Sarıhıdır samples and from -11.2 to -9.1‰ (average: -9.9‰) for the Balkaya samples. 346 

δ18O values estimated at 440C are -12.9 to -8.1‰ (average: -10.3‰) and -8.1 to -5.9‰ 347 

(average: -6.7‰) for the respective fields. These values indicate a meteoric origin for the 348 

paleowaters. 349 

Assessment of temporal variations in oxygen isotope systematics of Balkaya carbonate veins 350 

indicates a significant decrease around 133 ka BP (Figure 6 and Table 2). Nearly 2‰ decline 351 

of δ18O is most probably due to meteoric water influx into the deposition site. It is driven 352 

either by a high rate of dilatation which increased the meteoric water component of fluids or 353 

by an enhanced rainfall event in the Eastern Mediterranean land and sea regions (e.g., Bar-354 

Matthews et al., 2003).  355 

Throughout the late Pleistocene, the Earth has experienced periods of glacial climate 356 

terminations (glacial-to-interglacial transitions) on both orbital and millennial time scales. 357 

The long term changes in orbital parameters have led to quasi-periodic fluctuations in the 358 

eccentricity, obliquity and precession of the equinoxes with frequencies at around 100, 41 359 

and 19/23 ka BP, respectively (e.g. Milankovitch, 1941; Berger, 1978). These quasi-cycles are 360 

originated from astronomically driven changes in the latitudinal and seasonal distributions of 361 



the solar energy (Berger and Loutre, 2004). Among these cycles, those recurring every 100-362 

ka are prominently recorded in atmospheric CO2 from Vostok (Petit et al., 1999), benthic 363 

δ18O from the ocean cores (Martinson et al., 1987; Cortijo et al., 1994), continental ice 364 

sheets in the Northern Hemisphere (Bender et al., 1994) and speleothems throughout the 365 

world (Bar-Matthews et al., 1997; 2003; Drysdale et al., 2009). These variations are widely 366 

accepted to control the commencement of late Pleistocene glacial terminations, which are 367 

found at 23, 139, 253, 345, 419, 546 and 632 ka BP (Schulz and Zeebe, 2006).  368 

Termination II among others received intense research over the last two decades as high-369 

resolution U-series dates became available on carbonate meterials for which radiocarbon 370 

dating method is only possible for the last 40-50 ka. Consequently, the beginning of 371 

Termination II was elaborated by a number of studies on speleothems and benthic 372 

carbonates (136 to 129 ka BP; Gallup et al., 2002; Landais et al., 2013). In these studies, δ18O 373 

was reported to decrease during warmer (interglacial or interstadial) periods. An attempt is 374 

made here to compare oxygen isotope data on Balkaya carbonate veins with records of 375 

marine benthics (Lisiecki and Raymo, 2005), and speleothems of Soreq cave (Bar-Matthews 376 

et al., 2003), Antro del Corchia cave, (Drysdale et. al, 2005), Kesang cave (Cheng et al., 2012), 377 

Buraca Gloriosa cave (Denniston et al., 2018) (Figure 5). There is a striking similarity between 378 

isotope records of travertines and global benthic and cave compilations. This implies that 379 

δ18O values of carbonates deposited under open air conditions are well correlated with 380 

those of marine and subterraneus carbonates and therefore they can be used as a proxy for 381 

the climate studies.  382 

The diagram depicted in Figure 6 yields two shoulders of δ18O decrease for the carbonate 383 

veins; the first is at 122.3 ka (sample G-3) and another clustering at around 133 ka (samples 384 



E-2, F, G-1, G-2 and H-2). These negative anomalies are separated by a relatively cooler 385 

period at 130 ka represented by a 1‰ increase (sample D1). Our data indicate that the 386 

interglacial period which started at 133 ka BP proceeded only 3 ka and then demised at 130 387 

ka BP. This was followed by a deglaciation with a duration of 8 ka (Figure 5). Interstadial 388 

reversals are common for the glacial Termination II. The lag periods between the interglacial 389 

periods are reported 1 ka to 10 ka (e.g. Schulz and Zeebe, 2006; Moseley et al., 2015).  390 

Alternatively, high rate of dilatation is another mechanism responsible for depleted δ18O 391 

values recorded in the Balkaya travertines. The δ18O of meteoric waters is strongly latitude 392 

dependent and falls in the range of −2 to −20‰ (SMOW) (Craig, 1961; Kendall et al., 1995). It 393 

is reported that during major earthquakes stable isotope ratios measured in groundwater 394 

significantly changed which cannot be explained with water-rock interaction process (e.g. 395 

Claesson et al., 2004; Reddy and Nagabhushanam, 2012; Skelton et al., 2014). These changes 396 

are caused by crustal dilatation associated with stress build-up before the seismic event, 397 

which facilitated different groundwater components to mix. Although similar isotopic 398 

variations are not previously reported in areas of volcanic unrest, it is likely that crustal 399 

deformation or high rate of dilatation during the volcanic activity may increase the rate of 400 

mixing between thermogene and meteoric waters that precipitated the travertine deposits. 401 

To test this, we examine oxygen isotope compositions of mineral waters in the Gümüşkent 402 

area (nearly 20 km NW of study area). δ18O values of Gümüşkent springs fall in the range of -403 

10.5 to -9.71‰ (Afşin, 2002) which are consistent with the estimated average oxygen 404 

isotope composition of fluids (-9.92‰ at 29C) that formed the Balkaya carbonate veins. 405 

These values are within the range proposed for meteoric waters. It is important to note that 406 

samples with high rate of dilatation have the lowest δ18O values (–10,9‰ for sample G-1) 407 

(Table 2). Assuming that δ18O of springs has remained unchanged in the studied time 408 



interval, there might be significant amount of cold water influx to the deposition site of 409 

Balkaya travertines. Although limited data available, among the samples witnessed high 410 

dilatation rate, G2 and H2 are characterized by notably low rare earth element compositions 411 

(Figure 4a). This might indicate rapid ascent of meteoric waters without sufficient interaction 412 

with the host rocks (Yıldırım et al., in press).  413 

In regard to texture and crystal size, sample D1 (dated at 130 ka) from the Balkaya travertine 414 

shows quite different mineralogical features. This sample that does not contain any banding 415 

consists of calcites with different sizes (Figure S9). In this sample, needle-shaped small 416 

calcite crystals occur along the cracks (Figure S9). The remarkable heterogeneous 417 

crystallization indicates that the continuous fluid flow with high discharge rate resulted in 418 

carbonate deposition in a turbulent environment. 419 

We conclude that although δ18O values of Balkaya travertines fall in a relatively low range, 420 

they show similar trend to climate proxies preserved in different depositional environments 421 

throughout the world. If the climatic variations are neglected, this might indicate that 422 

studied carbonates were precipitated under similar fluid conditions (by means of origin and 423 

pathway) which are represented by high rate of dilatation followed by the invasion of 424 

meteoric waters. In other words, all the samples investigated are the manifestation of 425 

crustal deformation in the region.  426 

 427 

5.2. Manifestation of paleo-eruptions on the carbonate veins 428 

Current deformation of the Central Anatolia measured by GPS studies is not uniform (e.g., 429 

Aktuğ et al., 2013; Simao et al., 2016). In any case, however, a regional dilatation dominates 430 



despite variations in stress directions in the CAVP (Karabacak et al., 2017). Specifically, as 431 

shown by principle strain and horizontal velocity field analyses, a tension stress striking 432 

WNW-ESE is evident around Balkaya and Sarıhıdır sites (e.g., Aktuğ et al., 2013; Simao et al., 433 

2016). Our field analyses show that both travertine sites set on the dilational jog area along 434 

the same fault zone (i.e. along the CKFZ with 10 km-distance) and all fractures in Balkaya and 435 

Sarıhıdır sites represent notable opening features (Mode I extension fractures). There are no 436 

slickenlines on their planes and no evidence for compressional tectonics. Thus, it is 437 

concluded that the fractures were formed under the tensile stress-normal trending NNE-438 

SSW in Balkaya and NNW-SSE in Sarıhıdır. However, although carbonate veins in extensional 439 

fractures along the same fault zones indicate close‐epicenter paleoearthquakes (Karabacak 440 

et al., 2019), vein precipitation periods favouring a temporary hydrothermal fluid circulation 441 

due to seismic unrest are completely different in both travertine sites. Consequently, it 442 

cannot be asserted that Sarıhıdır and Balkaya fractures are fully controlled by the regional 443 

dominant stress orientations and/or activity of CKFZ, i.e. it requires other mechanisms. One 444 

of the main reasons of Quaternary crustal deformation in the study area is the growth of 445 

magmatic crests and associated eruptions within a fairly close region (i.e. Acıgöl caldera and 446 

Erciyes stratovolcano). Therefore, it is possible to observe the manifestations of crustal 447 

deformations related to eruptive activity in the vicinity of study area.In the volcanic regions, 448 

pressure change at the tip of magma body results in shear and tensile failures or fluid 449 

pressurization (Rubin and Gillard, 1998; Azzarro, 1999; Glen and Ponce, 2002; Zobin, 2003) 450 

and the deformation produces three types of fractures around volcanoes, i.e. radial, cone 451 

sheet and ring types (Anderson, 1951). Inflation/deflation of magma chamber or volcanic 452 

spreading form σ3 in a radial pattern and generate extensional ring fractures (e.g. Anderson, 453 

1951; Macdonald, 1972; Park, 1989; Borgia et al., 2014). This setting forms ideal deep 454 



penetrating pathways for fluid circulations during strain cycles. Thus, the extensional 455 

fracture systems aligned tangential to the volcanic conduits could present unique 456 

manifestations of syn-eruptive fluid circulations. For example, Karabacak et al. (2017) 457 

focused on two different fracture systems in the Ihlara site (central Anatolia) and indicated 458 

different fluid migration pathways for each. The dates of carbonates in each system are 459 

correlated well with the eruptive history of the Acıgöl caldera and Hasandag stratovolcano. 460 

Assessment of their data indicates that the formation of these fracture systems in the Ihlara 461 

site is controlled by various eruption centers where they are positioned tangentially. If we 462 

consider the geometric setting of the fracture systems, Balkaya and Sarıhıdır carbonate veins 463 

have positioned tangential to the Acıgöl caldera and Erciyes stratovolcano, respectively 464 

(Figure 6). Therefore, the correlation of the timing of carbonate precipitation with paleo-465 

eruption records in CAVP may provide significant supplementary geochronological data. 466 

Figure S10a-c displays the U-series age distribution of carbonate veins in the Balkaya and 467 

Sarıhıdır travertine sites. The age data indicate that the vein precipitations clustered in 3 468 

major periods in last 190 ka (i.e. 5-35, 60-100, 120-170 ka BP) (Figure S10c). Accordingly, the 469 

crustal deformation intensified during 2 different periods at about 9, 82 ka BP in Sarıhıdır 470 

(Figure S10a) and during at least 7 different periods at about 15, 22, 73, 94-100, 119, 133, 471 

145-150, 164 ka BP in Balkaya (Figure S10b). Carbonate vein from Location 4 in Balkaya also 472 

presents a detailed continuous precipitation record for the region (Figure S11a). Figure 6a 473 

displays the U-series ages with respect to distance from the vein center to the wall. If we 474 

order the coeval bands, the graph revolves to U-series age vs. the band widths (Figure S11b) 475 

and displays that the vein has 8 rapid dilatation periods at 15, 22, 67-73, 94-100, 119, 133, 476 

145-155, and 164-171 ka BP coherent to picks of relative probability graph (Figure S10b).  477 



Figure S10d displays the paleo-eruption dating records in CAVP for the last 190 ka compiled 478 

from the previous studies (Table S1). Results show that the eruptions took place across the 479 

region episodically in 3 major periods (i.e. 5-40, 75-115, 145-190 ka BP) are compatible with 480 

carbonate precipitations around Sarıhıdır and Balkaya (Figure S10c).  Accordingly, each 481 

eruptive period in the CAVP lasted approximately 35-45 ka and is followed by an episode of 482 

volcanic unrest of around 30 ka. Comparison of the carbonate precipitation periods (i.e. 483 

intensified crustal deformation periods) with the eruption records in the surrounding area 484 

yields that there is a great affinity between the Sarıdır results and Erciyes eruptions and 485 

between the Balkaya results and Acıgöl eruptions. For example, Holocene eruption on 486 

Erciyes Stratovolcano of 8.80.6 ka BP (Sarıkaya et al., 2006; 2017) was recorded at Sarıhıdır 487 

carbonate veins (sample 04; 8.83.8 ka BP). Similarly, an eruption dated at 22.3±1.1 ka BP in 488 

the Acıgöl Caldera region (Karnıyarık cone, 24 km distant from Balkaya) (Schmitt vd., 2011) 489 

was almost perfectly recorded in the Balkaya site (sample B; 22.4±2.1 ka BP). Table 3 490 

summarizes the results of U-Th ages of the carbonate veins respect to the timing of volcanic 491 

eruption events in the surrounding region. 492 

 493 

 494 

6. Conclusions 495 

In the volcanic regions, while pressure change of magma chamber generates extensional ring 496 

fractures forming ideal deep penetrating pathways for fluid circulations, the extensional 497 

fracture systems positioned tangentially to eruption centers could present manifestations of 498 

fluid circulations during volcanic strain cycles. In the suitable areas, thus, high flux of CO2-rich 499 



fluid discharge precipitates syn-eruptive carbonate veins in the fractures. Here we propose a 500 

model, carbonate veins of the extensional fracture systems positioned tangentially to a 501 

volcanic conduit provide a substantial late Quaternary paleo-eruption record for that center 502 

(Figure 6). 503 

δ18O and δ13C values of travertine sites of CAVP are within the range of meteogene fluids. 504 

The significant decrease in oxygen isotope values of Balkaya carbonate veins is likely due to meteoric 505 

water influx into the deposition site. It is driven either by a high rate of dilatation that increased the 506 

meteoric water component of fluids or by an enhanced rainfall event triggered by a change in the 507 

climate regime.  508 

 509 
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 783 

Figure Captions 784 

Figure 1. a. Generalized tectonic setting of the Anatolian Block (yellow arrows show the 785 

plate motions). b. Shaded relief map of the Central Anatolian Volcanic Province 786 

(generated using the WorldImagery data merged to SRTM-3arc-787 

second resolution digital data) (black lines show the Quaternary faults, blue circles show 788 



Neogene activity while the yellow circles show Quaternary activity on stratovolcanoes). B: 789 

Balkaya site, S: Sarıhıdır site, I: Ihlara site. 790 

Figure 2. Geological setting of the study area and locations of the travertine sites (simplified 791 

from Köksal and Göncüoğlu, 1997; Koçyiğit and Doğan, 2016 and authors' field observations) 792 

(base map is taken from GoogleEarth). Red line indicates the trace of the faults. 793 

Figure 3. A representative thin section from the carbonates (sample A-2, location 4, 794 

Balkaya).  The discontinuities in between the bands (hiatus) are noticeable (yellow lines). 795 

Arrows show the elongation of calcite fabrics (red lines indicate microcrystalline, blue lines 796 

indicate macrocrystalline) (right image is cross-polarized, while the image at the left is plane-797 

polarized). Note that, we drilled preferentially microcrystalline parts for dating. 798 

Figure 4. a. PAAS normalized NTE+Y patterns of Balkaya and Sarıhıdır carbonate samples and 799 

host rocks  (Taylor and Mclennan, 1985) (host rock data from Toksoy-Köksal et al., 2008). b. 800 

δ 18O vs. δ 13C systematics for Balkaya and Sarıhıdır carbonate samples (blue cross: location 801 

1, red cross: location 2, red circle: location 3, blue circle: location 4). 802 

Figure 5. Comparison of oxygen isotope data on Balkaya carbonate veins with various 803 

climate records. Marine benthic record (Lisiecki and Raymo, 2005), Soreq cave, Israel (Bar-804 

Matthews et al., 2003), Antro del Corchia cave, Italy (Drysdale et. al, 2005), Buraca Gloriosa 805 

cave, Portugal (Denniston et al., 2018), Kesang cave, China (Cheng et al., 2012).  806 

Figure 6. Model on correlations of carbonate veins with the paleo-eruption records in the 807 

meaning of fractural positioning to the eruption centers in CAVP. B: Balkaya travertine site, 808 

S: Sarıhıdır travertine site, I: Ihlara travertine site. 809 

 810 



Table Captions 811 

Table 1. The cycle of episodic carbonate vein (banded) precipitation in tectonically active 812 

areas: fluid-rock interaction (modified from Karabacak et al., 2019). 813 

Table 2. Geochronologic and stable isotope data.  814 

Table 3. Comparison between the carbonate ages investigated in the study area and the 815 

volcanic eruption events in the surrounding region from the literature.  816 

 817 
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Table 1. The cycle of episodic carbonate vein (banded) precipitation in tectonically active areas: fluid-
rock interaction (modified from Karabacak et al., 2019). 

period event result evidence 

coseismic 

seismic release opening/reopening of fractures 

simultaneous fluid circulation in 
fracture systems and expulsion 
of depressurized/supersaturated 
hot water 

si
n

gl
e 

ca
rb

o
n

at
e 

b
an

d
 

rapid precipitation 
of banded 
carbonate on both 
walls of the 
fracture (planar) 

whitish 
microcrystalline 
calcite that is related 
to abundant fluid 
inclusions with high‐
CO2 degassing 

postseismic 
saturated but relatively slow 
fluid flow 

plugging of the 
fracture 
along the 
carbonate vein 

light‐transparent 
macrocrystalline 
calcites that are 
precipitated at slow 
degassing rates during 
the time up to sealing 

interseismic unsaturated and slow fluid flow 
shifting spring points 
(pipes) along the sealed 
fracture  

hiatus (no 
precipitation) 

 

 

  



Table 2. Geochronologic and stable isotope data.  

 

site location sample 
corr. age 

(ka) 
±2s 

δ13C 
(VPDB) 

δ18O 
(VPDB) 

δ18O 
(VSMOW) 

SA
R

IH
ID

IR
 1 

01 29 50 10,7 -12,0 18,5 

02 8,4 5,7 8,9 -16,0 14,5 

03 11,3 6,0 8,7 -15,0 15,5 

04 8,8 3,8 8,7 -16,2 14,3 

05 7,5 9,8 11,1 -12,1 18,4 

2 

06-1 82 121 9,3 -13,4 17,1 

06-2 66 39 10,9 -11,6 18,9 

06-3 81 16 9,5 -13,2 17,3 

B
A

LK
A

Y
A

 

3 

11A 52,1 8,4 12,2 -9,8 20,7 

11B 62,8 8,4 12,1 -9,5 21,0 

12C 33 10 12,2 -10,1 20,4 

12D 73 13 12,1 -10,0 20,5 

4 

A-1 67,3 5,6 13,2 -9,7 20,8 

A-2 14,9 3,2 12,8 -9,8 20,7 

B 22,4 2,1 12,7 -9,9 20,6 

C-1 93,8 3,9 13,2 -9,6 20,9 

C-2 73,2 2,6 13,2 -9,7 20,8 

D-1 130,1 4,9 12,9 -9,6 20,9 

D-2 100,3 3,2 12,9 -10,1 20,4 

E--1 118,8 2,9 12,6 -10,8 19,7 

E--2 132,9 2,7 12,7 -10,7 19,8 

F 132,8 3,9 11,8 -11,2 19,3 

G-1 132,8 3,5 12,6 -11,3 19,2 

G-2 131,5 2,1 12,4 -11,2 19,3 

G-3 122,3 1,1 11,5 -11,6 18,9 

H-1 149,3 7,5 13,0 -10,2 20,3 

H-2 133,6 3,5 13,0 -10,3 20,2 

H-3 154,6 6,0 13,0 -10,1 20,4 

H-4 149,6 5,8 13,1 -10,4 20,1 

H-5 119,9 8,7 13,0 -10,5 20,0 

H-6 171 18 12,9 -10,7 19,8 

H-7 164 27 13,0 -10,6 19,9 

I-1 167 15 13,1 -10,1 20,4 

I-2 145 10 13,0 -9,7 20,8 

J-1 71 15 12,9 -10,0 20,5 

J-2 146 15 12,7 -10,1 20,4 

 

  



Table 3. Comparison between the carbonate ages investigated in the study area and the volcanic 
eruption events in the surrounding region from the literature.  

U-series age data of studied 
carbonates 

volcanic events dated around the study area 

site sample 
corr. age 
(ka BP) 

eruption date 
(ka BP) 

eruption center and evidence reference 

B
A

LK
A

Y
A

 

A-2 14,93,2 
14 

Acıgöl - sediment cores in the late 
Pleistocene Eski Acıgöl maar, tephra 
layer (radiocarbon) 

Kuzucuoglu et al., 1998 

16 Acıgöl - Acıgöl maar (U-Th) Roberts et al., 2001 

B 22,42,1 22,31,1 
Acıgöl - Karnıyarık, rhyolitic lava 
nearly aphyric (U-Th/He) 

Schmitt et al., 2011 

12c 3310 323* Acıgöl - south of Kocadağ (K-Ar) Türkecan et al., 2004 

12d 7313 
75 Acıgöl – Taşkesik Hill, lava dome Bigazzi et al., 1993 

C-2 73,22,6 

C-1 93,83,9 932* Acıgöl - Boğazköy (obsidian) Türkecan et al., 2004 

D-2 100,33,2 96,013,0 
Acıgöl - basaltic lava (Karnıyarık Hill) 
(Ar-Ar) 

Doğan, 2011 

E-1 118,82,9 
1174 

Acıgöl - Alacasar, rhyolitic pumice 
aphyric (U-Th/He) 

Schmitt et al., 2011 
H-5 119,98,7 

I-2 14510 

1478* 
Acıgöl – Taşkesik Hill, rhyolitic lava 
nearly aphyric (U-Th/He) 

Schmitt et al., 2011 
J-2 14615 

H-1 149,37,5 

H-4 149,65,8 

H-7 16427 
1637 

Acıgöl - upper Acıgöl tuffs Boğazköy, 
rhyolitic pumice aphyric (U-Th/He) 

Schmitt et al., 2011 
I-1 16715 

SA
R

IH
ID

IR
 

05 7,59,8 
7,20,9 

Erciyes - lava-flow (Karagüllü) 
(cosmogenic 36Cl) 

Sarıkaya et al., 2017 

7,70,4 
Erciyes - lava-flow (Perikartın) 
(cosmogenic 36Cl) 

Sarıkaya et al., 2017 

02 8,45,7 
8,80,6 

Erciyes - lava-flow (Dikkartın) 
(cosmogenic 36Cl) 

Sarıkaya et al., 2017 
04 8,83,8 

03 11,36,0 135 Erciyes - cinder cone basalt (K-Ar) Doğan-Külahcı, 2015 

06-03 8116 
8010 

Erciyes - augite-hypersthene 
andesite, lava-flow (Karigtepe) (K-Ar) 

Notsu et al., 1995 
06-01 82121 

* the eruptions of Acıgöl caldera dated from carbonate veins of Ihlara travertine site (Karabacak et al., 2017).   
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Figure S1. Satellite views of the carbonate veins and sampling locations (taken from Google Earth). a. 

Sarıhıdır site, b. Balkaya site. 

 

  



 

  
 

 
 
Figure S2. Field views of the sampling location L1, Sarıhıdır. a. Well-protected morphology of the 
fissure ridge. b. Carbonate vein along the fissure ridge and c. collected samples. 
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Figure S3. Field views of the sampling location L3, Balkaya. a. Well-protected morphology of the 
fissure ridge. b. Carbonate vein along the fissure ridge and collected samples. 
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Figure S4. Field views of the sampling location L4, Balkaya. a. Well-protected morphology of the 
fissure ridge. b. Carbonate vein along the fissure ridge and c. collected samples. 
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Figure S5. Representative thin section photos of the Balkaya samples. Photos at the right side are 
cross-polarized and those at the left are plane-polarized. a) and b) idiomorph, coarse crystalline, 
needle-shaped calcite minerals in sample A2; c) and d) mosaic texture in sample J1 showing various 



sized xenomorphic calcites; e) and f) flow and granular textures with shelter porosity in sample H5; g) 

and h) fine crystalline granular texture with shelter and fenestral porosity in sample J1.  



  

Figure S6. Representative thin section photos of the Sarıhıdır samples. Photos at the right side are 
cross-polarized and those at the left are plane-polarized. a) and b) fine to coarse crystalline calcite 
with rare quartz, pyroxene, epidote and clay minerals in sample 01; c) and d) finely crystalline 
granular texture and shelter type porosity in sample 03; e) and f) very finely banded and well 



developed flow texture with shelter and fenestral type porosity in sample 04; g) and h) clay minerals 
in the carbonate bands of sample 01.



 

Figure S7. Representative (a) XRD (sample 11A), (b) CRS (A-2) and (c-d) EPMA (A-1) studies of 

samples from Balkaya site.  



 

Figure S8. Representative (a) XRD (sample 02), (b) CRS (sample 06-3) and (c-e) EPMA (sample 01) 

studies of samples from Sarıhıdır site. 



 

 

Figure S9. Thin section images of the Balkaya sample D1, which is dated at 130 ka; a) plane-polarized, 

b) cross-polarized. 

 



 

Figure S10. Relative probability curves of the U-series ages of carbonate samples and the previously 
dated paleo-eruptions. a. Sarıhıdır carbonate veins, b. Balkaya carbonate veins, c. the results of all 
carbonate samples, d. paleo-eruption records in literatures (Table S1) (purple plot: Probability 
density, light blue plot: Kernel density, rectangles: histograms of the samples). Note that x and y axes 

represent dating results in ka BP and number of samples respectively. 

 



 

 

Figure S11. a. The U-series ages distribution of carbonate bands with respect to distance from the 
vein center to the wall on the L4-vein in Balkaya. Note that carbonate vein presents a continuous 
precipitation record. b. The graph is ordered as the coeval bands (U-series age vs. the band widths). 

Note that the vein has at least 8 rapid dilatation periods. 

 



Table S1. Volcanic events dated in the last 190 ka around the study area. 

 
eruption date 

(ka BP) 

eruption 

center 
evidence reference 

1. <1 Erciyes basaltic lava (east of Hocalılar) (K-Ar) Doğan-Külahcı, 2015 

2. <1 Erciyes 
cinder cone lava-flow (south of Hacılar) (K-
Ar) 

Doğan-Külahcı, 2015 

3. 4,4±0,2 Acıgöl 
sediment cores in the late Pleistocene Eski  
Acıgöl maar, Tephra layer T17 (radiocarbon) 

Kuzucuoglu et al., 1998 

4. 5,5 Acıgöl 
sediment cores in the late Pleistocene Eski  
Acıgöl maar, Tephra layer T15 (radiocarbon) 

Kuzucuoglu et al., 1998 

5. 8,2 Acıgöl 
sediment cores in the late Pleistocene Eski  

Acıgöl maar, Tephra layer T13 (radiocarbon) 
Kuzucuoglu et al., 1998 

6. 7,2±0,9 Erciyes lava-flow (Karagüllü) (cosmogenic 
36

Cl) Sarıkaya et al., 2017 
7. 7,7±0,4 Erciyes lava-flow (Perikartın) (cosmogenic 

36
Cl) Sarıkaya et al., 2017 

8. 8,8±0,6 Erciyes lava-flow (Dikkartın) (cosmogenic 
36

Cl) Sarıkaya et al., 2017 

9. 8,9±0,6 Hasandağ 

pumices col lected from the summit of Big 

Hasandağ (U-Th/He method measured on 
zircon crystal s) 

Schmitt et al., 2014 

10. 9,5±0,2 Erciyes ash-flow (Erciyes) (
14

C) Sarıkaya et al., 2006 

11. 9,8 Acıgöl 
sediment cores in the late Pleistocene Eski  
Acıgöl maar, Tephra layer T10 (radiocarbon) 

Kuzucuoglu et al., 1998 

12. 13±5 Erciyes cinder cone basalt (K-Ar) Doğan-Külahcı, 2015 

13. 14 Acıgöl 
sediment cores in the late Pleistocene Eski  
Acıgöl maar, Tephra layer (radiocarbon) 

Kuzucuoglu et al., 1998 

14. 16 Acıgöl Acıgöl maar (U-Th) Roberts et al., 2001 

15. 19 Acıgöl 
acidic tephric layer with sphene and zircon 
(radiocarbon) 

Kuzucuoglu et al., 1998 

16. 20±6 Acıgöl Guneydag dome (fission track age) Bigazzi et al., 1993 

17. 20,3±0,6 Acıgöl 
Acıgöl maar, obsidian clast nearly aphyric (U-

Th/He) 
Schmitt et al., 2011 

18. 22,3±1,1 Acıgöl 
Karnıyarık, rhyol itic lava nearly aphyric (U-
Th/He) 

Schmitt et al., 2011 

19. 23,2±3 Acıgöl Kaleci, rhyol itic lava nearly aphyric (U-Th/He) Schmitt et al., 2011 

20. 23,8±0,9 Acıgöl 
Güneydağ, rhyol itic lava nearly aphyric (U-
Th/He) 

Schmitt et al., 2011 

21. 24,9±0,9 Acıgöl 
Korudağ, rhyolitic lava nearly aphyric (U-
Th/He) 

Schmitt et al., 2011 

22. 25±8 Erciyes cinder cone lava-flow (Avşar Vilage) (K-Ar) Doğan-Külahcı, 2015 

23. 25,9±0,6 Acıgöl 
Tepeköy, rhyol itic lava nearly aphyric (U-
Th/He) 

Schmitt et al., 2011 

24. 26±1,5 Acıgöl Kuzey, rhyol itic lava nearly aphyric (U-Th/He) Schmitt et al., 2011 

25. 28,9±1,5 Hasandağ 
pumices col lected from the flank of the 
volcano (U-Th/He method measured on 

zircon crystal s) 

Schmitt et al., 2014 

26. 29±1 Hasandağ from the summit (K-Ar) Kuzucuoglu et al., 1998 

27. 32±3 Acıgöl south of Kocadağ (K-Ar) Türkecan et al., 2004 

28. 33±2 Hasandağ from the summit (K-Ar) Kuzucuoglu et al., 1998 

29. 36,1±1,1 Erciyes lava-flow (Çarık) (cosmogenic 
36

Cl) Sarıkaya et al., 2017 
30. 40±7 Erciyes fissure basalt (Karagüllü) (K-Ar) Doğan-Külahcı, 2015 

31. 45±5 Erciyes basaltic lava (Sürtme Plateau) (K-Ar) Doğan-Külahcı, 2015 

32. 75 Acıgöl Taşkesik, lava dome  Bigazzi et al., 1993 

33. 80±10 Erciyes 
augite-hypersthene andesite, lava-flow 

(Kari gtepe) (K-Ar) 
Notsu et al., 1995 



34. 93±11 Erciyes cinder cone lava-flow (north of Develi) (K-Ar) Doğan-Külahcı, 2015 

35. 93±2 Acıgöl Boğazköy (obsidian) Türkecan et al., 2004 

36. 96,0±13,0 Acıgöl basaltic lava (Karnıyarık Hil l) (Ar-Ar) Doğan, 2011 

37. 98,4±3,6 Erciyes lava-flow (Çarık) (kosmogenic 
36

Cl) Sarıkaya et al., 2017 

38. 102±7 Erciyes cinder cone basalt (south of Erciyes) (K-Ar) Doğan-Külahcı, 2015 

39. 110±40 Acıgöl 
upper Acıgöl tuff (ITPFT isothermal plateau 
fission track age) 

Druitt et al., 1995 

40. 115±7 Erciyes basaltic lava (Şeyhşaban) (K-Ar) Doğan-Külahcı, 2015 

41. 115±20 Erciyes dacite-flow (Dikkartın) (Ar-Ar) Ercan et al., 1994 

42. 117±4 Acıgöl Alacasar, rhyol itic pumice aphyric (U-Th/He) Schmitt et al., 2011 

43. 147±8 Acıgöl 
Taşkesik, rhyol itic lava nearly aphyric (U-
Th/He) 

Schmitt et al., 2011 

44. 163±7 Acıgöl 
upper Acıgöl tuffs Boğazköy, rhyol itic pumice 
aphyric (U-Th/He) 

Schmitt et al., 2011 

45. 170±10 Erciyes 
hypersthene andesite, lava-flow (south of 

Kayseri) (K-Ar) 
Notsu et al., 1995 

46. 180 Acıgöl 
lower Acıgöl tuffs (ITPFT isothermal plateau 
fission track) 

Druitt et al., 1995 

47. 190±9 Acıgöl 
Boğazköy, rhyol itic lava nearly aphyric (U-
Th/He) 

Schmitt et al., 2011 

48. 190±11 Acıgöl 
Kocadağ, rhyol itic lava weakly porphyritic (U-
Th/He) 

Schmitt et al., 2011 

 



Table S2. General features of the sampling veins. 

site location sample 
band width 

(cm) 
cordinates strike/dip 

SA
R

IH
ID

IR
 

1 

01 6 

0667945E 4290662N N50E/90 

02 2 

03 4 

04 4 

05 3 

2 

06-1 3 

0667666E 4290473N N85W/90 06-2 3 

06-3 3 

B
A

LK
A

Y
A

 

3 

11A 1 

0658004E 4290500N N70E/78SE 
11B 0,5 

12C 0,5 

12D 1 

4 

A-1 5 

0657826E 4290507N N70W/90 

A-2 5 

B 3 

C-1 4 

C-2 5 

D-1 5 

D-2 5 

E-1 2 

E-2 3 

F 4 

G-1 3 

G-2 3 

G-3 3 

H-1 3 

H-2 3 

H-3 3 

H-4 3 

H-5 3 

H-6 3 

H-7 2 

I-1 3 

I-2 3 

J-1 2 

J-2 2 

 



Table S3. Mineralogical and petrographical properties of representative Balkaya and Sarıhıdır 

travertine samples. 

site group sample texture mineralogy 
mineral 

shape 

crystal 

form 

porosity 

type 

B
A

LK
A

Y
A

 

I 

A-2 

Banded, flow Mainly calcite Idiomorph 
Needle-

shaped 
Burrowing 

C 

E-1 

F 

H-6 

II 

A-1 

Granular 

(Mosaic) 
Mainly calcite Xenomorph Granular Fenestral 

H-2 

H-3 

H-4 

H-7 

J-1 

III H-5 
Granular, 

flow 
Mainly calcite Xenomorph  Shelter 

IV 

G-3 

Fine 
crystal l ine 

granular 

Mainly calcite Xenomorph Granular 
Shelter, 
Fenestral 

11B 
Mainly calcite, 

quartz 
   

B Mainly calcite Idiomorph 
Needle-
shaped 

Fenestral 

SA
R

IH
ID

IR
 

I 

01 Granular 

rarely 
banded 
(flow) 

Mainly calcite, 
quartz, pyroxene, 
plagioclase, clay 

minerals 
Idiomorph 
and 
xenomorph 

Needle-
shaped 

Shelter 

06-3 
Mainly calcite, 
quartz, epidote, 
clay, plagioclase 

Needle-
shaped, 
granular 

II 
03 Granular 

(Mosaic) 

Mainly calcite, 
quartz, opaque 

mineral, feldspar 
Xenomorph Granular Shelter 

05 Mainly calcite 

III 

02 

Banded, flow 

Mainly calcite, 

clay minerals 

Idiomorph 
Needle-
shaped 

Shelter 

06-1 Mainly calcite Shelter 

06-2 
Mainly calcite, 
quartz 

Shelter, 
fenestral 

04 Mainly calcite Fenestral 

   



Table S4. Summary of MC-ICP-MS Uranium (U)-series age data. 
si

te
 

lo
ca

ti
on

 

sa
m

p
le

 
U (ppm) ±2s 

23 2Th 
(ppb) 

±2s 
(23 0Th/ 
23 2Th) 

±2s 
(23 0Th/

23 8U) 
±2s 

(23 4U/ 
23 8U) 

±2s 
uncorr
. age 
(ka) 

±2s 
corr. 
age 
(ka) 

±2s 

SA
R

IH
ID

IR
 1 

01 0,02939 0,00005 71,19 0,21 0,996 0,005 0,7951 0,0038 1,2260 0,0026 109,0 1,0 29 50 

02 0,01044 0,00005 4,798 0,020 1,392 0,033 0,2109 0,0050 1,2833 0,0064 19,45 0,51 8,4 5,7 

03 0,01424 0,00004 7,725 0,026 1,517 0,021 0,2712 0,0038 1,4021 0,0034 23,20 0,36 11,3 6,0 

04 0,00843 0,00004 2,778 0,009 1,705 0,027 0,1851 0,0030 1,3189 0,0053 16,39 0,29 8,8 3,8 

05 0,03015 0,00005 23,334 0,060 1,120 0,010 0,2856 0,0025 1,3396 0,0027 25,88 0,26 7,5 9,8 

2 

06-1 0,01079 0,00004 31,73 0,10 1,055 0,007 1,0219 0,0077 1,1987 0,0048 188,1 4,2 82 121 

06-2 0,00681 0,00005 16,043 0,069 1,187 0,010 0,9217 0,0093 1,2378 0,0071 138,9 3,2 66 39 

06-3 0,00721 0,00003 9,673 0,022 1,840 0,016 0,8138 0,0077 1,2012 0,0050 117,9 2,2 81 16 

B
A

LK
A

Y
A

 

3 

11A 0,016727 0,000007 18,09 0,014 2,221 0,011 0,7917 0,0038 1,5649 0,0030 73,2 0,5 52,1 8,4 

11B 0,016056 0,000005 16,75 0,028 2,462 0,013 0,8464 0,0042 1,5262 0,0029 83,4 0,6 62,8 8,4 

12C 0,013963 0,000003 15,29 0,013 1,710 0,012 0,6171 0,0044 1,4857 0,0019 56,7 0,5 33 10 

12D 0,014266 0,000005 18,82 0,025 2,178 0,012 0,9473 0,0052 1,5161 0,0030 99,6 0,9 73 13 

4 

A-1 0,025181 0,000009 13,89 0,014 3,660 0,020 0,6651 0,0036 1,2473 0,0021 80,6 0,7 67,3 5,6 

A-2 0,03204 0,00005 7,721 0,013 2,571 0,022 0,2042 0,0018 1,1506 0,0024 21,21 0,21 14,9 3,2 

B 0,017004 0,000013 2,81 0,003 4,696 0,037 0,2561 0,0020 1,1782 0,0021 26,6 0,2 22,4 2,1 

C-1 0,012462 0,000004 5,38 0,004 5,787 0,052 0,8232 0,0073 1,3040 0,0025 103,4 1,5 93,8 3,9 

C-2 0,03360 0,00005 9,583 0,020 7,239 0,053 0,6805 0,0049 1,2825 0,0031 79,70 0,87 73,2 2,6 

D-1 0,02988 0,00006 11,661 0,025 8,103 0,049 1,0423 0,0062 1,3857 0,0030 137,8 1,6 130,1 4,9 

D-2 0,008405 0,000005 3,06 0,004 7,287 0,046 0,8750 0,0054 1,3453 0,0032 107,9 1,2 100,3 3,2 

E-1 0,018412 0,000005 5,60 0,006 9,468 0,041 0,9485 0,0040 1,3368 0,0022 125,1 1,0 118,8 2,9 

E-2 0,018412 0,000004 3,78 0,004 15,083 0,084 1,0193 0,0056 1,3631 0,0022 137,0 1,5 132,9 2,7 

F 0,037433 0,000010 12,56 0,012 9,199 0,034 1,0175 0,0036 1,3489 0,0022 139,6 1,0 132,8 3,9 

G-1 0,008494 0,000003 2,39 0,002 11,037 0,061 1,0238 0,0056 1,3616 0,0028 138,4 1,5 132,8 3,5 

G-2 0,01292 0,00004 0,900 0,002 45,52 0,32 1,0451 0,0078 1,4143 0,0042 132,8 2,0 131,5 2,1 

G-3 0,021214 0,000007 0,2534 0,0003 242,3 1,3 0,9539 0,0049 1,3578 0,0020 122,6 1,1 122,3 1,1 

H-1 0,01237 0,00004 5,726 0,016 7,088 0,057 1,0817 0,0088 1,3436 0,0038 158,7 2,9 149,3 7,5 

H-2 0,00747 0,00003 1,707 0,005 13,49 0,11 1,0152 0,0090 1,3520 0,0043 138,1 2,5 133,6 3,5 

H-3 0,011022 0,000004 3,75 0,003 10,088 0,055 1,1319 0,0062 1,3901 0,0026 161,0 1,9 154,6 6,0 

H-4 0,02601 0,00006 8,926 0,022 9,966 0,048 1,1272 0,0054 1,4032 0,0030 156,1 1,7 149,6 5,8 

H-5 0,006597 0,000002 4,81 0,004 4,179 0,027 1,0052 0,0065 1,3541 0,0025 135,3 1,7 119,9 8,7 

H-6 0,02863 0,00005 19,761 0,059 5,321 0,042 1,2105 0,0091 1,3980 0,0033 183,8 3,4 171 18 

H-7 0,009489 0,000004 9,53 0,009 3,550 0,018 1,1754 0,0059 1,3611 0,0030 184,5 2,4 164 27 

I-1 0,019892 0,000008 12,15 0,012 5,915 0,028 1,1912 0,0055 1,3926 0,0028 179,1 2,1 167 15 

I-2 0,02425 0,00006 15,036 0,045 5,314 0,033 1,0861 0,0064 1,3526 0,0043 157,5 2,2 145 10 

J-1 0,015761 0,000005 19,36 0,024 1,878 0,008 0,7606 0,0032 1,2101 0,0025 104,0 0,8 71 15 

J-2 0,01572 0,00005 12,779 0,041 4,091 0,026 1,0961 0,0069 1,3456 0,0043 162,5 2,5 146 15 

 

 

  



Table S5. Rare earth element and Ytriyum (Y) concentrations of the studied carbonate veins (ppb). 

site location  sample  La Ce Pr Nd Sm Eu Tb Gd Dy Ho Y Er Tm Yb Lu 

SA
R

IH
ID

IR
 1 

01 194 351 41 157 34 9 4 28 32 7 218 18 3 20 3 

03 41 93 9 42 8 3 1 10 11 2 80 7 1 8 1 

05 55 104 11 39 8 4 0 5 4 1 45 3 1 3 1 

2 

06-1 105 187 23 88 19 13 4 24 36 9 345 38 7 54 9 

06-2 34 71 7 31 12 6 8 35 91 30 1395 134 29 226 37 

06-3 16 32 3 15 3 5 0 4 5 2 69 8 1 11 2 

B
A

LK
A

Y
A

 

4 

A-2 26 48 9 54 22 18 11 51 110 34 1672 136 25 178 30 

C-2 220 424 81 467 197 73 98 478 935 282 13351 1061 190 1390 228 

D-1 292 558 110 616 259 92 122 608 1161 344 14290 1302 227 1670 268 

G-2 20 32 8 47 26 15 12 61 120 36 1824 145 25 188 32 

H-1 93 161 33 187 74 35 37 190 358 112 5595 437 81 568 97 

H-2 57 100 21 123 53 26 28 136 257 81 3999 308 56 410 66 

H-4 263 497 98 556 234 85 114 555 1060 318 13573 1213 213 1570 250 

H-6 330 628 124 684 284 101 132 651 1250 364 15263 1396 244 1776 282 

I-2 140 292 58 338 149 54 64 323 608 179 8087 655 117 837 134 

J-2 146 281 55 311 131 50 60 288 558 168 7805 636 111 811 136 

 

 

 

  



 

Table S6. Stable (O and C) isotope data of the carbonate samples (‰). δ18OW (fluid) computed for 

29C and 44C. 

site location sample 
δ

13
C 

(VPDB) 
δ

18
O 

(VPDB) 
δ

18
O 

(VSMOW) 
δ

18
OW (29 ºC) 

(VSMOW) 
δ

18
OW (44 ºC) 

(VSMOW) 

SA
R

IH
ID

IR
 1 

01 10,7 -12,0 18,5 -11,7 -8,5

02 8,9 -16,0 14,5 -15,8 -12,6

03 8,7 -15,0 15,5 -14,7 -11,6

04 8,7 -16,2 14,3 -16,0 -12,9

05 11,1 -12,1 18,4 -11,8 -8,6

2 

06-1 9,3 -13,4 17,1 -13,1 -10,0

06-2 10,9 -11,6 18,9 -11,2 -8,1

06-3 9,5 -13,2 17,3 -12,9 -9,8

B
A

LK
A

Y
A

 

3 

11A 12,2 -9,8 20,7 -9,4 -6,3

11B 12,1 -9,5 21,0 -9,1 -5,9

12C 12,2 -10,1 20,4 -9,7 -6,6

12D 12,1 -10,0 20,5 -9,6 -6,5

4 

A-1 13,2 -9,7 20,8 -9,3 -6,2

A-2 12,8 -9,8 20,7 -9,4 -6,3

B 12,7 -9,9 20,6 -9,5 -6,4

C-1 13,2 -9,6 20,9 -9,2 -6,0

C-2 13,2 -9,7 20,8 -9,3 -6,2

D-1 12,9 -9,6 20,9 -9,2 -6,0

D-2 12,9 -10,1 20,4 -9,7 -6,6

E--1 12,6 -10,8 19,7 -10,4 -7,3

E--2 12,7 -10,7 19,8 -10,3 -7,2

F 11,8 -11,2 19,3 -10,8 -7,7

G-1 12,6 -11,3 19,2 -10,9 -7,8

G-2 12,4 -11,2 19,3 -10,8 -7,7

G-3 11,5 -11,6 18,9 -11,2 -8,1

H-1 13,0 -10,2 20,3 -9,8 -6,7

H-2 13,0 -10,3 20,2 -9,9 -6,8

H-3 13,0 -10,1 20,4 -9,7 -6,6

H-4 13,1 -10,4 20,1 -10,0 -6,9

H-5 13,0 -10,5 20,0 -10,1 -7,0

H-6 12,9 -10,7 19,8 -10,3 -7,2

H-7 13,0 -10,6 19,9 -10,2 -7,1

I-1 13,1 -10,1 20,4 -9,7 -6,6

I-2 13,0 -9,7 20,8 -9,3 -6,2

J-1 12,9 -10,0 20,5 -9,6 -6,5

J-2 12,7 -10,1 20,4 -9,7 -6,6
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