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Abstract 21 

A large and highly dynamic aquatic system called Paratethys governed important elements of 22 

the middle and late Miocene (15.97‒5.33 Ma) hydrology in western Eurasia. So far, the impact 23 

of the vast Paratethys water body on the Eurasian climate, however, is not yet understood. Here 24 

we apply biomarker analyses coupled to compound-specific hydrogen and carbon isotope data 25 
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to track changes in sea surface temperature, mean annual air temperature, hydrological budget 26 

and vegetation changes to reconstruct long-term western Eurasian climate conditions between 27 

12.7 and 7.65 Ma in the Black Sea region. Biomarker data from Panagia (Russia) indicate the 28 

presence of three exceptionally evaporative intervals peaking at 9.65, 9.4 and 7.9 Ma. These 29 

peaks in evaporation relate to aridity, parallel increasing fire activity and are associated with 30 

changes in vegetation. Carbon isotope and pollen data support the evidence of an increase in 31 

C4 plants associated with these dry intervals. At 9.66 Ma, alkenone producing algae appear in 32 

the basin and thrive for the subsequent two million years. Cumulative fluctuations in both 33 

hydrology and surface temperature of Paratethys might have enhanced rainfall seasonality in 34 

western Eurasia as a response to changes in evaporation over the Paratethys basin. Our 35 

combined data suggest a strong regional imprint on overall climate patterns, dominated by 36 

basin dynamics causing Paratethys volume and surface reduction. Collectively, the presented 37 

biomarker results provide evidence of severe droughts affecting the late Miocene circum-38 

Paratethys region, leading to a direct impact on the evolution of biota in the basin and its 39 

surroundings. 40 

 41 

Keywords: Paratethys isolation, late Miocene droughts, vegetation shift, biomarkers, isotope 42 

geochemistry 43 

 44 

1. Introduction 45 

The interplay between tectonics, landscape and climate change influenced the middle and late 46 

Miocene development of the Eurasian continental interior (Fig. 1). As a result, the Paratethys, 47 

a large epicontinental water body, became fragmented into smaller basins during the late 48 

Miocene (11.6‒5.3 Ma), with temporary or no connection to the global oceans (Popov et al., 49 

2006; Fig. 1). Such semi-isolated water bodies are highly sensitive to changes in their 50 
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hydrological balance, which is directly reflected in water temperature, salinity, circulation, and 51 

therefore oxygenation of the water column. A general lack of age-diagnostic marine biota 52 

characterizes the Paratethyan sub-basins, causing difficulties for reliable biostratigraphic 53 

correlation to the marine realm. Furthermore, commonly used geochemical methods in 54 

paleoceanography (e.g. stable oxygen and carbon isotopes on foraminifera) are of limited use 55 

as the high degree of endemism led to the absence of widespread marine (e.g. planktonic) 56 

foraminifera species. As Paratethys water bodies evolved (quasi)disconnected from the global 57 

oceans they acquired particular environmental characteristics which can be untangled only 58 

through multi-proxy approaches. 59 

Recently established magneto-biostratigraphy provides a reliable geochronological 60 

framework for the middle to late Miocene Panagia section of the Eastern Paratethys (Popov et 61 

al., 2016; Palcu et al., 2021), a section exposed on the Taman Peninsula (northern Black Sea, 62 

Russia; Fig. 1). Here, we investigate the biomarker record of the Panagia section to reconstruct 63 

the climatic conditions between 12.7 and 7.65 Ma (Volhynian to Khersonian local stages), with 64 

a special focus on the 9.75 to 7.65 Ma (latest Bessarabian to Khersonian) time interval. We use 65 

biomarker analyses coupled to compound-specific hydrogen (δ2H) and carbon (δ13C) isotopes 66 

to track a complex array of environmental changes. We reconstruct: 1) sea surface temperatures 67 

(SSTs) using isoprenoidal glycerol dialkyl tetraethers (isoGDGTs), biomarkers synthesized by 68 

Archaea group that reflect the near-surface conditions within the water column; 2) mean annual 69 

air temperatures (MAT) based on branched (brGDGTs), biomarkers produced primarily by soil 70 

bacteria in the circum-Paratethys region. We further analyze changes in the hydrological 71 

budget of the Paratethys basin through: 3) δ2H values from alkenones (produced by 72 

coccolithophoriid algae within the uppermost Paratethys water column) and 4) δ2H measured 73 

on long chain n-alkanes (produced by higher terrestrial plants recording precipitation changes 74 

in the basin catchment). We monitor: 5) changes in basin productivity through δ13C values of 75 
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alkenones and reconstruct 6) changes in vegetation surrounding the basin using δ13C values of 76 

n-alkanes. Biomarker data are finally supplemented by 7) charcoal analysis and coupled to 77 

existing palynological data (Razumkova, 2012) to identify changes in paleo-fire activity and 78 

paleo-vegetation. 79 

Similar proxy records previously identified two phases of severe droughts in the Black 80 

Sea region (around 8 and 5.8 Ma; Vasiliev et al., 2013; 2015; 2019). The present work 81 

significantly extends these records back in time to 12.7 Ma, identifying major environmental 82 

changes in the Eastern Paratethys that affect large parts of Eurasia. 83 

 84 

2. Stratigraphy of sampled interval and age model 85 

The Panagia section (45°09' N, 36°38' E, Taman Peninsula, Black Sea coast, Russia; Fig. 1) 86 

covers a significant part of the late Miocene in the Eastern Paratethys (Popov et al., 2016). 87 

Because of protracted endemism in the Paratethys basin, we rely on the regional stratigraphy, 88 

with the late Miocene successions divided into the Sarmatian sensu lato (s.l.) stage with 89 

Volhynian, Bessarabian and Khersonian substages and the Maeotian and Pontian stages (Fig. 90 

2).  91 

 92 
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Figure 1. Map showing the Late Miocene Paratethys domain extension (black dashed line) 93 

overlapped onto the present day geographical configuration. The present-day drainage basins 94 

(grey dashed contours) of Black and Caspian Seas hint for the areal extent of the Paratethys 95 

drainage basin. The Panagia section (PS) is indicated with a red star. 96 

 97 

The 638 m thick Panagia section preserves a fairly complete sedimentary record of the 12.7‒98 

7.65 Ma interval with Bessarabian and Khersonian substages being exceptionally well exposed 99 

(Popov et al., 2016). Magnetostratigraphic dating of the Panagia section pins the base of the 100 

Sarmatian (s.l.) at 12.65 Ma (at 2 m; Palcu et al., 2018), the Volhynian−Bessarabian transition 101 

at ~12 Ma, the Bessarabian−Khersonian boundary at 9.65 Ma (at 310 m) and the 102 

Khersonian−Maeotian boundary at 7.65 Ma (at 625 m; Palcu et al., 2021; Fig. 2). The poorly-103 

exposed Volhynian consists of alternations of dark clays with sulphur films and thin carbonate 104 

layers, while the Bessarabian comprises clays and marls with increasing carbonate 105 

intercalations in its terminal part (Popov et al. 2016).  106 

 107 



 6

Figure 2. Chronostratigraphic correlation of the Middle - Late Miocene (Hilgen et al., 2012) 108 

to Paratethys regional substages. Geomagnetic polarity time scale with chron nomenclature and 109 

biozones are presented (M for planktonic fauna, NN for calcareous nannofossils and MN for 110 

European mammal zonations). The grey bar represents the time interval covered by Panagia 111 

section. 112 

 113 

The Khersonian continues with alternations of clays and silty clays, laminated dark shales with 114 

yellowish sulphur films, gypsum crystals, pyrite and thin diatomite layers being almost totally 115 

devoid of carbonates. 116 

 117 

3. Material and methods 118 

3.1. Organic geochemistry, lipid extraction, fractions separation and analyses  119 

Fifty-seven sedimentary rock samples weighing between 14 and 32 g were analyzed. The 120 

complete and detailed workflow for the organic geochemistry is presented in the supplementary 121 

material online. In short, the fifty-seven selected samples underwent drying, grinding, total 122 

lipid extraction (TLE) and removal of elemental sulphur. Afterwards, a fraction of the TLE 123 

was archived. The remainder was then separated using Al2O3 column chromatography into 124 

apolar, ketone and polar fractions. The apolar fraction containing n-alkanes was purified (using 125 

AgNO3 column, or urea adduction, when needed) and later identified using the Gas 126 

Chromatography-Mass Spectrometry (GC-MS) at Senckenberg Biodiversity and Climate 127 

Research Centre (SBiK-F) in Frankfurt (see supplementary material). The ketone fraction 128 

containing alkenones was occasionally purified using AgNO3 column and subsequently 129 

measured on the GC-MS. The polar fraction containing GDGTs, filtered over a 0.45 mm PTFE 130 

filter, was analyzed and quantified at the SBiK-F laboratory using a Shimadzu, UFLC 131 

performance HPLC mass spectrometer (see supplementary material). 132 
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The SSTs were obtained by using TEX86 (TetraEther indeX of tetraethers consisting of 133 

86 carbon atoms) values that were calculated according to the definition of Schouten et al. 134 

(2002) and converted into SST using the calibration and recommendation of Kim et al. (2010) 135 

to apply the TEX86
H above 15°C (i.e. outside the polar and subpolar domains). 136 

 The distribution of brGDGTs, expressed as the Methylation index of Branched 137 

Tetraethers (MBT) and the Cyclisation ratio of Branched Tetraethers (CBT), displays a 138 

significant linear correlation with modern MAT in the range of 6 to 27ºC (Weijers et al., 2007; 139 

Peterse et al., 2012; De Jonge et al., 2014). From the multiple existent calibrations, we chose 140 

to use Peterse et al. (2012) as a more conservative choice given that the expected environmental 141 

changes for the ~ 5 Myr duration of the studied interval are large. Paleosoil pH estimates use 142 

the CBT index based on brGDGTs and follow Peterse et al. (2012). 143 

 The δ2H was determined by GC/Thermal Conversion (TC)/ isotope monitoring MS 144 

(irMS) using an Agilent GC coupled to a Thermo Electron DELTA Plus XL mass spectrometer, 145 

via a Conflo IV. Alkane and alkenone fractions were injected on column at the Royal 146 

Netherlands Institute for Sea Research (NIOZ) (see supplementary material). The carbon 147 

isotope ratios (δ13C) of individual n-alkanes and alkenones were measured on the purified and 148 

adducted apolar and alkenone fractions on the GC-irMS using similar conditions as for δ2H 149 

measurements at NIOZ. 150 

 151 

3.2. Charcoal preparation and quantification 152 

To evaluate past biomass burning in the region, charcoal particles were extracted from fifty-153 

eight samples, in compliance with the organic geochemistry sampling (see supplementary 154 

material). From each sample, 2 cm3 were dissolved in water, bleached, wet-sieved and split 155 

into 90 μm, 120 μm and 180 μm fractions. Sedimentary charcoal particles were counted and 156 

categorized into: 1) poaceae (grass), 2) forbs (other herbaceous plants) and 3) wood (ligneous 157 
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material) morphotypes following the methodology highlighted in Feurdean and Vasiliev 158 

(2019). The charcoal counts of each morphotype were transformed into percentages of the total 159 

charcoal counts.  160 

 161 

4. Results 162 

4.1. Temperatures 163 

4.1.1. SST estimates based on isoGDGTs  164 

The amplitude of calculated SSTs in the Panagia record varies widely with a temperature 165 

variation of 17°C (regardless of the choice of calibration; Fig. 3A; Supplementary table 1). For 166 

the lower part of the record (0−360 m, 12.7−9.66 Ma) estimated SSTs average 20°C and vary 167 

between 13 and 28°C (TEX86
H calibration of Kim et al., 2010). For a short interval (330 to 360 168 

m) temperatures raise remarkably attaining mean values of 27°C. At 360 m the TEX86
H 169 

estimated SSTs drop rapidly and remain comparatively low, with an average value of 16°C 170 

until the top of the investigated section (630 m). When applying TEX86
L for <15°C (i.e. polar 171 

and subpolar domains) for calculating SSTs the amplitude is slightly larger than when using 172 

TEX86
H (Fig. 3A; Supplementary table 1). Notably, the overall trends observed when using 173 

TEX86
H calibration are mimicked by the TEX86

L (Fig. 3A). Considering the paleogeography of 174 

the section we will discuss the data using only the TEX86
H and refer to it as SSTH. 175 

 176 

4.1.2. MAT’ estimates based on brGDGTs  177 

Measured MAT’ values range from 14 to 20°C with a mean of 17°C (Fig. 3B; Supplementary 178 

table 1). Between 120 and 350 m MAT’ values increase by ~4°C when compared to the 179 

Volhynian base of the section (0‒10 m). From 10 to 120 m temperatures vary between 14 and 180 

18°C, with a mean value of ~16°C. From 360 to 540 m MAT’ varies between 14 and 19°C 181 

with a mean of 17°C. For the uppermost part (540–650 m) of the section mean MAT’ values 182 
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increase slightly to ~18°C. There are root mean square errors on absolute MBT’/CBT-derived 183 

MAT reconstructions on the order of 5°C (Peterse et al., 2012), therefore we postulate that 184 

importance should be given to the relative MAT trends. 185 

 186 

4.2. Compound specific stable isotope data 187 

4.2.1. Compound specific δ2H and δ13C data on alkenones 188 

The first significant occurrence of alkenones in the record is at 344.3 m. Until this level 189 

alkenones are present in only three samples: at 14.50 m (TP 015), 192.2 m (TP 053) and at 290 190 

m (TP 088). The alkenone concentration in these samples was, however, too low for isotope 191 

analysis.  192 

 193 

4.2.1.1. δ2H alkenone values  194 

δ2H values of C37 alkenones (δ2HC37alkenones) range between −126 and −202‰ (Fig. 3C; 195 

Supplementary table 2) and follow the same trend as δ2H values for C38 alkenones 196 

(δ2HC38alkenones) showing a very good correlation (R2 =0.83, Supplementary table 2) yet at 197 

slightly lower δ2H values (‒125 to ‒191‰). The δ2HC37alkenones record starts with the highest 198 

value of ‒126‰ at 354 m and is followed by a drop to ‒169‰, increasing again to ‒145.4‰ 199 

at 408.9 m. After 416 m a pronounced negative excursion in δ2HC37alkenones occurs with values 200 

ranging from –176‰ to –202‰ and a mean of 186‰ (454–560 m). Between 560 and 600 m, 201 

δ2HC37alkenones and δ2HC38alkenones increase again, to values attaining a maximum of ‒129‰. After 202 

600 m the δ2HC37alkenones decrease sharply from ‒149‰ to ‒188‰ and stay at low values until 203 

the end of the section, albeit with an accentuated variability (±26‰). 204 
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 205 

Figure 3. Schematic lithologic and magnetostratigraphic logs together with summarized results 206 

from GDGTs, alkenones and n-alkanes. A) Sea surface temperature (SSTH); B) Mean annual 207 
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temperature (MAT); C) δ²H C37alkenones and δ13CC38alkenones; D) δ13CC37alkenones and δ13CC38alkenones 208 

No alkenones detected below 350 m except traces in 3 samples (blue lines); E) δ13CC29n-alkanes 209 

and F) δ²HC29n-alkanes; G) Paleo soil pH derived from GDGTs. The stratigraphic levels are in m. 210 

The main trends are marked on the figure with dashed lines. Additionally, the drying events 211 

are marked (black circles, δ²Halkenones plot) and the names of the regional (sub)stages. Error bars 212 

are based on the standard deviation of a series of replicate analyses. Dashed colored lines 213 

indicate the main values trends.  214 

 215 

4.2.1.2. δ13C alkenones  216 

δ13C values of C37 alkenones (δ13CC37alkenones) vary between ‒20.5‰ and ‒26.1‰ (Fig. 3D; 217 

Supplementary table 3) while δ13C values of C38 alkenones (δ13CC38alkenones) fall between ‒218 

20.2‰ and ‒26.5‰. Similar to the δ2H record, δ13CC38alkenones values follow the same trend as 219 

the δ13CC37alkenones showing a strong correlation (R2 = 0.89, Supplementary table 3). In the 350 220 

m to 416 m interval δ13CC37alkenones and δ13CC38alkenones values decrease gradually from ‒20.5‰ 221 

to ‒23.5‰. Up section, δ13CC37alkenones values drop to ‒25.5‰ and remain low with an average 222 

of ‒24.9‰ (except sample TP183, at 454.95 m). 223 

 224 

4.2.2. Compound specific δ13C and δ2H values of n-alkanes 225 

4.2.2.1. δ13C values of long chain n-alkanes  226 

Long chain n-alkanes within the Panagia section show a clear odd over even predominance 227 

indicating a higher plant wax origin (Eglinton and Hamilton, 1967). δ13C values of C29 n-228 

alkanes ( δ13CC29n-alkanes) range between ‒33.6‰ and ‒28.9‰ (Fig. 3E; Supplementary table 3). 229 

Up to 300 m, δ13CC29n-alkanes values fluctuate between ‒33.2‰ and ‒30.1‰ attaining a mean of 230 

–31.5‰. After 300 m we observe a gradual increase in δ13CC29n-alkanes from –33.2 to ‒29.2‰ at 231 

425.18 m, followed by a rapid and sharp drop to ‒32.7‰ at 428.70 m (Fig. 3E). Between 430 232 
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and 560 m δ13CC29n-alkanes values remain low and range between –30.6 and –33.6‰. Towards 233 

the top of the section (560 m to 630 m) δ13CC29n-alkanes values are characterized by high 234 

variability. With a range of –28.9 to –33.6‰ they cover almost the entire spectrum of δ13CC29n-235 

alkanes values recovered over the remainder of the section. In general, δ13Cn-alkanes values of C31 236 

n-alkanes (δ13CC31n-alkanes) parallel the δ13CC29n-alkanes record, yet at slightly lower absolute 237 

values. δ13CC29n-alkanes and δ13CC31n-alkanes values co-vary, showing a very good correlation (R2 = 238 

0.84, Supplementary table 3). 239 

 240 

4.2.2.2. δ2H of long chain n-alkanes 241 

δ2H values of C29 n-alkanes (δ2HC29n-alkanes) range between ‒164‰ and ‒196‰ (Fig. 3F; 242 

Supplementary table 2) with an average value of ‒185‰. Between 0 and 120 m the δ2HC29n-243 

alkanes values vary between ‒165‰ and ‒191‰ with a gradual increase from of ‒191‰ at 14.9 244 

m to ‒165‰ at 120 m. Between 120 m and 630 m δ2HC29n-alkanes values fall within a relatively 245 

narrow range (‒176‰ to ‒196‰; except one positive excursion to ‒164‰ at 596 m) attaining 246 

a mean δ2HC29n-alkanes value of 185‰. The δ2HC29n-alkanes values are consistently slightly less 247 

negative than their C31 counterparts (δ2HC31n-alkanes; Supplementary table 2). δ2HC29n-alkanes and 248 

δ2HC31n-alkanes values co-vary, showing a strong correlation (R2 = 0.84, Supplementary table 2). 249 

δ2H values of C29 n-alkanes (δ2HC29) range between ‒164‰ and ‒196‰ (Fig. 3F; 250 

Supplementary table 2) with an average value of ‒185‰. Between 0 and 120 m the δ2HC29 251 

values vary between ‒165‰ and ‒191‰ with a gradual increase from of ‒191‰ at 14.9 m to 252 

‒165 ‰ at 120 m. Between 120 m and 630 m δ2HC29 values fall within a relatively narrow 253 

range (‒176‰ to ‒196‰; except one positive excursion to ‒164‰ at 596 m) attaining a mean 254 

δ2HC29 value of 185 ‰. The δ2HC29 values are consistently slightly less negative than their C31 255 

counterparts (δ2H C31n-alkanes; Supplementary table 2). δ2HC29 and δ2HC31 values co-vary, 256 

showing a strong correlation (R2 = 0.84, Supplementary table 2).  257 
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 258 

4.3. Soil pH 259 

Paleo-soil pH values show an overall increasing trend over the course of the section, with pH 260 

values increasing from 5.7 (0‒20 m) to ca. 7.3 (600‒640 m) (Fig. 3G; Supplementary table 1). 261 

In the lower part (0–120 m) of the section the pH values fluctuate between 5.6 and 6.5 followed 262 

by values typical for more acidic soils (5.5‒5.6) at 120–180 m. After 180 m soil pH values 263 

increase sharply to 6.4 and maintain within a range of 5.9 to 6.4 until 420 m. Between 420 and 264 

650 m soil pH values increase steadily up to a maximum value of 7.3 at 630.43 m. 265 

 266 

4.4 . Charcoal  267 

The samples show a well-preserved charred material with Poaceae as the most abundant 268 

morphotype in the record, followed by herbaceous and wood types (Fig. 4E; Supplementary 269 

table 4). The percentage of Poaceae-derived material varies between 0−100%, with the highest 270 

abundance (80−100%) at 0‒53 m, 200−250 m, 340−490 m and 544 m, and a maximum at 454 271 

m (66 particles/cm3 representing 85.7% of the total charcoal in the sample). Herbaceous 272 

charcoal morphotypes generally follow the trends of Poaceae. Their abundance varies between 273 

0−100% (0−17 particles/cm3), with the maximum of charred material at 454 m. Wood 274 

morphotypes are less represented in the section and vary between 0 and 67% (0‒12 particles 275 

/cm3), with the highest peak at 54 m, accounting for 37.8% of the total charcoal (Fig. 4E; 276 

Supplementary table 4). Results from charcoal morphology concentrations and sediment 277 

accumulation rates show no significant correlation. 278 
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 279 

Figure 4. Summarized continental signals. A) MAT; B) pH; C) Pollen (Razumkova, 2012) for 280 

taxa specific to open land/dry environments (Poaceae, Chenopodiaceae and Asteraceae). The 281 

numbers show the relative abundance, where 1 is for present, 2 for rare, 3 for common, and 4 282 

indicates abundant; D) Fire regime reconstruction based on the preserved charcoal. The 283 
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lithologic and magnetostratigraphic logs, as well as the names of regional substages are 284 

presented. Dashed colored lines indicate the main trends. 285 

 286 

5. Discussion: Paleoenvironmental changes between 12.6 and 7.65 Ma 287 

The absolute age constraints for the Panagia section are based on the magnetostratigraphic 288 

pattern comprising nine normal and eight reversed polarity intervals with additional seven 289 

short-term polarity fluctuations (Palcu et al., 2021) that were correlated to the geomagnetic 290 

polarity time scale (GPTS; Hilgen et al., 2012; Ogg et al., 2020). The transition between 291 

Konkian and Volhynian dated at 12.65 Ma (Palcu et al., 2017) is located at 2 m in the section. 292 

The interval between 2 and 120 m has poor exposure. The outcropping levels pin the 2 to 60 m 293 

interval to Volhynian, while the transition to Bessarabian, at ~12 Ma, must be located in the 294 

exposure gap between 60 and 120 m. A straightforward correlation follows. The 120−250 m 295 

part of the section covers a long normal polarity interval that correlates to C5n.2n of the GPTS. 296 

Upward tuning pins the Bessarabian−Khersonian boundary (at 310 m) at 9.65 Ma. The long 297 

dominantly reversed interval between 360−480 m correlates to C4Ar and locates the 298 

Khersonian−Maeotian boundary in C4n.1r (625 m) at 7.65 Ma (Palcu et al., 2021). Based on 299 

these magnetostratigraphic constraints, the age of each sample was calculated by linear 300 

interpolation of the sample levels between the corresponding magnetic chron boundaries. 301 

Further, the geochemical proxy results were plotted based on the calculated ages (Fig. 5). 302 
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  303 

Figure 5. Summarized organic geochemistry, pollen and charcoal data. A) SSTH derived from 304 

GDGTs; B) δ2HC37alkenones; C) δ13CC29n-alkanes; D) δ2HC29n-alkanes; E) Selected pollen (Razumkova, 305 
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2012) where numbers show the relative abundance, with 1 present, 2 rare, 3 common, and 4 306 

abundant; F) Charcoal. Ages are in million years (Ma). The main environmental changes and 307 

their ages are indicated. With orange bars are depicted the main drying periods, while in blue 308 

are the wetter periods. The black circles with blue borders represent the observed dry phases 309 

(1-3), while red border marks a fourth event cf. Palcu et al. (2021). Blue lines on the 310 

δ2HC37alkenones column mark occasional levels with alkenone occurrence. Dashed lines represent 311 

the main trends. The section records a gap of ~1.6 Ma during the Volhynian stage. MN refers 312 

to Miocene mammal zones. 313 

 314 

5.1. Sea surface and continental temperature changes 315 

Overall the Panagia SSTH data reveal temperatures higher than the present-day values of 14°C 316 

at the site. SSTH values range from 14 to 28°C for the interval between 10.3 and 9.68 Ma, a 317 

time interval representing most of the Bessarabian substage (Fig. 5A). After increasing 318 

temperatures lasting more than 0.5 Myr, a first rapid increase in SSTH changes marks the end 319 

of the Bessarabian substage, at 9.7 Ma, when the SSTH record reaches the highest values of 320 

28°C, followed by a consecutive warming with SSTH of 24°C (peaking at 9.57 Ma). This entire 321 

warm interval is preceded by an abrupt drop (from 24 to 14°C) at 9.8 Ma (Fig. 5A). After 9.66 322 

Ma the record shows low SSTH fluctuations (around 16°C) until 7.81 Ma. A third prominent 323 

SSTH warming peak of ~9°C is observed in the upper(most) Khersonian (596.47 m) at 7.85 324 

Ma, an interval corresponding to the so-called Great Khersonian Drying (Palcu et al., 2019; 325 

2021). Between 7.85 Ma and 7.66 Ma SSTH values range between 13.8‒24.6°C, with an upward 326 

cooling trend. This interval corresponds to the Maeotian transgression, a presumably humid 327 

phase (Popov et al., 2016; Palcu et al., 2019) that led to the reconnection with Dacian Basin at 328 

7.65 Ma. 329 
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The brGDGT-based MAT reconstructions broadly follow the SST record (Fig. 3B) with 330 

MAT values expectedly higher than the present-day values of 11°C at the site. For the largest 331 

part of the Bessarabian (10.3 and 9.79 Ma), a slight increase in temperature (17 to 19°C) can 332 

be observed, while after the onset of the Khersonian, at 9.65 Ma, MAT varies around 17°C. 333 

The only available record in Paratethys, partially overlapping in time with Panagia section, is 334 

the DSDP 42B 380 core from central Black Sea (Vasiliev et al., 2020). The interval from the 335 

DSDP tentatively correlated to 10 to 8 Ma (Vasiliev et al., 2020) shows values that are 336 

slightly lower (14°C) than those recorded in Panagia (17°C) specifically for the interval from 337 

9.64 to 7.65 Ma.  In the vicinity of the Black Sea, paleobotanical data using coexistence 338 

approach estimate similar MAT values of 13.3‒17°C for the Serravallian‒Tortonian for sites 339 

in Bulgaria and the Ukrainian Carpathians, while lower values of 9‒10°C are depicted for the 340 

Ukrainian Plains sites (Ivanov et al., 2011; Syabryaj et al., 2007). 341 

The rapid and large (~14°C, 9.79−9.68 Ma) SSTH temperature increase prior to the 342 

9.68−9.66 Ma warm interval is remarkable and may have been triggered either by 1) a period 343 

of regional warming, 2) a connection to a neighboring warm (marine) basin through a major 344 

gateway (Fig. 6A‒D), or 3) a period of prolonged drought and warming of the Paratethys basin 345 

in concert with basin isolation (Fig. 6E‒H). 346 

1) The absence of large MAT fluctuations coeval to the large SST variation between 9.75 and 347 

9.66 Ma suggests that the warming occurred only in the aquatic domain. Regional transient 348 

warming seems to be an unlikely candidate to explain the 14°C warming of the Paratethys 349 

surface waters as age-equivalent brGDGT-based MAT reconstructions indicate that the 9.68‒350 

9.66 Ma interval represents the termination of a prolonged time interval (10.3 Ma to 9.66 Ma) 351 

of rather constant MAT prior to an overall MAT decrease in concert with SSTH post 9.66 Ma 352 

(Fig. 3).  353 
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2) If the rapid SSTH increase between 9.75 and 9.66 Ma was provoked by a connection to a 354 

basin supplying a substantial influx of warm waters in <100 kyr, the source must have been a 355 

large waterbody since it provoked such a SST change. This interval is marked by the occurrence 356 

of Coccolithus pelagicus (Popov et al., 2016), an alkenone producer thriving in open marine 357 

environments. While alkenones are usually absent from analyzed samples prior to 9.66 Ma, 358 

they are continuously reported after this interval. The presence of alkenones could be explained 359 

by a model where alkenones producers were introduced by the warm waters derived from a 360 

neighboring (marine) basin. Additionally, the coeval appearance of Actinoptycus annulatus, a 361 

tropical marine diatom species (Popov et al., 2016), supports the interpretation of an influx of 362 

warm marine waters into the Eastern Paratethys. The exact location of the associated marine 363 

gateway remains speculative though. During the late Miocene, the Paratethys domain was an 364 

active tectonic area with changing connectivity. Previously active Miocene connections 365 

through the Transtethyan corridor (in Slovenia; Sant et al., 2017) and Barlad (Romania, Palcu 366 

et al., 2017) closed during Bessarabian (~12‒9.65 Ma). A gateway between the Black Sea and 367 

the Dardanelles existing at ~9 Ma (Krijgsman et al., 2020) may have been too small to generate 368 

such important changes in Paratethys SSTs. 369 

3) An alternative explanation for the 9.68−9.66 Ma SSTH warm interval could be a period of 370 

prolonged drought and isolation of the Paratethys, leading to a smaller residual water volume 371 

in the basin, easier to warm up. Paratethys basin level fluctuated by more than 200 m between 372 

the wet and the dry intervals (Palcu et al., 2021). During Paratethys low stands, the area of 373 

Panagia switched from deep water to lagoon, coastal swamp and ultimately terrestrial 374 

environments (Popov et al., 2006). The high SSTH values could be explained by the installation 375 

of shallow water conditions (e.g. lagoonal, coastal). The short-lived warming of the Paratethys 376 

basin in the Panagia region however, would not explain the sudden occurrence of alkenone 377 

producers and their sustained (post-9.66 Ma) presence in a rather evaporative basin. 378 
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Continuous drying could have led to increased salinity in the Black Sea/Kuban basin, to values 379 

close to normal marine. Possibly, some alkenone producers may have survived previously (as 380 

suggested by the TP 015 (12.49 Ma), TP 053 (10.17 Ma) and TP 088 (9.79 Ma) containing 381 

traces of alkenones) in ecological niches (e.g. Georgian part of the Black Sea), then expanded 382 

in the Paratethys when conditions became suitable. 383 

 384 

5.2. Hydrological changes: Periods of prolonged and intensive drought 385 

Three periods characterized by extremely high δ2HC37alkenones values (corresponding to dry 386 

periods) occur within the Panagia record (Figs 3C, 5B; Supplementary table 2): the first one 387 

(δ2HC37alkenones = −126‰ at 354 m) occurs at the end of the Bessarabian (9.66 Ma), while the 388 

second interval (−149‰ at 415.85 m) follows at 9.41 Ma, shortly after the beginning of 389 

Khersonian. The third interval, where δ2HC37alkenones attains values as high as –129.4‰, occurs 390 

at the end of the Khersonian (8.03‒7.79 Ma). 391 

Similarly high δ2HC37values have been reported only from the Mediterranean basin 392 

during the Messinian Salinity Crisis (5.97–5.33 Ma), an event characterized by basin-wide 393 

massive evaporation (δ2HC37alkenones of –140 to –120‰; Vasiliev et al., 2017). In the Black Sea 394 

region comparable δ2HC37alkenones values (−145‰) were reported in two other sites: Zheleznyi 395 

Rog (~10 kilometers east of Panagia section; Vasiliev et al., 2013; 2020) and the deep Black 396 

Sea at DSDP 42B site 380 hole (Vasiliev et al., 2015). These sites both document a late 397 

Sarmatian (s.l.) interval with elevated δ2HC37 alkenones. Given the uncertainties on the Zheleznyi 398 

Rog and DSDP 42B 380 age models, we tentatively correlate these intervals with the late 399 

Khersonian of the Panagia section (562 to 605 m), between 8.02 and 7.79 Ma. Consequently, 400 

we interpret the high δ2HC37alkenones values as an expression of enhanced evaporation affecting 401 

the Paratethys basin. Considering that present-day marine δ2HC37alkenones values are rarely higher 402 

than −180‰ (e.g. in the warm Sargasso Sea at 31º N; Englebrecht and Sachs 2005; Weiss et 403 
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al., 2019) evaporative Paratethys water loss must have outpaced rainout and runoff from the 404 

basin catchment.  405 

In between the main intervals with high δ2HC37alkenone (9.66‒9.41 Ma and 8.02‒7.79 406 

Ma), MAT and SSTH data indicate a colder climate and δ2HC37 values attain −176 to −202‰. 407 

These are found in the present day open marine settings, while the δ2HC37alkenones of more 408 

restricted Black Sea basin reaches –230‰ (van der Meer et al., 2008). Based on the 409 

sedimentological record within the 8.57−9 Ma time period, an additional drying event, of 410 

smaller intensity, has been described in Panagia (Palcu et al., 2021). We were unable to identify 411 

this event in the organic geochemistry data possibly due to the lower sampling resolution. All 412 

warming events observed in the Panagia section are accompanied by carbonate deposition 413 

(Palcu et al, 2021), suggesting coeval changes in the chemistry and circulation of the basin. 414 

The δ13CC37 values from Panagia (−26.5‰ to −20.5‰) are close to global upper 415 

Miocene values (−25‰ to −21‰) (e.g. Pagani et al., 1999), yet somewhat different to those 416 

measured in the recent Black Sea (−26‰ to −29 ‰) (e.g. Freeman and Wakeham, 1992). 417 

Important is the 3‰ decrease in δ13CC37alkenones (Fig. 3D, Supplementary table 3) between 9.66 418 

and 9.28 Ma, that parallels an increase in δ2HC37 up to−126‰, a value typical for evaporative 419 

conditions. After 9.28 Ma, until the end of the record, the δ13CC37alkenones values are stable 420 

around −25‰, although between 8.03 and 7.79 Ma the δ2HC37 registers another marked 421 

increase up to –129.4‰. While the δ2HC37alkenones depends heavily on the hydrological 422 

conditions of a basin (e.g. evaporation vs. precipitation), the δ13CC37alkenones depends on the 423 

magnitude of the carbon isotopic fractionation in the sedimentary record. The latter is a 424 

function of various factors, including: 1) the concentration of aqueous CO2, 2) algal growth 425 

rates (Bidigare et al., 1997) and 3) the ratio of cellular carbon content to cell surface area (Popp 426 

et al., 1998) during late-stage exponential and stationary growth (Benthien et al., 2007). We 427 

can explain the 3‰ decrease between 9.66 and 9.28 Ma in the δ13CC37alkenones as a consequence 428 
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of (a combination) of the three factors mentioned above, being enhanced by increasing 429 

evaporative conditions (i.e. high δ2HC37alkenones). However, we speculate that the algal growth 430 

rate had a major role in determining the carbon isotopic fractionation. No significant changes 431 

in the concentration of aqueous CO2 are known for the time interval to explain alone the 3‰ 432 

decrease, although paleo-pCO2 reconstructions based on δ13CC37alkenones show an 80 ppm 433 

increase at ~9.5 Ma (Pagani et al., 1999), stabilizing afterwards at the preindustrial levels by 9 434 

Ma. The limited number of preserved coccoliths reported in Panagia (Popov et al., 2016) does 435 

not allow a reliable assessment of changes in the cell size. The rather constant δ13CC37alkenones 436 

between 8.03 and 7.79 Ma remains difficult to explain without identification of the alkenone 437 

producers.   438 

 439 

5.3. Vegetation changes: expansion of grasslands 440 

The δ13C values of plant waxes primarily reflect different vegetation types. Leaf wax long chain 441 

n-alkanes from C3 plants have a mean δ13C value of −33.0‰, whereas those from C4 plants 442 

(e.g. grasses, savannah, salt marsh and desert plants) are as high as −21.7‰ (e.g. Castañeda 443 

and Schouten, 2011; Feakins et al., 2020). 444 

In the Panagia section, marked trends in δ13CC29 reaching values up to −29‰ are 445 

observed between 9.66−9.28 Ma and 8.02−7.77 Ma. The high δ13CC29n-alkanes values between 446 

9.66−9.28 Ma coincide with the interval of very high δ2HC37alkenones values suggesting that 447 

(regionally) dry conditions supported the spread of C4 vegetation in the area surrounding the 448 

basin. It is also remarkable that the +2‰ shift in δ13CC29n-alkanes (i.e. terrestrial environment) 449 

(Fig. 3E, 5C) is opposite to the ‒3‰ shift in the alkenone δ13CC37alkenones (i.e. aquatic 450 

environment) data (Fig. 3D, Supplementary table 3). The second interval with high δ13CC29n-451 

alkanes values (8.02−7.77 Ma) also exhibits high variability in δ13CC29 values that oscillate 452 

between −28.9‰ and −33.6‰. We interpret these fast changes as a consequence of repeated 453 
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vegetation changes in the area surrounding the basin, from more C3 plants (δ13CC29n-alkanes = 454 

−33.6‰) to an important contribution of C4 plants (δ13CC29n-alkanes = −28.9‰). Phytolith data 455 

indicate that C3 grass-dominated savanna-mosaic vegetation had become widespread in Turkey 456 

and surrounding areas by the late Miocene (∼9 Ma), while C4 grasses were of little ecological 457 

importance in western Eurasia until at least the latest Miocene (~7 Ma) (e.g. Strömberg et al., 458 

2007; Ivanov et al., 2002). To date, the oldest ecosystem dominated by C4 grasses in Western 459 

Eurasia has been documented for the Pikermi Formation between 7.35−7.14 Ma (Böhme et al., 460 

2017). 461 

The Panagia pollen record (Razumkova, 2012) suggests an important change in the 462 

dominant vegetation through the increased abundance of Chenopodiaceae, Asteraceae and 463 

Poaceae pollen and of herbaceous charcoal morphologies during the Khersonian, especially 464 

during the three main drying events (Figs 4D, 5E). Our charcoal record further indicates an 465 

increase in biomass burning and herbaceous morphotypes, supporting a dryer, more flammable 466 

ecosystem (Fig. 5F). Chenopodiaceae abundance also suggests a dry-saline environment (El-467 

Moslimany, 1990) while the Asteraceae family (Artemisia in particular) is a newcomer that 468 

expands westwards from China (Wang, 2004). The occurrence and increased abundance of 469 

Asteraceae also hints at the expansion of a wider open landscape, favoured by a drying 470 

Paratethys. Interestingly, the increased dominance of herbaceous charcoal morphologies 471 

between 9.66 and 9.28 Ma (Fig. 5F; Supplementary table 4) is coeval with the high δ2Halkenones 472 

(i.e. excess evaporation), high δ13Cn-alkanes (i.e. more C4 suggesting dryers conditions), 473 

increasing paleo-soil pH (i.e. drier conditions) (Fig. 3G). The other time interval with similar 474 

data is during late Khersonian, between 8.02 and 7.79 Ma, when increased dominance of 475 

herbaceous charcoal morphologies is coeval with higher δ2Halkenones, high δ13Cn-alkanes, and, in 476 

this case, increased paleo-soil pH (up to the highest values, averaging ~ 7), typical for drier 477 

conditions and open vegetation. The coeval 2‰ observed increasing trend in δ13CC29n-alkanes, 478 
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opposing the decreasing δ13CC37alkenones by 3‰ is striking. The increase in δ13Cn-alkanes 9.66 and 479 

9.28 Ma (Figs 4E; 5C) supports an increase of C4 plant contribution as the global expansion of 480 

C4 grasslands in the late Miocene has been attributed to a large-scale decrease in atmospheric 481 

CO2 (Cerling et al., 1997). On the other hand, the 3‰ decrease in δ13Calkenones in Panagia could 482 

be explained by a change in haptophytes physiology over time as the depositional environment 483 

changed. 484 

Knowledge about vegetation changes has implications for the interpretation of the n-485 

alkane δ2H data because the discrimination against deuterium (2H) during photosynthesis is 486 

greater in C3 plants than in C4 plants (Polissar and Freeman, 2010; Feakins and Sessions, 2010). 487 

Despite these physiology-induced limitations δ2Hn-alkanes values have been successfully used in 488 

reconstructions of δ2H of paleo precipitation (e.g. Sachse et al., 2004; Pagani et al., 2006; 489 

Niedermeyer et al., 2016). 490 

Except for two samples (at 12.13 Ma and at 7.85 Ma) where δ2HC29n-alkanes values 491 

increase to ~−164‰, δ2H C29n-alkanes values in the Panagia section average −185 ‰ with rather 492 

low (±10 ‰) variability. This low variability in δ2HC29n-alkanes suggests that the hydrogen 493 

isotopic composition of precipitation stayed rather constant within the basin catchment during 494 

the late Miocene. Particularly important in this context is sample TP 280 at 7.85 Ma (Fig. 5D). 495 

At this level highest δ2HC29n-alkanes values (ca.−164‰) coincide with high δ2HC37alkenones values 496 

of ca. −130‰, high SSTH of 26°C, high MAT of 19°C and high δ13CC29n-alkanes values of −29‰. 497 

Collectively, these data indicate that exceptionally dry conditions coincided with an 498 

exceptionally warm period at 7.85 Ma. 499 

Assuming rather constant rainfall δ2H values, the positive excursions in δ2HC37alkenones 500 

values at 9.66, 9.45−9.41 and 7.85−7.87 Ma support the idea that these elevated δ2HC37alkenones 501 

do not reflect increasing temperature within the basin water column, but are rather a 502 

consequence of episodic basin restriction with enhanced evaporation as a consequence of 503 
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changes in basin hydrology or connectivity to adjacent basins. Such a scenario is supported by 504 

the observation that the overall stable δ2H C29n-alkanes values (for exceptions see above) do not 505 

mimic the MAT and SSTH temperature records (Figs 4; 5), indicating that temperature change 506 

is not the driver for the drying phases between 9.66−9.41 Ma. Despite the warm SSTs and 507 

MATs, the most probable mechanism for basin-wide droughts at the onset of the Khersonian 508 

(9.65 Ma) is a change in connectivity resulting in basin isolation and regression.  509 

In contrast, rather low SSTH and low MAT’ (at 16‒18°C) combined with increased evaporation 510 

(high δ2HC37alkenones) and low δ2HC29n-alkanes values collectively indicate that the 7.93 Ma Great 511 

Khersonian Drying was associated with rather cool conditions, similarly to the increased 512 

negative water budget observed for the Mediterranean basin during glacial peaks centered 513 

around 5.8 and 5.6 Ma (Vasiliev et al., 2017). 514 

 515 

5.4. Timing of events in regional and global context 516 

The time-intervals with dryer conditions recorded in Panagia (9.66–9.28 and 8.02–7.84 Ma) 517 

coincide with periods of mammal turnover and dispersal in Eurasia suggesting that major 518 

environmental changes occurred also in circum-Paratethys region, when periods of prolonged 519 

droughts generated biotic crises and animal displacements across the Eurasian continent. 520 

Periods of drought observed in the Panagia record at 9.68‒9.66 Ma closely coincide 521 

with the MN 9‒MN 10 transition, at 9.7 Ma, known as the onset of the Vallesian Crisis (e.g. 522 

Fortelius et al., 2014), whose amplitude has been subsequently questioned. Casanovas-Vilar et 523 

al. (2014) propose that sampling and preservation bias led to an overrating of extinction rates 524 

for the Vallesian Crisis. However, important in the context is the first occurrence of murids in 525 

Europe, dispersed from southern Asia, a time-transgressive event connected to the opening of 526 

landscapes reaching Eastern Europe between 9.7−9.6 Ma (Van Dam, 1997; Wessels, 2009). 527 

The drought in Panagia at 9.68‒9.66 Ma also corresponds to a diminishing hydrologic cycle 528 
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observed between 9.7−9.5 Ma, when an Atlantic driving mechanism was proposed by Böhme 529 

et al. (2008) to explain the Europe transition from a washhouse to a dryer climate. 530 

At Panagia, δ13CC29n-alkane values indicate an increased contribution of C4 plants adapted 531 

to drier conditions at 9.66 Ma. Similarly high δ13CC29n-alkane values continue until 9.4 Ma, when 532 

in Western Europe increased seasonality accelerated the demise of the evergreen subtropical 533 

woodlands (Mosbrugger et al., 2005; Fortelius et al., 2014). The end of the Bessarabian (9.65 534 

Ma) also corresponds to the maximum in dust mass accumulation rates typical of dry deposition 535 

announcing the onset of transient Arabian hyperaridity in the proximity of the Paratethys 536 

domain (Böhme et al., 2021). The other marked increased contribution of C4 plants and 537 

excessive drought observed in Panagia between 8.02 and 7.84 Ma appears to be correlated to a 538 

second period of Arabian hyperaridity centred at 7.78 Ma (Böhme et al., 2021). Using a 3D 539 

paleogeographic model Palcu et al. (2021) calculated a ~ 70% loss of Paratethys surface and a 540 

~33% volume reduction during regressions associated to the 9.66–9.28 and 8.02–7.84 Ma dry 541 

phases. 542 

In the aquatic domain, the end of the Bessarabian (9.65 Ma) stands out as the moment 543 

when a large number of the endemic paratethyan cetaceans (dominated by baleen whales) 544 

become extinct, while the Cetotheriidae family dominated the Khersonian (Gol’din and 545 

Startsev, 2017). The Volhynian and Bessarabian whales (Gol’din and Startsev, 2017) partial 546 

extinction at the end of the Bessarabian coincides with an event observed in this contribution 547 

at ~9.7 Ma, the so-called bed 14 in Popov et al. (2016). Bed 14 in Panagia section is a peculiar 548 

layer containing remains of large baleen whales, small bones and wood fragments (Popov et 549 

al, 2016) and coincides with the marked shift in the SSTH between at 9.68 and 9.66 Ma. The 550 

Bessarabian‒Khersonian transition is also marked by a bivalve turnover in the Eastern 551 

Paratethys (Kojumdgieva and Popov, 1988), when assemblages containing Plicatiforma fittoni 552 

and small-sized Cardium bivalves are replaced by Mactra genus. 553 
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When compared to existing age-equivalent records from the marine Mediterranean 554 

(Tzanova et al., 2015), the northern Atlantic and the Indian Ocean (Herbert et al., 2016), the 555 

Panagia record shows distinct similarities yet also important differences: 1) Paratethys SSTH 556 

values are ~7°C lower when compared to the Mediterranean Monte dei Corvi section (Italy, 557 

Tzanova et al., 2015, Supplementary fig. 3B), however, the temporal resolution of our record 558 

does not allow discriminating the short temperature drops depicted in the Monte dei Corvi SST 559 

record; 2) During the upper Khersonian and transition into Maeotian (around 7.7 Ma) we 560 

observe a similar cooling trend to the North Atlantic ODP 907 record (Supplementary fig. 3C); 561 

however with significantly warmer (~7°C) Paratethys waters; 3) For the Bessarabian the 562 

overall trend is similar to the Indian Ocean ODP 722 record (Supplementary Fig. 3E) with 563 

water temperature only 3°C higher in the Paratethys. 564 
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 565 

Figure 6. Schematic scenarios at different times corresponding with events found in Panagia 566 

section. A‒D scenarios based on a short connection with another basin at 9.68 Ma followed by 567 

complete isolation (Mediterranean SST values from Tzanova et al., 2015), while E‒H scenarios 568 

assume isolation with no possible connection to another marine basin at 9.68 Ma. A) 10.3−9.8 569 

Ma a warm East Paratethys disconnected from the global ocean; B) At 9.68 Ma, a short 570 

connection with a warmer water body is established (possibly the Mediterranean via proto-571 

Aegean); C) At 9.65 Ma the connection is closed; D) At 9.4 and 7.9 Ma the basin becomes 572 

isolated again, but in a colder and dyer environment; E) Between 10.3−9.8 Ma the basin 573 

becomes stratified due to isolation; F) At ~9.65 Ma the basin experiences a strong regression 574 
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that transforms marginal realms in poorly connected lagoons or marginal lakes, increase 575 

salinity and mineral content in the central basin with negative impacts on the biota; G) After 576 

the first crisis the basin experiences a partial recovery during colder and more humid periods; 577 

H) The regression trend culminates at ~7.9 Ma when the areas of Panagia become coastal-578 

swamp environments. Please note that the proximity of the Panagia section to terrestrial sources 579 

changes greatly throughout the above-mentioned episodes. Abbreviations: HSL−High Sea 580 

Level; LSL−Low Sea Level, HLL−High Lake Level, LLL−Low Lake Level.  581 

 582 

Collectively these observations support a model in which the Eastern Paratethys 583 

evolved as a largely (en)closed system, recording paleoenvironmental signals that are governed 584 

by interbasinal connectivity (or lack of it) and regional climate change in the basin catchment. 585 

Acting as an important source of humidity for Western and Central Asia, the size and areal 586 

extent of the Paratethys water body, however, is likely to have had a major impact on 587 

hydroclimate patterns in the Eurasian interior (Ramstein, et al., 1997). The cumulative 588 

fluctuations in both hydrology and surface temperature of Paratethys might have increased the 589 

aridity and additionally enhanced seasonality, with different partition of moisture over the year. 590 

Our combined data suggests a decoupling from the global system (Böhme et al., 2021), 591 

dominated by a local regional climate induced by tectonics and Paratethys volume and, more 592 

importantly, areal extent reduction. 593 

 594 

Conclusions 595 

The integrated temperature, δ2H and δ13C isotope compositions of n-alkanes and alkenones 596 

combined with charcoal data reveal distinctive environmental conditions during the late 597 

Miocene in the Eastern Paratethys of Central Eurasia from the well-dated Panagia section 598 
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(Taman Peninsula, Russia). Based on the multiproxy approach, we observe a series of 599 

important environmental events: 600 

1) Between 9.68 and 9.66 Ma a short event generated much warmer and most probably more 601 

saline waters in the Eastern Paratethys. This event caused alkenone producers to thrive and 602 

marks the end of the Bessarabian stage. The warming can be explained either by i) an 603 

alleged marine water influx introducing the alkenone producers into the basin (i.e. a 604 

connection to an adjacent water body, possibly Mediterranean via proto-Aegean), although 605 

the exact location remains speculative, or ii) a warming of the basin associated with salinity 606 

increase as consequence of isolation and water level drop (i.e. a switch from open sea to 607 

lagoon conditions). 608 

2) Three major drying events are observed in the Panagia record: at 9.65 Ma, 9.4 Ma and 7.9 609 

Ma. The three events are well expressed in high δ2Halkenones, indicating increased 610 

evaporation. 611 

3) At 9.6 Ma a change towards increased contribution of C4 plants occurs, indicating a gradual 612 

transition from forests towards open land vegetation. This interval is marked by an 613 

intensified fire activity in the area, as the charcoal concentration increases.  614 

4) The onset of open type vegetation and the appearance of the Asteraceae plant family are 615 

likely to be the result of continentalisation and, possibly, increased seasonality.  616 

5)  Panagia section temperature trends do not follow those of the larger water bodies around 617 

Eurasia (Mediterranean, North Atlantic and Indian oceans), suggesting that the Eastern 618 

Paratethys evolved as a fragmented, closed and restricted basin(s), being subject to its own 619 

environmental conditions.  620 
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Fifty-seven sedimentary rock samples weighing between 14 and 32 g were dried and 867 

thoroughly ground using agate mortar and pestle. Lipids of the powdered samples were 868 

extracted using a Soxhlet apparatus with a mixture of dichloromethane (DCM) and methanol 869 

(MeOH) 9:1 (v:v) and pre-extracted cellulose filters. All extracts were evaporated to near 870 

dryness under nitrogen flow using a TurboVap LV. Subsequently, the elemental sulphur was 871 

removed using Cu shreds. The Cu was first activated using 10% HCl, the acid was removed 872 

with demineralized water and the Cu was further cleaned using MeOH and DCM. The vials 873 

containing total lipids extracts (TLE), activated Cu and magnetic stirrer bars were placed on a 874 

rotary table for >16 hours. Afterwards, the TLEs were filtered over a Na2SO4 column to remove 875 

Cu and water. The remaining solvents were evaporated using N2. The desulphurization step 876 

was repeated up to 13 times until no reaction with the Cu was observed. 877 

A fraction of the TLE was archived. The rest was then separated into fractions 878 

containing different lipids using Al2O3 column chromatography. The apolar fraction was eluted 879 

using a mixture of n-hexane and DCM (9:1, v:v), followed by a ketone fraction using DCM, 880 

while a mixture of DCM/MeOH (1:1, v:v) was used to obtain the polar fraction. The apolar 881 

fraction containing n-alkanes was purified using AgNO3 column. The n-alkanes were identified 882 

based on mass spectra and retention time using Gas Chromatography-Mass Spectrometry (GC-883 

MS) instrument from the Senckenberg Biodiversity and Climate Research Centre (SBiK-F) in 884 

Frankfurt. The AgNO3 column was successful in purifying ~20% of the samples. The 885 

remaining 80% were additionally purified using urea adduction to isolate the strait chain n-886 

alkanes. To this end, the apolar fractions containing the saturated n-alkanes were dissolved in 887 

200 μl MeOH/urea (~10%, H2NCONH2, Merck) solution. Subsequently, 200 μl acetone and 888 

200 μl n-hexane were added to the solution, frozen (‒20ºC) and dried under N2 flow. Urea 889 

crystals were washed with n-hexane to remove the non-adductable branched and cyclic 890 

compounds and subsequently dissolved in a 500 μl MeOH and 500 μl MilliQ ultra-pure water 891 

mixture. The n-alkanes were extracted from the solution using n-hexane. After urea adduction 892 

the n-alkanes were once again measured using the GC-MS. The ketone fraction containing 893 

alkenones was occasionally purified using AgNO3 column and ethyl acetate and subsequently 894 

measured on the GC-MS. The polar fraction containing GDGTs was dried under a gentile 895 

stream of N2 then dissolved in a 1 ml mixture of n-hexane (n-hex)/isopropanol (IPA)-(99:1, 896 

v:v) and slightly dispersed using an ultrasonic bath (up to 30s per sample) and filtered over a 897 

0.45 mm PTFE filter using a 1 ml syringe. 898 

 899 
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2. HPLC /MS analysis 900 

2.1. HPLC preparation and analysis.  901 

The filtered polar fractions containing GDGTs were analyzed at the Senckenberg-BiK-F 902 

laboratory using an HPLC Shimadzu, UFLC performance, Alltech Prevail© Cyano 3 mm, 150 903 

− 2.1 mm analytical column; eluents n-hex (A) and IPA (B) coupled with an ABSciex 3200 904 

QTrap chemical ionization mass spectrometer (HPLC/APCIeMS). The injection volume was 905 

5 ml for each sample and GDGTs were eluted isocratically from 0 to 5 min with 1% (B); a 906 

gradient to 1.8% (B) from 5 to 32.5 min, ramped to 30% (B) at 33.5 min, held 10 min, and 907 

reduced  to 1% (B) in 1 min. Detection was achieved through single ion monitoring (scanned 908 

masses: 1018, 1020, 1022, 1032, 1034, 1036, 1046, 1048, 1050, 1292, 1296, 1298, 1300, 1302). 909 

The polar fraction was re-concentrated in volumes between 0.5 ml to 0.05 ml in the cases where 910 

after measurement the GDGTs concentration was found to be too low. We analyzed both 911 

isoprenoid and branched GDGTs within a single acquisition run for each sample 912 

(Supplementary fig. 1). Quantification of GDGTs was performed using Analyst software and 913 

the peaks were integrated manually for each sample.  914 

 915 

2.2. Temperature and paleo-pH calculation  916 

The SST were obtained by using TEX86 (TetraEther indeX of tetraethers consisting of 86 917 

carbon atoms) proxy based on the relative abundance of isoGDGT lipids (Schouten et al., 918 

2002). TEX86 values were calculated according to the definition of Schouten et al. (2002) as: 919 

 920 

TEX86= [(GDGT-1) + (GDGT-2) + (Cren’)] /  921 

              [(GDGT-0) + (GDGT-1) + (GDGT-2) + (Cren’)] 922 

where GDGT-0, GDGT-1, GDGT-2 and Cren’ are isoprenoid GDGTs with the structures 923 

presented in Supplementary fig. 2. TEX86 values were converted into SST using the calibration 924 

and recommendation of Kim et al. (2010) to apply the TEX86
H above 15ºC (i.e. outside the 925 

polar and subpolar domains): 926 

SSTH = 68.4 × TEX86
H + 38.6  927 

Here TEX86
L is = log ((GDGT-2) / GDGT-1 + GDGT-2 + GDGT-3)) 928 

TEX86
H = log (TEX86

 ) 929 

SSTL = 67.5 × TEX86
L + 46.9 930 

The distribution of brGDGTs, expressed as the Methylation index of Branched 931 

Tetraethers (MBT) and the Cyclisation ratio of Branched Tetraethers (CBT) displays a 932 
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significant linear correlation with modern MAT in the range of 6 to 27ºC (Weijers et al., 2007a). 933 

The initial definition of MAT and pH proxies was subject to subsequent recalibration and 934 

refinement (e.g. Peterse et al., 2012; De Jonge et al., 2014). From the multiple existent 935 

calibrations, we chose to use Peterse et al. (2012) as a more conservative choice given that the 936 

expected environmental changes for the ~ 5 Ma duration of the studied interval are large where: 937 

MAT’ = 0.81 −5.67 × CBT + 31 × MBT’ 938 

pH = 7.90 – 1.97 × CBT 939 

Where MBT’ and CBT are expressed as: 940 

MBT’= [(GDGT Ia + GDGT Ib + GDGT Ic)] / [(GDGT Ia + GDGT Ib + GDGT Ic) +   941 

             (GDGT IIa + GDGT IIb + GDGT IIIb) + (GDGT IIIa)] 942 

and 943 

CBT= −log (GDGT Ib + GDGT IIb) / (GDGT Ia + GDGT IIa) 944 

where GDGT I - GDGT III are branched GDGTs with the structures presented in 945 

Supplementary fig. 2. 946 

 947 

3. GC-MS purification and analysis of n-alkanes and alkenones.  948 

The apolar fraction containing the n-alkanes was purified for GC-MS (at SBiK-F) by using 949 

AgNO3 and urea adduction. After the purification the saturated n-alkanes were eluted using n-950 

hexane. The ketone fraction (alkenones) was also eluted with n-hexane, measured and further 951 

purified with ethyl acetate (EtAc) when necessary. The fractions (dissolved in n-hexane) were 952 

injected on-column at 70ºC (CP-Sil 5CB fused silica column (30 m × 0.32 mm i.d.; film 953 

thickness 0.1 μm). The oven was set at constant pressure (100 kPa) and then programmed to 954 

increase to 130°C at 20°C min-1, and then at 5°C min-1 to 320°C at which it was held isothermal 955 

for 10 min.  N-alkanes were identified using a known external standard mixture (Alk C7-C40 956 

- Supelco 49452-U, 1000 ng/μl). 957 

 958 

4. δ2H analysis on alkenones and n-alkanes 959 

The δ2H was determined by GC/Thermal Conversion (TC)/ isotope monitoring MS (irMS) 960 

using an Agilent GC coupled to a Thermo Electron DELTA Plus XL mass spectrometer, via a 961 

Conflo IV. Alkane and alkenone fractions were injected on column-on a RTX column of 60 m 962 

length, 0.32 mm, 0.5 um df, using manual injection at the Royal Netherlands Institute for Sea 963 
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Research (NIOZ) (Weiss et al, 2019). The injection volume was approximately 1-1.5 μl, with 964 

the TC reactor set to a temperature of 1425˚C. The daily determined H3
+ -factor was 6.0 ± 0.3 965 

ppm mV-1. Samples were replicated up to three times depending on the available material and 966 

reproducibility, aiming for peaks of approximately 1500 to 2000 mV for compounds of interest. 967 

Hydrogen gas with a predetermined isotopic composition was used as monitoring gas for both 968 

ketone and apolar fractions and the isotope values were calibrated against in-house lab 969 

standards, Mixture B (A. Schimmelmann; Indiana University). For alkenones, a squalane 970 

standard was co-injected with every sample and its average value over all analyses was −166 971 

± 0.3‰. For the alkenones, all C37 alkenones were integrated as one single peak for comparison 972 

with previous studies as well as obtaining the most robust hydrogen isotope value possible. 973 

 974 

5. δ13C analysis on alkenones and n-alkanes 975 

The carbon isotope ratios (δ13C) of individual n-alkanes and alkenones were measured on the 976 

purified and adducted apolar and alkenone fractions on the GC-irMS using similar conditions 977 

as for δ2H measurements. The δ13C values, expressed relative to the V-PDB standard, were 978 

calculated by comparison to a CO2 reference gas (calibrated against NBS-19). Standards 979 

deviations were determined using a co-injected standard and are ± 0.3‰. 980 

 981 

6. Charcoal preparation and quantification 982 

To evaluate past burning biomass in the region, charcoal particles were extracted from 58 983 

samples, in compliance with the organic geochemistry sampling. From each sample, 2 cm3 984 

were dissolved in water and then bleached with NaOCl (24 h) to remove organic matter. 985 

Samples were further wet-sieved and split into 90 μm, 120 μm and 180 μm fractions. The 986 

material was transferred to a Petri dish and examined with an Olympus SZX7 stereomicroscope 987 

at 30 x to 60 x magnification. Sedimentary charcoal particles were counted and categorized 988 

into 1) poaceae (grass), 2) forbs (other herbaceous plants) and 3) wood (ligneous material) 989 

morphotypes following the methodology highlighted in Feurdean and Vasiliev (2019). The 990 

charcoal counts of each morphotype were transformed into percentages of the total charcoal 991 

counts. 992 

 993 

Supplementary figures: 994 
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 995 

Supplementary figure 1. Representative chromatograms of biomarker fractions from 996 
Panagia sedimentary succession. The selected samples are TP 065 (A-C), TP 103 (D-F) and 997 
TP 263 (G-I). From left to right: chromatograms of GDGTs showing the distribution of 998 
isoprenoidal (0, 1, 2, 3) vs. branched (III, II, I) - A, D, G chromatograms. Cr indicates the 999 
crenarchaeol. The alkenone fraction: TP 103 and TP 263 have alkenones (B, E), while TP 1000 
065 does not (H). The adducts of the apolar fraction: note the dominance of odds (green) over 1001 
even (in blue) (C, F, I chromatograms). TP 065 and TP 103 register a mixed signal, aquatic 1002 
and terrestrial, while TP 263 registers a stronger terrestrial signal. 1003 
 1004 
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 1005 

Supplementary figure 2. GDGTs structures after Tierney (2012) 1006 
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 1007 

Supplementary figure 3. Panagia SST record (based on TEX86) (A) compared with global 1008 

temperature records inferred from alkenones: B) Monte dei Corvi (Mediterranean Sea, Tsanova 1009 

et al., 2015); C) ODP 907 (Northern Atlantic Ocean); D) ODP 982 (Northern Atlantic Ocean), 1010 

and E) ODP 722 (Indian Ocean) (Herbert et al, 2016). In the left side are depicted the Paratethys 1011 

local stages names and ages in Myr.  1012 

 1013 

 1014 

 1015 

 1016 
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Supplementary tables: 1017 

 1018 

Supplementary table 1. Temperature (SST, MAT) and paleo-pH data obtained from GDGTs. 1019 



 49 

 1020 

Supplementary table 2. δ2H on n-alkanes and long chain alkenones on samples from Panagia 1021 

section. 1022 

 1023 

 1024 
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 1032 

Supplementary table 3. δ13C on n-alkanes and long chain alkenones.  1033 
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 1044 
Supplementary table 4. Charcoal counting and burned vegetation groups (Poaceae, Forbs and 1045 

Wood). 1046 

 1047 

 1048 

 1049 

 1050 
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