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A B S T R A C T   

Landlocked basins like the Caspian Sea are highly sensitive to changes in their hydrological budget, especially at 
times of disconnection from the global ocean. Here, we reconstruct the Pliocene to Pleistocene palae
ohydrological and palaeoenvironmental changes occurring in the South Caspian Basin between ~3.6 and ~ 1.9 
Ma, using compound-specific hydrogen isotope (δ2H) data on long chain n-alkanes and alkenones. Additionally, 
we established a record of mean annual air temperature (MAT) and the source of organic matter, based on the 
relative distribution of branched and isoprenoid glycerol dialkyl glycerol tetraethers (BIT). The ~55‰ variation 
in the δ2H measured on the terrestrial plant long chain n-alkanes indicates significant continental hydrological 
changes in the region surrounding the Caspian Sea over the investigated 1.7 Myr interval. The MAT and BIT data 
show that the so-called Akchagylian marine incursion at around 2.75 Ma, marked by influx of marine biota into 
the Caspian Basin, originated from a cold region of the open ocean, endorsing a hydrological connection with the 
Arctic domain. The onset of the regional Apsheronian stage at ~2.13 Ma, identified by the invasion of Tyr
rhenocythere sp. ostracods, coincided with a change towards constant δ2Hn-alkane and is shortly followed by the 
occurrence of alkenones in the Caspian Basin. The relative distributions of alkenones and their δ2H values 
indicate that a connection with a saline basin, most likely the Black Sea, was established at the Akchagy
lian–Apsheronian transition.   

1. Introduction 

Landlocked lacustrine basins like the Caspian Sea are extremely 
sensitive to changes in their overall hydrological budget. Water-level 
changes directly reflect modifications in river runoff, evaporation and 
precipitation while connections to open marine basins completely 
change the environmental conditions of the basin, causing major faunal 
turnovers (Krijgsman et al., 2019 and references therein). Because of its 
intracontinental geographical position, the Caspian Basin is of key 
importance for water vapour recycling and eastward transport of 

moisture over Central Asia (e.g., Dong et al., 2018). Therefore, modifi
cations to the areal extent of the Caspian Sea will inevitably change its 
evaporation potential and hence directly affect warm season precipita
tion in today’s arid parts of Central Asia. At current, the Caspian Basin 
represents a vast reservoir of anomalohaline (i.e., brackish) water. It is 
highly sensitive to palaeohydrological and paleoenvironmental changes 
over its 3.5 million km2 - wide catchment area, which extends north
ward to the central part of the East European Plain (Panin, 2005; Zonn 
et al., 2010). The Caspian catchment stretches over regions covered by 
forests and steppes in the Volga and Ural valleys and mountainous 
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forests and arid regions in the Caucasus and Transcaspian areas (Fig. 1). 
The Caspian Basin became isolated from the Black Sea at the Mio- 
Pliocene transition, when a major drop in water level resulted in pro
gradation of Volga deltaic deposits that reached the South Caspian Basin 
(Clauer et al., 2000; Vincent et al., 2010; van Baak et al., 2019, Fig. 2). 
Since then, the Caspian Basin has experienced numerous transgressional 
cycles with water level fluctuating tens to hundreds of meters resulting 
in enormous lateral shore line changes, especially in the topographically 
subdued northern part of the basin (Yanina, 2013; Yanchilina et al., 
2019). 

Here, we reconstruct palaeohydrological and palaeoenvironmental 
changes in the Caspian Basin (Fig. 1), using compound-specific 
hydrogen isotope (δ2H) data on excellently preserved biomarkers, long 
chain n-alkanes and alkenones extracted from the Pliocene to Pleisto
cene successions exposed along the Lokbatan section. Long chain n-al
kanes originate from higher plant waxes growing in the lake 
surroundings or transported by rivers feeding the lake basin and their 
hydrogen isotope ratios (δ2Hn-alkanes) reflect hydrological changes dur
ing plant growth in these environments (e.g., Sachse et al., 2012). δ2H 
values of n-alkanes have been shown to reflect primarily the hydrogen 
isotope composition of precipitation (δ2Hprecip) (e.g., Sachse et al., 2012) 
and are influenced to a variable degree by evapotranspiration (e.g., 
Sachse et al., 2006). δ2Hn-alkanes data have been successfully used in 
reconstruction of terrestrial paleo-δ2Hprecipitation and δ2Hpaleo-evaporation 
(e.g., Sachse et al., 2004; Schefuss et al., 2005; Niedermeyer et al., 2016; 
Feakins et al., 2020) bearing in mind plant-physiology-induced limita
tions to the quantitative interpretation of the δ2Hprecipitation. In contrast, 
long chain alkenones are derived from haptophyte algae within the 
basin water column and their δ2H values (δ2Halkenones) typically reflect 
changes in the hydrogen isotope composition of Caspian Sea water (e.g., 
Schwab and Sachs, 2011). Combined δ2Hn-alkanes and δ2Halkenones data 
allow identifying the relative changes in received precipitation source 
versus input of different waters into the Caspian Basin. 

We focus on hydrological changes that occur first at the lower part of 
the Akchagylian (~2.95 Ma) and afterwards at the base of the 
Apsheronian regional stages (ca. ~2.13 Ma) to elucidate relationships 
between marine connectivity events and faunal turnovers. To frame 
these hydrological changes, we present mean annual air temperature 

(MAT’) data based on the relative distributions of branched glycerol 
dialkyl glycerol tetraether (brGDGTs) lipids primarily derived from soil 
bacteria (e.g., Weijers et al., 2007a; Peterse et al., 2012). The brGDGT 
lipid record further serves for the reconstruction of paleo-soil pH within 
the catchment of the rivers transporting the brGDGTs into the Caspian 
Basin. We further quantify the so-called branched and isoprenoid tet
raether (BIT) index (Hopmans et al., 2004) that compares the amount of 
brGDGTs to crenarchaeol (isoprenoidal GDGTs) to determine the rela
tive contribution of aquatically produced versus soil-derived organic 
matter. We ultimately integrate these paleoclimatic and paleoenvir
onmental data into the most advanced age model for sedimentation in 
the Caspian Basin (Lazarev et al., 2021) resulting from extensive mag
netostratigraphic and radiometric dating over the past decade (van Baak 
et al., 2013; Forte et al., 2015; Richards et al., 2018; Hoyle et al., 2020; 
Lazarev et al., 2019). Collectively our biomarker, sedimentological and 
chronometric data show two distinct phases of connectivity to two 
completely different water masses within the 1.7 million years time 
interval studied here. This is the first documentation of biomarkers- 
based proxy records in the sedimentary succession of the Caspian 
Basin, which opens up new possibilities for improved palae
oenvironmental reconstructions through geological time of this crucial 
region of Central Eurasia. 

2. Stratigraphy of sampled interval and age model 

The Lokbatan section (base section: N 40◦20′3.96′′, E 49◦44′58.28′′) 
is located 12 km west of the present-day Caspian coastline, south of the 
city of Baku (Azerbaijan) (Fig. 1). The section comprises the uppermost 
part of the Productive Series (Surakhany Suite) and the overlying 
Akchagylian and Apsheronian (Fig. 2; Hinds et al., 2004 Vincent et al., 
2010; van Baak et al., 2013). The 520-m-thick Productive Series is 
characterised by an alternation of predominantly grey, green and 
reddish-brown silty clays and (sub-) meter-scale friable sandstone 
layers. The Surakhany Suite of the Productive Series has previously been 
interpreted as an ephemeral fluvial flood plain, overbank pond and sa
line lake facies (Vincent et al., 2010; Richards et al., 2021). At 520 m, an 
abrupt lithological change to grey clays and silts marks the Akchagylian 
transgression, recently dated in Lokbatan at 2.95 ± 0.02 Ma (Lazarev 

Fig. 1. Map of showing the drainage basin of the Black and Caspian Seas as remnants of the former Paratethys domain. Major rivers draining into the Paratethys are 
indicated. The values of the present day precipitation δ2H are reported according to IAEA (2019). Long-term means were calculated by selecting yearly means in 
which isotope content have been measured at least in 75% of the precipitation for that year and at least over eight months (IAEA, 2019). Soil temperatures in the 
larger Paratethys domain drainage basin are indicated. Remark that the lager Paratethys extent would have collected rivers feeding, next to the Caspian Sea, also the 
Black Sea and Aral Lake. The star locates the Lokbatan section. 
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et al., 2021). The following interval 520–545 m contains numerous 
volcanic ash layers, nine of which were dated by 40Ar/39Ar geochro
nology with ages ranging from 2.60 ± 0.03 Ma to 2.73 ± 0.09 Ma (Hoyle 
et al., 2020). This interval pre-dates the Pliocene–Pleistocene transition 
(2.58 Ma) and could be correlated to the MIS G8–MIS 104 interval based 
on palynological records that showed a relationship with global δ18O 
stacks and the obliquity record (Hoyle et al., 2020). At 529 m an influx of 
marine species, widely known as the Akchagylian flooding or Akcha
gylian marine incursion was dated at 2.75 Ma (Fig. 3).Higher up, the 
section continues with ~110 m of fine bedded blue and black clays, 
(light-) grey silty clays and thin ferruginous layers. These clays are rich 
in molluscs (Dreissena rostriformis, cardiid bivalves) and ostracods. The 
section continues with ~50 m of grey clays and silty intercalations, 
capped by fine-grained pebbles and clays rich in mollusc shells. van Baak 
et al. (2013) placed the Akchagylian–Apsheronian boundary in the 
Lokbatan section at 660 m, based on the abundance of the ostracod 

genus Tyrrhenocythere. More detailed ostracod analysis now shows that 
the first appearance of Tyrrhenocythere genus takes place at level 616.5 
m of the Lokbatan section (Fig. 3). In other sections of the Kura Basin 
(Hajigabul and Goychay located eastern and central part of Azerbaijan 
respectively), the first occurrence of Tyrrhenocythere azerbaijanica was 
shown to closely correspond to the Akchagylian–Apsheronian boundary, 
and to correlate magnetostratigraphically with the Reunion subchron 
and an age of ~2.13 Ma (Lazarev et al., 2019). Consequently, we 
conclude that the base of the Apsheronian in the Lokbatan section 
should be re-assigned to 616.5 m instead of 660 m (Fig. 3). Finely- 
laminated brown-grey silty clays with thin ferruginous layers are 
typical for the lower part of the Apsheronian. At 700 m, a three cm-thick 
whitish tuff layers are interbedded. Just before the top of this part of the 
section, at 715 m, a sharp change in lithology marks a return to ho
mogeneous blue clay. Above this are two beds of slumped layers with 
reworked tuff elements and shell-fragments. The sharp change to blue 

Fig. 2. Extent of Paratethys at different time-slices. A) During Apsheronian, between 2.13 and 0.84 Ma Caspian was a smaller lake-sea; B) Between 2.95 and 2.13 Ma 
the Caspian was a very large lake-sea and; C) During the deposition of the Productive series (~5 to 2.95 Ma), the Caspian was a small lake; The schematic strati
graphic log of Lokbatan section with the regional stages correlated to the global stratigraphic scheme and δ18O curve of Lisiecki and Raymo (2005). The yellow star 
indicates the location of Lokbatan section. Observe that some rivers (i.e., Don) may have been feeding different Paratethys sub-basins at different times. The red start 
locates the multiple ash layers interval with an 40Ar/39Ar age of ~2.69 Ma (Hoyle et al., 2020). AT and AMI indicate Akchagylian transgression and Akchagylian 
marine incursion, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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clays is also found 300 m further north (N 40◦20′36.54′′, E 
49◦44′20.54′′), where the section continues. Upwards, the section con
sists of blue, dark-grey and brown clays with ferruginous layers and iron 
concretions (up to 40 cm in diameter). 

The recent chronostratigraphic revision of the Akchagylian and 
Apsheronian successions in the Kura Basin (Lazarev et al., 2021) now 
allows us to calculate the ages of all sampled levels in the Lokbatan 
section, using linear interpolation of constant sedimentation rates be
tween six age tie points with details provided in the Supplementary 
material. 

3. Experimental and analytical methods 

3.1. Lipid extraction, separation and analyses 

Thirty-seven sedimentary rock samples weighing between 8 and 60 g 
were dried and thoroughly ground. To avoid possible contamination, 
which may have occurred during sampling and handling, the outer part 
of these samples was avoided during sub-sampling for lipid extraction. 
Larger samples (i.e., 10–60 g), were extracted using a Soxhlet apparatus 
with a dichloromethane – methanol (DCM/MeOH; 7.5:1, v:v) organic 
solvent mixture. Smaller samples (up to 15 g) were extracted by 

Fig. 3. Ostracod range chart for Lokbatan section. Remark the highlighted levels with foraminifera at the transition between Productive Series and Akchagylian and 
the steps in the ostracod diversification, the first one during Akchagylian and the second one at the Akchagylian–Apsheronian transition. Micropaleontology methods 
are as described in van Baak et al. (2013). 
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accelerated solvent extraction (ASE, Dionex 200) using a DCM/MeOH 
(9:1, v:v) mixture at 100 ◦C and 1000 psi. All extracts were rotary – 
evaporated to near dryness and subsequently dried under a gentle N2 
flow. The total lipid extracts (TLE) were dried over an anhydrous 
Na2SO4 column. Elemental sulfur was removed using activated copper 
in DCM in the earlier obtained TLE. Copper flakes were activated with 2 
M HCl and afterwards rinsed with MilliQ ultra-pure water, MeOH and 
DCM. This treatment was repeated up to four times when necessary. An 
aliquot of the desulfurized extract was separated using column chro
matography with activated Al2O3 as stationary phase by subsequent 
elution with hexane/DCM (9:1, v:v), hexane/DCM (1:1, v:v), and a 
mixture of DCM/ MeOH (1:1, v:v) to obtain the apolar, ketone and polar 
fraction, respectively. N-alkanes were isolated from the apolar fraction 
using urea-adduction. The apolar fraction was dissolved in 200 μl 
MeOH/urea (~10%, H2NCONH2, Merck) solution. Next, 200 μl acetone 
and 200 μl hexane were added to the solution, frozen (− 20 ◦C) and dried 
under N2 flow. The straight (n-alkanes) compounds were captured 
during the formation of the urea crystals. These were washed with 
hexane to remove the non-adductable branched and cyclic compounds. 
Urea crystals, containing the adductable n-alkanes, were then dissolved 
in 500 μl MeOH and 500 μl MilliQ ultra-pure water mixture. The n-al
kanes were subsequently extracted from the solution using hexane. The 
urea-adduction procedure was repeated up to three times to eliminate 
non-adductable compounds as much as possible. Alkenones were ob
tained from the ketone fraction using urea adduction as well using the 
earlier described procedure. All fractions were measured using Gas 
Chromatography/Flame Ionization Detector (GC/FID) first. The n-al
kanes and alkenones were identified based on mass spectra using Gas 
Chromatography-Mass Spectrometry (GC–MS) on a Thermo-Finnigan 
Trace DSQ instrument. The fractions (dissolved in hexane) were injec
ted on-column at 70 ◦C (CP-Sil 5CB fused silica column (30 m × 0.31 mm 
i.d, film thickness 0.1 μm). The oven program was set at constant 
pressure (100 kPa) and then programmed to 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 
for 10 min. Individual n-alkanes and alkenones were quantified by 
comparing to an internal standard and using a GC equipped with a flame 
ionization detector (FID). The polar fraction was concentrated under a 
N2 gentle stream, dissolved in hexane/2-isopropanol (99:1, v:v) and 
filtered over a 0.4 μm PTFE filter prior to injection into an high per
formance liquid chromatography – atmospheric pressure chemical 
ionization/mass spectrometry (HPLC-MS). 

3.2. Compound specific isotope analyses 

3.2.1. Compound specific hydrogen isotope (δ2H) analyses 
Compound-specific hydrogen isotopes (δ2H) of n-alkanes and alke

nones were determined by gas chromatography-isotope ratio mass 
spectrometry (GC-TC-irMS) at the Organic Geochemistry Laboratories at 
Utrecht University and the Netherlands Institute of Sea Research (NIOZ). 
The δ2H values of individual n-alkanes and alkenones were measured on 
the adducted n-alkane and alkenone fractions on a HP 6890 N Gas 
Chromatograph (GC) coupled to a Thermo-Finningan Delta Plus XP 
Isotope Ratio Mass Spectrometer (irMS). The fractions (dissolved in 
hexane) were injected on-column at 70 ◦C, the oven being programmed 
to 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 for 10 min. The film thickness of the CP-Sil 
5 column was 0.4 μm and a constant flow of He was used at 1.5 ml 
min− 1. The compounds of the adducted n-alkane and alkenone fractions 
were pyrolyzed in an empty ceramic tube heated at 1450 ◦C which was 
pre-activated by a 5 min methane flow of 0.5 ml min− 1. H3+ factors 
were determined daily on the isotope mass spectrometer and were at any 
time < 5. Each extract was measured between two and ten times. The 
large number of multiple analyses is related to the unusual results, 
which needed verification. H2 gas with known isotopic composition was 
used as reference and a mixture of C16–C32 n-alkanes with known iso
topic composition (ranging from − 42‰ to − 256‰ vs. Vienna Standard 

Mean Ocean Water (V-SMOW)) was used to monitor the performance of 
the system (Schimmelman Mixture A and B, Biogeochemical Labora
tories, Indiana University). A squalane standard was co-injected with 
every sample and its average value was − 171 ± 3‰, which compared 
favorably with its offline determined value of − 168.9‰. 

3.2.2. Compound specific carbon (δ13C) isotope analyses 
The carbon isotope ratios (δ13C) of individual n-alkanes were 

measured on the adducted apolar fractions on the GC-C-irMS using 
similar conditions as for δ2H measurements. The δ13C values, expressed 
relative to the V-PDB standard, were calculated by comparison to a CO2 
reference gas (calibrated against NBS-19). Standard deviations were 
determined using a co-injected standard and attained ±0.3‰. 

3.3. HPLC-MS analysis 

3.3.1. HPLC-MS instrumentation 
The polar fractions were measured at the Organic Geochemistry 

Laboratory of Utrecht University (UU) and the Senckenberg Biodiversity 
and Climate Research Centre (SBiK-F) following equal purification steps 
and similar instrumental conditions. The polar fraction was concen
trated, dissolved in n-hexane/2-isopropanol (99:1, v:v), and filtered over 
a 0.4 μm PTFE filter prior to injection into a high performance liquid 
chromatography – atmospheric pressure chemical ionization/mass 
spectrometry (HPLC-MS). Analyses were performed using an Agilent 
1290 Infinity series, 6130 Quadrupole UHPLC/MS equipped with auto- 
injector and Chemstation chromatography manager software. 10 μL of 
each polar fraction was injected and separation was achieved on an 
analytical Alltech Prevail Cyano column by elution with 90% n-hexane 
and 10% 9:1 (v:v) n-hexane:2-propanol. Conditions for the Agilent 1290 
series were as follows: drying gas flow was set to 6.0 L × min− 1 with a 
temperature of 200 ◦C, a nebulizer pressure of 25 psi, a vaporizer tem
perature of 400 ◦C, a capillary voltage of − 3.5 kV and a corona current 
of 5 μA. Isoprenoidal and branched GDGT lipids were detected by 
scanning for their [M + H]+ ion in selected ion monitoring (SIM) mode. 
At some levels we verified results by repeating runs. Additionally, the 
measurements at both UU and SBiK-F were giving equal results. We 
achieved an excellent separation of the peaks (Fig. 4). The chemical 
structures of the GDGTs and their [M + H]+ are illustrated in Supple
mentary material. 

3.3.2. Mean annual temperature and input of soil organic matter 
Here, estimates of continental mean annual air temperature (MAT) 

are based on the relative distribution of brGDGT membrane lipids. The 
distribution of brGDGTs, expressed as the Methylation index of 
Branched Tetraethers (MBT) and the Cyclisation ratio of Branched 
Tetraethers (CBT) displays a significant linear correlation with modern 
MAT in the range of − 6 to 27 ◦C (Weijers et al., 2007a). This method has 
been frequently used for continental MAT reconstructions in the 
geological past (e.g., Weijers et al., 2007b; Inglis et al., 2017; Miller 
et al., 2018). As rivers transport these membrane lipids to the oceans, 
analysis of marine sedimentary deposits close to the outflows of large 
rivers may provide high-resolution records of catchment-wide inte
grated continental temperature (Weijers et al., 2007a). The initial 
definition of MAT and pH proxies was subject to subsequent recalibra
tion and refinement (e.g., Peterse et al., 2012; De Jonge et al., 2014). 

From the multiple existing calibrations, we rely on Peterse et al. 
(2012) as a more conservative choice given that the expected environ
mental changes for the more than 1.7 Myr duration of the studied in
terval are large. Therefore, mean annual air temperature (MAT) and pH 
were estimated as follows (Peterse et al., 2012): 

MAT ′ = 0.81 − 5.67*CBT + 31.0*MBT ′

pH = 7.90 − 1.97*CBT 

MBT’ and CBT were calculated as follows: 
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CBT = − LOG
[GDGT Ib + GDGT IIb]
[GDGT Ia + GDGT IIa ]

The relative input of aquatically produced versus soil-derived 
organic matter in (marine) sediments was assessed using the branched 
and isoprenoid tetraether (BIT) index (Hopmans et al., 2004), which is 
based upon the ratio of Crenarchaeol, predominantly produced by ma
rine Thaumarchaeota and branched GDGTs (brGDGTs), which pre
dominantly derive from the continent. BIT is calculated as: 

BIT =
[GDGT Ia + GDGT IIa + GDGT IIIa]

[GDGT Ia + GDGT IIa + GDGT IIIa] + [Cren’]

Typically, BIT values <0.3 are considered to reflect marine condi
tions (e.g., Weijers et al., 2006; Zhu et al., 2011) while BIT values to
wards 0.9 to 1 indicate predominantly terrestrial input. 

4. Results 

4.1. δ2H of long chain n-alkanes 

The apolar fractions contain a series of n-alkanes ranging from n-C18 
to n-C35, with the long-chain (C27, C29 and C31) n-alkanes having the 
highest peak abundances. These long-chain n-alkanes also show a strong 
odd-over-even carbon number predominance (Fig. 4A, D, G). At some 
levels the contribution of the shorter chain n-alkanes is occasionally 

higher (Fig. 4D). From the analyzed samples, UV 13 (at 636 m, 2.09 Ma) 
contained organically-bound sulfur in the apolar fraction and it was not 
measured on mass-spectrometers (GC–MS nor GC-irMS). Sample UA 40 
(at 357 m, 3.46 Ma), despite equal treatment, did not reveal odd-over- 
even carbon number predominance of the long-chain n-alkane and it 
was discarded from GC–MS and GC-irMS measurements. For eight 
samples the purified n-alkane fraction proved insufficient for GC-irMS 
measurements. 

The δ2H values of the C29 and C31 n-alkanes co-vary. δ2H values of 
the C29 range between − 141‰ and − 192‰ (Table 1 and Fig. 5A) while 
δ2H of C31 ranges between − 146‰ and − 192‰. δ2H values of C29 show 
higher values compared to the C31 n-alkane (Table 1). δ2H values of C29 
generally decrease throughout the Productive Series from − 141‰ (UA 
76, close to the bottom of the sampled section at 271.5 m, 3.57 Ma) to 
− 169‰ at the very base of the Akchagylian (UP 08 at 522 m, 2.9 Ma; 
Fig. 5A). Towards the top of the section (522–715 m), covering the 
entire Akchagylian and the sampled part of Apsheronian, the δ2H values 
of of C29 n-alkanes stay relatively constant at − 174‰ with small vari
ations of ±6‰ (Table 1, Fig. 5A). 

4.2. δ13C of long chain n-alkanes 

The stable carbon isotopic composition of the C29 and C31 n-alkanes 
varies by only ±0.3‰ for both δ13CC29n-alkanes (average of − 31.3‰) and 
δ13CC31n-alkanes (average of − 31.8‰) (Table 1). The δ13C values of the 

Fig. 4. Representative chromatograms of typical samples for Lokbatan section. A, D, G) The apolar fraction after second urea adduction step; note the n-alkanes with 
a distinctly odd over even predominance in chain length distribution and a higher contribution of shorter chain n-alkanes in some sample. B) E) and H) the alkenones 
fraction from the same rock sample as in panels A and D. Remark the difference between two examples in the alkenones relative contribution. C, F, I) and F) HPLC-MS 
base peak chromatographs of tetraether lipid of the two samples showing the dominance of isoprenoid (0,1,2,3) vs. branched (III, II, I, Ib, Ic) GDGT’s membrane 
lipids. The Cren indicates crenarchaeol while * the standard. Note the higher contribution of isoprenoidal GDGT’s in the samples. 

MBT ′ =
[GDGT Ia + GDGT Ib + GDGT Ic]

[(GDGT Ia + GDGT Ib + GDGT Ic) + (GDGT IIa + GDGT IIb + GDGT IIIb) + (GDGT IIIa) ]
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C29 n-alkanes are typically higher compared to the δ13C values of C31 n- 
alkanes. 

4.3. δ2H on alkenones 

The ketone fractions show the presence of long-chain unsaturated 
ethyl and methyl ketones (C37-C39 alkenones; Fig. 4B, E). In total, only 
ten out of thirty-seven samples alkenones have been detected. C37-C39 
alkenones were detected from 643 m to the top of the section, covering 
the Apsheronian (Figs. 5, 6A). The alkenone distribution shows a 
remarkable dominance of the C37 ketone followed closely by C38 
(Fig. 4B) with appreciable contribution of the C39 ketone. Both C37 and 
C38 ketones are dominated by the two times unsaturated components 
(Fig. 4B), showing relative abundances typical of marine alkenone 
producers. A single, solitary level, containing alkenones was identified 
at 531 m, 2.70 Ma, despite screening for alkenones in detail around this 
level. The alkenone fraction at this specific level (UP 10, at 531 m, 2.70 
Ma) shows an unusual relative distribution with C38 being dominant 
(Fig. 4E), different from the alkenone distribution found in all nine 
samples located from 643 m, 2.08 Ma to the top of the section (Fig. 4B). 

From the ten analyzed samples, nine samples from the interval 
643–711 m, 2.08–1.94 Ma contained sufficient alkenones for the 
acquisition of δ2H data. The δ2HC37alkenone values range between − 197‰ 
and − 175‰ (VSMOW; Table 2 and Fig. 5B) whereas the δ2HC38alkenone 
values cover a larger range between − 214‰ and − 177‰. Throughout 
the record, the δ2H values of the C37 and C38 alkenones closely corre
spond, showing the same trend through time, albeit with a small offset 
(Table 3). 

4.4. GDGT lipids 

Isoprenoid and branched GDGTs are well represented over the entire 
sampled section (Fig. 4). We analyzed both isoprenoid and branched 
GDGTs within a single acquisition run for each sample (Fig. 4C, F, I). 

Only for six out of the 32 analyzed samples, the calculated BIT index was 
lower than 0.3, therefore we refrain from calculating SSTs using TEX86 
(Weijers et al., 2006). 

4.4.1. MAT’ estimates based on soil derived branched GDGT lipids 
The MBT’- CBT-based MAT’ estimates suggest large continental 

temperature variability over the sampled time interval (Table 3, 
Fig. 5C). Reconstructed MAT’ values show overall decreasing tempera
tures from a maximum of 27 ◦C to ca. 9 ◦C for the Productive Series 
interval (from the basal sample UA79 at 258 m, 3.59 Ma until UP04 at 
505.5 m, 3.27 Ma). The interval between 3.28 Ma and 2.95 Ma is missing 
in the section due to the erosive nature of the Akchagylian transgression 
and uncertain polarity patterns. In the Akchagylian that straddles the 
Pio-Pleistocene transition, the temperatures first decrease from 20 ◦C at 
2.9 Ma (522 m) to 5 ◦C at 2.4 Ma (551 m) and afterwards values stabilize 
around 7 ◦C with a variation of ±2.5 ◦C. Closer to the Akchagylian – 
Apsheronian transition, the MAT rises again up to 12 ◦C (2.2 Ma, 605.5 
m) and continues to increase in Apsheronian up to 17 ◦C (711 m, 1.94 
Ma), after which the values drop again sharply to 7 ◦C at the top of the 
section (1.93 Ma, 715 m). 

4.4.2. BIT estimates 
The BIT values indicate large variability over the sampled interval 

with BIT values between 0.18 and 0.97 (Table 3, Fig. 5D). BIT values for 
the Productive Series interval are typically >0.85 (except UA 23 at 
414.5 m, 3.39 Ma with BIT = 0.31). In the Akchagylian, the BIT values 
drop from 0.9 at 2.9 Ma (522 m) to 0.18 at ~2.36 Ma (565 m). Overall, 
the Akchagylian BIT values fluctuate around 0.42. The Apsheronian 
values show two distinct peaks: 0.71 at 2.11 Ma (626.5 m) and 0.96 at 
2.0 Ma (682.5 m) and further decrease to 0.29 towards the top of the 
investigated section. 

4.4.3. pH’ estimates based on soil derived branched GDGT lipids 
The CBT-based pH’ values indicate a 1.1 pH’ unit variation over the 

Table 1 
δ2H and δ13C isotopes measured on long chain n-alkanes from Lokbatan section.  

Sample 
code 

Stratigraphic 
level (m) 

Age 
(Ma) 

δ2HC29n- 

alkane (‰) 
STDEV 
δ2HC29n- 

alkane 

N 
δ2HC29n- 

alkane 

δ2Hpp (‰) ( 
Sachse et al., 
2006) 

δ2Hpp (‰) ( 
Feakins and 
Sessions, 2010) 

δ13CC29n- 

alkane (‰) 

δ2HC31n- 

alkane (‰) 
STDEV 
δ2HC31n- 

alkane 

N 
δ2HC31n- 

alkane 

UA 79 258 3.59 − 156.3 5.6 2 − 30 − 69 n.d. − 163.8 1.8 2 
UA 76 271.5 3.57 − 141.5 n.d. 1 − 13 − 52 n.d. − 141.7 n.d. 1 
UA 71 284 3.56 − 160.5 0.6 4 − 35 − 73 n.d. − 141.7 n.d. 1 
UA 47 332.5 3.49 − 168.3 1.3 3 − 44 − 82 n.d. − 169.7 6.6 3 
UA 36 373 3.44 − 161.4 0.0 2 − 36 − 74 n.d. − 180.6 n.d. 1 
UA 19 426.5 3.37 − 174.1 n.d. 1 − 51 − 88 n.d. − 172.1 n.d. 1 
UP 04 505.5 3.27 − 162.5 2.0 3 − 37 − 76 n.d. − 171.7 4.3 3 
UP 08 522 2.91 − 168.7 3.9 3 − 45 − 82 n.d. − 167.1 2.8 3 
UP 14 546 2.43 − 174.1 3.2 3 − 51 − 88 n.d. − 173.6 1.9 3 
UP 17 556.5 2.38 − 174.5 2.8 3 − 51 − 89 n.d. − 177.3 2.7 3 
UP 18 558.5 2.38 − 191.6 3.4 3 − 71 − 108 n.d. − 191.5 3.7 3 
UP 29 587 2.26 − 174.8 2.3 3 − 51 − 89 n.d. − 159.6 6.7 3 
UP 35 600.5 2.20 − 180.4 3.2 3 − 58 − 95 n.d. − 180.4 1.4 3 
UV 01 626.5 2.11 − 170.5 4.6 3 − 47 − 84 − 31.2 − 175.9 5.2 2 
UV 05 629.5 2.10 − 176.2 6.8 4 − 53 − 91 n.d. − 181.5 5.6 4 
UV 09 633 2.10 − 173.7 1.3 2 − 50 − 88 n.d. − 179.6 0.5 2 
UV 17 643 2.08 − 166.9 3.2 3 − 42 − 80 − 30.9 − 175.3 2.7 3 
UV 22 657.5 2.05 − 168.8 2.8 4 − 45 − 83 n.d. − 172.6 3.2 4 
UV 29 673.5 2.02 − 169.4 9.4 2 − 45 − 83 n.d. − 178.9 4.4 2 
UV 34 682.5 2.00 − 172.5 4.5 2 − 49 − 87 n.d. n.d. n.d. n.d. 
UV 44 692.5 1.98 − 174.1 4.7 2 − 51 − 88 − 31.3 − 182.3 0.8 2 
UV 51 699 1.97 − 174.4 4.4 4 − 51 − 89 n.d. − 177.7 6.3 4 
UV 54 702 1.96 − 169.0 0.0 2 − 45 − 83 n.d. − 177.8 2.9 2 
UV 62 708 1.95 − 168.2 5.7 2 − 44 − 82 − 31.2 − 179.2 3.8 2 
UV 65 711 1.94 − 170.9 3.6 3 − 47 − 85 n.d. − 179.2 0.6 3 
UV 70 715 1.93 − 171.6 8.5 2 − 48 − 86 − 31.7 − 175.3 3.6 2 

Average of δ2HC29n-alkane, δ2HC31n-alkane, standard deviation (STDEV) and number of measurements (N) are listed. The δ2H precipitation values are calculated for two 
scenarios 1) in the case of the European ‘wet’ temperate climate using the relation of Sachse et al. (2006) and 2) in the case of arid ‘dry’ climate using the relation of 
Feakins and Sessions (2010). Different scales are indicated for dry and humid climate effect on evapotranspiration. δ13CC29n-alkane of five levels are also listed. n.d. stand 
for not determined. 
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sampled interval with pH values between 6.8 and 7.9. In general, pH’ 
values decrease from the bottom to the top of the section albeit with a 
large variation (Table 3; Fig. 5E). 

5. Discussion 

5.1. δ2H and δ13C values of n-alkanes 

In the Lokbatan section, n-alkanes show a general dominance of long 
chain n-alkanes with an odd over even carbon-number predominance 
(Fig. 4A, G) indicative for a major contribution through higher plants 
(Eglinton and Hamilton, 1967). However, at some levels the contribu
tion of the shorter chain n-alkanes is higher (Fig. 4D) indicating that 
some other plant groups (i.e., aquatic) or algae contribute to the total n- 
alkane fraction. 

Diverse environmental studies evaluate the role of δ2Hprecipitation, 
climate and plant life-form in influencing δ2H values of C29 n-alkanes 
(δ2HC29n-alkanes), the most commonly analyzed terrestrial biomarker (e. 
g., Sachse et al., 2012 and references there in). Globally, site-averaged 
δ2HC29n-alkanes and mean annual δ2Hprecipitation values are positively 
correlated, indicating that mean annual δ2Hprecipitation is the funda
mental control on plant-wax δ2H values Sachse et al., 2012). However, 
there are differences in the slope, intercept and significance of this 
relationship among plant forms like trees, shrubs, forbs and graminoids 
(e.g., Polissar and Freeman, 2010; Feakins et al., 2019). These differ
ences result from diverse physical and biological controls on plant 
source-water, leaf-water and biochemical fractionations, all being 

important factors of the overall net fractionation and of plant-wax δ2H 
(i.e., δ2Hn-alkanes) values (Sachse et al., 2012). Importantly, a broad trend 
to less negative δ2Hn-alkanes values in drier regions was observed (e.g., 
Feakins and Sessions, 2010; Sachse et al., 2006). Changes in temperature 
and source water will determine changes in the δ2Hprecipitation (Bowen, 
2008), with cooler conditions leading to lows in δ2Hprecipitation (i.e., 
δ2HC29n-alkanes), while increasing distance from the precipitation source 
would lead to δ2Hprecipitation (i.e., δ2HC29n-alkanes) decrease. 

Regardless of all above mentioned limitations, the >50‰ variation 
in δ2Hn-alkanes (− 142‰ at 271.5 m (3.57 Ma) to − 192‰ at 558.5 m 
(2.38 Ma); Table 1 and Fig. 5A) from the Lokbatan section indicates 
important changes in the hydrology or/and the vegetation composition 
in the basin catchment. To estimate the δ2Hprecipitation we assume con
stant biosynthetic fractionation between source water and n-alkanes of 
157‰ (Sachse et al., 2006; Sessions et al., 1999). Additionally, we 
evaluate two options for deuterium enrichment through evapo- 
transpiration in our δ2Hprecip calculations (Table 1): (1) ~30‰ (Sachse 
et al., 2006) found under present-day Western Europe humid conditions 
and (2) ~60‰ as described for arid ecosystem (Feakins and Sessions, 
2010). Assuming option 1 (Western Europe) reconstructed δ2Hprecip 
values vary between − 71‰ and − 13‰. Currently, δ2Hprecip values at 
the closest station north of the Caspian Sea attain − 62‰, while south of 
the Caspian Sea δ2Hprecip values are higher reaching − 52‰ (IAEA, 2019; 
Fig. 1). Assuming option 2 (prevailing arid ecosystem) the calculated 
δ2Hprecip would have varied between − 107‰ and − 52‰, values mostly 
observed in colder northern high latitudes in Eurasia (IAEA, 2019; 
Fig. 1). 

Fig. 5. Results summarizing δ2H measured on n-alkanes, alkenones, MAT’, BIT and pH’ from the Lokbatan section plotted vs. age. Geomagnetic polarity time scale 
(GPTS), regional stratigraphic scheme and δ18O curve of Lisiecki and Raymo (2005) are shown for correlation with the events recorded in Lokbatan. A) δ2Hn-C29n- 

alkanes, B) δ2HC37alkenone are represented and used as primary indicators for switches in hydrological balance; C) MAT’ and proxy root mean square error as grey band; 
D) BIT index; E) paleo-soil pH’ values. Given the large expected changes in the GDGT sources with the sampled 1.7 Myr interval and proxy dependent calibration 
coefficients, we emphasize that the relative changes of MAT’ and pH’ records should be primarily considered. Present-day (p.d.) values are pointed by arrow heads 
Remark the hiatuses in sedimentation between UP 04 (3.27 Ma) and UP 11 (2.66 Ma) without apparent unconformities when reporting to the data plotted against 
stratigraphic age in the Supplementary material. 
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Noticeable for the Lokbatan δ2Hn-alkanes record is sample UP 18 at 
558.5 m, 2.38 Ma with the lowest δ2Hn-alkanes (− 192‰) value. Such low 
values are likely to be related to either high rainfall or cooler conditions 
in the proximity of the vapour source. This specific interval coincides 
with a particular diversification in the ostracod assemblage (Fig. 3). 

In contrast to δ2H, the δ13C values of plant waxes primarily reflect 
different vegetation types. Leaf waxes from C3 plants (95% of plant 

species on Earth, e.g., all trees) have δ13C values as low as − 35‰, 
whereas those from C4 plants (e.g., grasses, savannah, salt marsh and 
desert plants) are as high as − 21.7‰ (e.g., Castañeda and Schouten, 
2011; Polissar et al., 2019; Feakins et al., 2020). The vegetation 
composition is important because the discrimination against deuterium 
during photosynthesis is greater in C3 plants (− 117‰ to − 121‰) than 
in C4 plants (− 86‰ to − 109‰) (Polissar and Freeman, 2010). The 

Fig. 6. Schematic scenarios at different time slices 
corresponding to changes in the connectivity of the 
Caspian Sea basin. A) At ~2.13 Ma a connection to 
the Black Sea was established leading to biotic ex
change including import of alkenone producers (sug
gested by the coccoliths image) and invasion of 
ostracod fauna (Tyrrhenocythere sp., typical Black Sea 
fauna) into the Caspian Sea; B) At ~2.75 Ma, during 
the Akchagylian marine incursion the Caspian Sea 
received an influx of water from the Arctic Ocean 
facilitating the migration of biota (suggested by the 
foraminifera images) from the cold northern regions 
while a connection to the Black Sea is questioned 
despite evidence that Caspian Sea occupied the Azov 
Sea (at present in the Black Sea domain); C) At ~3.5 
Ma, during the deposition of the Productive series, 
Caspian basin was a lake. LSL and HSL stand for low 
sea level and high sea level, respectively. Known 
87Sr/86Sr values are represented with italic and are 
from Farrell et al. (1995) for the oceanic Plio- 
Pleistocene and van Baak et al. (2019) for the Cas
pian domain.   

Table 2 
δ2H isotopes measured on alkenones from Lokbatan section.  

Sample code Stratigraphic level (m) Age (Ma) δ2HC37alken. (‰) STDEV N δ2HC38alken. (‰) STDEV N 

UV17 643 2.08 − 191.3 n.d. 1 − 192.1 2.2 2 
UV22 657.5 2.05 − 186.6 2.8 2 − 179.4 8.3 2 
UV29 673.5 2.02 n.d. n.d. n.d. − 176.5 n.d. 1 
UV34 682.5 2.00 − 197.4 0.7 2 − 200.3 0.3 2 
UV44 692.5 1.98 − 187.6 2.1 2 − 194.5 1.4 2 
UV51 699 1.97 − 192.0 n.d. 1 − 214.0 n.d. 1 
UV54 702 1.96 n.d. n.d. n.d. − 190.3 3.7 2 
UV62 708 1.95 − 186.8 n.d. 1 − 195.3 3.6 2 
UV65 711 1.94 − 175.6 5.7 2 − 180.3 6.4 2 

Average of δ2HC37alkenoes, δ2HC38alkenones, standard deviation (STDEV) and number of measurements (N) are listed. 
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δ13Cn-alkane values will, therefore, be controlled by the C3 vs. C4 plant 
ratio while the vegetation composition typically responds to hydrolog
ical conditions that are reflected in the δ2Hn-alkane values. 

In the Lokbatan section, n-alkanes were sufficient for additional 
δ13CC27n-alkanes only at five levels, all in the Apsheronian (626. 5 to 715 
m, 2.11–1.93 Ma; Table 1). However, their values indicate unchanged, 
C3-dominated vegetation for Apsheronian with mean 31.3‰ ± 0.3 for 
the δ13CC29n-alkanes. The C3 dominated vegetation situation is similar to 
present day, despite arid conditions prevailing in parts around the 
Caspian Sea. 

Detailed palynological data of the Lokbatan section indicate that the 
regional vegetation composition responded to glacial-interglacial cycles 
with alternation of temperate forest assemblages (Quercus, Ulmus- 
Zelkova, Alnus, Juglandaceae) that contrast Ephedra and Amaranthaceae 
assemblages as indicators of dry environments (Hoyle et al., 2020). The 
persistence of mesophilous forests during glacial times indicates that 
glacial refugia existed in the South Caspian Basin and that the vegetation 
response to glaciations was muted by increased moisture availability 
linked to Caspian transgressions (Hoyle et al., 2020). C3 plants domi
nated the overall vegetation composition indicating that vegetation 
change was an unlikely driver for the observed 50‰ variability in δ2Hn- 

alkanes values. 

5.2. δ2H values of alkenones 

Alkenones are synthesized by unicellular eukaryotic haptophyte 
prymnesiophyte algae, which are common in the photic zone of the 
modern oceans (Marlowe et al., 1984; Volkman et al., 1980). Alkenones 
have also been reported globally from brackish and freshwater lakes (e. 
g., Kristen et al., 2010). Changes in the relative abundance of alkenones 

with a different degree of unsaturation are commonly used to deduce 
past sea surface water temperature (Brassell et al., 1986; Prahl and 
Wakeham, 1987). 

The important observation in the Lokbatan record is that alkenones 
suddenly appear and prevail in the succession starting at 643 m, 2.08 Ma 
(Fig. 5B). The relative abundances of the C37, C38 and C39 alkenones 
(Fig. 4B) mimic those of laboratory cultures of Gephyrocapsa oceanica 
(Sawada et al., 1996) where C38 alkenones dominate or are equal to the 
C37 alkenones while in general, the abundance of G. oceanica tends to 
increase progressively from the open ocean to the coast line (Sawada 
et al., 1996). However, both C37:2 and C38:2 alkenones dominate the 
record of Lokbatan. The relative abundance of the C39:2 alkenone is 
higher than observed in open marine settings and similar to what has 
been found in the Black Sea (Huang et al., 2021) and in highly alkaline 
lakes (Thiel et al., 1997). However, whereas high alkalinity lakes show a 
dominant C37:4 alkenone, this compound is absent in the Lokbatan re
cord. The relative alkenone distribution does not correspond to present- 
day open marine settings but shows influence of more coastal settings 
where C37:2 and C38:2 have similar contribution. 

The relative abundances of C37, C38 and C39 are constant throughout 
the record for the entire sampled Apsheronian (Fig. 4B). Because of the 
unknown alkenone producer(s), we refrain from calculating tempera
tures based on the UK’

37 index. In Lokbatan the C37:2 is dominant, but 
still appreciable amounts of C37:3 were detected, more in line with a 
haptophyte origin and relative medium-warm but not hot temperatures. 
The single level at 531 m, 2.70 Ma is at odds, showing an unusual 
relative distribution with a strong C38 dominance (Fig. 4E). 

The δ2H values of alkenones principally reflect the δ2H of the 
ambient water (Englebrecht and Sachs, 2005; Paul, 2002) although δ2H 
values are also influenced by the salinity, growth rate (Schouten et al., 
2005) and possibly irradiance (Pagani, 2002). δ2Halkenone values may 
therefore be used as proxy to reconstruct δ2Hwater (Englebrecht and 
Sachs, 2005; Schouten et al., 2005; Paul, 2002; Schwab and Sachs, 2011; 
Weiss et al., 2019). δ2H measured on alkenones produced in the present 
day oceans range from approximately − 181‰ in the warm Sargasso Sea 
(at 31◦ N; Englebrecht and Sachs, 2005) to approximately − 200‰ in 
temperate Chesapeake Bay (at 43◦ N; Schwab and Sachs, 2011). In the 
Black Sea, δ2Halkenone values today are approximately − 225‰ signifi
cantly lower than the global oceans at the same latitude, most likely 
because of the influence of an important fresh water input (van der Meer 
et al., 2008). 

The results from Lokbatan show that the hydrogen isotopic compo
sition of the C37 alkenones (δ2HC37alkenone varies by only 21‰ (Table 1; 
Fig. 5B). Low δ2HC37alkenone values (− 214‰) and more isotopic contrast 
are observed for δ2HC38alkenone (− 38‰). The lowest value of − 214‰ 
(699 m, 1.97 Ma) is identical to δ2HC38alkenone in the Black Sea over the 
past 3000 years (van der Meer et al., 2008) suggesting that potential 
early Pleistocene (Apsheronian) connectivity of the Caspian Basin to 
open marine settings may have been similar to the present-day Black 
Sea–Mediterranean Sea connection. Irrespective of the applied rela
tionship between the δ2Hwater and δ2Halkenone (Englebrecht and Sachs, 
2005; Schouten et al., 2005), the alkenone occurrence alone indicates a 
fast switch of Caspian Sea hydrology at the time of their first appearance 
at 643 m (2.08 Ma). The relative contribution of the alkenone and the 
similarity of δ2Halkenones to the Black Sea (e.g., Huang et al., 2021) hint 
for a Black Sea–Caspian Sea connectivity as a mechanism for the alke
none producers influx. 

5.3. The Lokbatan MAT’, BIT and pH’ 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are 
important biomarkers to reconstruct continental paleoenvironmental 
conditions (e.g., Weijers et al., 2007a; Peterse et al., 2012; Inglis et al., 
2017). These lipids occur widely in soils and peats (e.g., Weijers et al., 
2006; Weijers et al., 2007a; Peterse et al., 2012; Naafs et al., 2017) and 
can be also produced in rivers and lakes (e.g., Tierney and Russell, 2009; 

Table 3 
MAT’, pH’ and BIT estimates on Lokbatan section.  

Sample 
code 

Stratigraphic 
Level (m) 

Age 
(Ma) 

MAT’ ( 
Peterse 
et al., 
2012) 

pH’ ( 
Peterse 
et al., 
2012) 

BIT ( 
Hopmans 
et al., 2004) 

UA 79 258.0 3.59 21.3 7.9 0.83 
UA 76 271.5 3.57 21.2 7.7 0.86 
UA 47 332.5 3.49 14.1 7.5 0.85 
UA 40 357.0 3.46 20.7 7.9 0.86 
UA 36 373.0 3.44 26.8 7.9 0.76 
UA 23 414.5 3.39 19.0 6.9 0.31 
UA 19 426.5 3.37 20.5 7.6 0.89 
UP 01 493.5 3.28 12.5 7.6 0.85 
UP 04 505.5 3.27 9.2 7.4 0.94 
UP 08 522.0 2.91 20.4 7.6 0.97 
UP 11 532.5 2.66 4.6 6.9 0.60 
UP 12 534.0 2.63 12.5 7.7 0.84 
UP 15 551.0 2.41 4.3 7.0 0.38 
UP 15_2 551.0 2.41 4.8 7.0 0.42 
UP 16 554.5 2.39 7.9 7.4 0.40 
UP 17 556.5 2.38 4.6 6.9 0.57 
UP 18 558.2 2.38 7.7 7.3 0.22 
UP 19 560.0 2.37 8.6 7.2 0.20 
UP 19_2 560.0 2.37 9.3 7.2 0.27 
UP 20 561.5 2.36 8.6 7.3 0.18 
UP 22 565.5 2.35 5.9 7.5 0.49 
UP 35 600.5 2.20 11.8 7.7 0.34 
UP 42 619.0 2.13 8.5 7.4 0.21 
UV 01 626.5 2.11 15.8 6.9 0.71 
UV 05 629.5 2.10 14.1 7.1 0.59 
UV 09 633.0 2.10 12.1 7.1 0.50 
UV 13 636.0 2.09 12.6 7.4 0.35 
UV 17 643.0 2.08 12.9 7.2 0.58 
UV 22 657.5 2.05 10.8 6.8 0.69 
UV 34 682.5 2.00 16.9 7.1 0.96 
UV 51 699.0 1.97 18.0 7.2 0.82 
UV 62 708.0 1.95 17.6 7.1 0.60 
UV 65 711.0 1.94 14.5 7.3 0.44 
UV 70 715.0 1.93 8.3 7.5 0.29  
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Liu et al., 2014; Dong et al., 2015; Weber et al., 2018). Although iden
tifying the organisms producing brGDGTs has proven challenging, 
brGDGTs are likely to be membrane lipids derived from heterotrophic 
bacteria (Oppermann et al., 2010; Huguet et al., 2013). Certain cultured 
Acidobacteria have been found to produce the tetra-methylated brGDGT 
Ia (Sinninghe Damsté et al., 2011). Nevertheless, other bacterial strains 
synthesizing brGDGTs cannot be excluded and the exact source organ
isms for the brGDGTs remain to be defined. 

The most important element of the Lokbatan MAT’ record is the 
marked cooling trend over the transition between the Pliocene and 
Pleistocene (Fig. 5C), from ca. 21 ◦C (UP 08 at 522 m, 2.91 Ma) to ca. 
7 ◦C (UP 20 at 561 m, 2.36 Ma). This cooling is accompanied by a 
sudden, sharp shift in the BIT index from 0.9 to 0.3, indicating a change 
from a clear soil to more aquatic origin of the organic matter input into 
the basin (Fig. 5D). Throughout the Akchagylian interval, the MAT’ 
values increase up to ~13 ◦C and a change towards more aquatic 
contribution of the organic matter is indicated by BIT index with 
significantly lower values (~0.5) than the Productive Series (close to 1). 
The warming trend continues throughout the Apsheronian, with MAT’ 
values increasing to 17 ◦C (Fig. 5C). The BIT index increases to 0.9 at 
level 680 m, 2.00 Ma, values typical for high contribution of continental 
derived organic matter indicate the proximity of the shore line. Then BIT 
suddenly drops to a minimum value of 0.29, which is typical for a more 
aquatic contribution of the organic matter. 

The MAT’ estimates vary around an average of ~17.3 ◦C (displaying 
a large variation of ±6) for the Productive Series and are typically higher 
compared to the average present-day values of 14 ◦C for the western 
coast of the Caspian Sea at the current location of Lokbatan. Conversely, 
MAT’ estimates in the Akchagylian cluster around 7.2 ◦C, some 7 ◦C 
lower than present day values. During the Apsheronian MAT’ values 
attain values very close to the present-day MAT of 14 ◦C. These values 
match the only available time-equivalent (ca. 2 Ma) pollen-based MAT 
in the region (Armenia; Bruch and Gabrielyan, 2002) with temperatures 
fluctuating around 13 ◦C. Bearing in mind there are large root mean 
square errors (RMSE) on absolute MBT’/CBT- derived MAT’ re
constructions on the order of 5 ◦C (Peterse et al., 2012), we especially 
consider the relative trends in our records important. The MAT values 
are to be considered with caution under the assumption that large 
changes are expected for the ~1.7 Myr studied interval (e.g., Vasiliev 
et al., 2020). 

Since the brGDGTs (the biomarkers used for the reconstructed MAT’, 
BIT and pH’) are dominantly generated in soils around the basin, the 
changes and areal extent of the Caspian Sea catchment becomes 
important in our interpretation. At present, the Volga River is the 
dominant fresh water source (82%) for the Caspian Sea and drains re
gions where MAT is frequently below 4 ◦C (Atlas of the Biosphere). 
However, during the Plio-Pleistocene transition, the Volga paleo-delta 
and the contemporaneous northern coastline lay over 1000 km north 
of the study location (Popov et al., 2006). 

The reconstructed pH’ values indicate a generally decreasing trend 
throughout the section. Although the pH’ shows substantial variation, 
the calculated values indicate neutral to highly alkaline soils, typical for 
dry regions like the present day location of Lokbatan in Azerbaijan. The 
reconstructed pH’ values describe essentially alkaline paleosoils as 
source in the ~1.7 Myr covered in the Lokbatan section. The results are 
similar to the present situation with the Caspian Sea surrounded by areas 
covered almost exclusively by alkaline soils vegetated by steppe (with 
precipitation less than 350 mm/year) or even occupied by semi-deserts, 
especially to the east of the Caspian Sea. The only exception is the 
Caucasus region that has mildly acidic soils, hosting the forested areas in 
the high altitude regions (Atlas of the Biosphere). 

6. Plio-Pleistocene paleoenvironmental changes in the Caspian 
Basin 

Sustained and coordinated efforts led to refined age models for the 

Pliocene to Pleistocene regional stage boundaries in the easternmost 
part of the Paratethys. The resulting age model has led to a better un
derstanding of the timing of events that affected the Caspian Basin (van 
Baak et al., 2013; van Baak et al., 2019; Krijgsman et al., 2019; Lazarev 
et al., 2019; Hoyle et al., 2020; Hoyle et al., 2021; Lazarev et al., 2021). 
Based on combined magnetostratigraphy, biostratigraphy and 40Ar/39Ar 
dating of multiple sections in Azerbaijan, age estimates of the regional 
Caspian stages have been revised: Productive Series− Akchagylian 
boundary is dated at 2.95 ± 0.02 Ma (Lazarev et al., 2021) and the 
Akchagylian− Apsheronian boundary is dated at ~2.13 Ma (Lazarev 
et al., 2019; Hoyle et al., 2020). In the following part we will present and 
discuss the paleoclimate changes identified from our biomarker research 
within this framework. 

6.1. Dry and warm climate in the Caspian Sea region during the 
deposition of the Upper Productive Series (ca. 3.6 Ma to ca. 2.95 Ma) 

During the deposition of the Productive Series, covering most of the 
Pliocene, the Caspian Sea basin was at its lowest areal extent (Figs. 2C, 
6C). A lake-level lowstand was initiated around 5.3 Ma and is marked by 
the deposition of a sequence of interbedded and regionally continuous 
lacustrine mudstones and fluvio-deltaic sandstones that form the main 
hydrocarbon reservoirs in the South Caspian region (Aliyeva, 2005; 
Kroonenberg et al., 2005; Vincent et al., 2010; Jorissen et al., 2019). The 
deposition of the Productive Series largely overlaps with the so-called 
Northern Arabian Desert Climax (5.59 and 3.3 Ma), when prolonged 
hyperaridity characterised the Arabian Peninsula (Böhme et al., 2021). 
Our δ2HC29n-alkanes support the idea of significantly drier conditions 
during the deposition of the lower part of the Lokbatan section. Con
verting δ2HC29n-alkanes into δ2Hprecipitation using Sachse et al. (2006) 
provides δ2Hprecipitation values consistent with present-day δ2Hprecipitation 
values of dry regions (e.g., Eastern Mediterranean; Fig. 1). Furthermore, 
our data from the Productive Series indicate that the decreasing δ2HC29n- 

alkanes values (reflecting δ2Hprecipitation) were concomitant with temper
ature decrease as depicted in the MAT’ record (Fig. 5C). Additionally, 
the BIT index of the Productive Series suggests a dominantly terrestrial 
input of organic matter in line with a lake-level low stand and proximity 
to the sediment source. The soil pH estimates indicate alkaline soils 
(exclusively developed in dry condition) around this part of the Caspian 
Basin, in line with the hyperaridity recorded for the 5.59 and 3.3 Ma 
interval in the neighboring Arabian Peninsula (Böhme et al., 2021). Our 
biomarker data cannot verify the hypothesis that the Akchagylian 
transgression began as a freshwater event (Richards et al., 2021; Lazarev 
et al., 2021) due to the lack of samples from this particular interval. The 
only sample of the fresh water Akchagylian (UP 08 at 2. 91 Ma)shows a 
20.4 ◦C peak in the MAT curve (Fig. 5). The sole presence of atypical 
alkenones at 531 m, 2.70 Ma in the Lokbatan section indicates a short 
influx of ‘different’ water source in the Caspian Sea. This level coincides 
with an overall low in pollen abundance followed by the largest peak in 
the pollen abundance (Hoyle et al., 2020). Dinoflagellates of the same 
samples indicate increased salinity interpreted as a marine ingression 
(Hoyle et al., 2020), starting at the peak of the MIS G7 interglacial (529 
m), only two meters below UP 10 (at 531 m, Fig. 5), where the solitary 
level with the atypical relative alkenones distribution (i.e., dominance of 
C38) appears. 

6.2. Regional cooling through Arctic Ocean influx as part of the 
Akchagylian marine incursion 

The Akchagylian transgression ended the deposition of the Produc
tive Series and increased the areal size of the Caspian Sea five-fold 
(Figs. 2B, 6B) (Nevesskaya and Trubikhin, 1984; Popov et al., 2006; 
Green et al., 2009; Lazarev et al., 2021). Based on the presence of 
freshwater algae and ostracods in the post-transgressive lower Akcha
gylian, it seems that the Akchagylian transgression began as a fresh
water event with minimal marine influence (Richards et al., 2018, 2021; 
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Hoyle et al., 2021). The sudden rise of the water level was explained as a 
result of increased atmospheric precipitation over the North Caspian 
catchment area linked to intensification of the Atlantic Ocean thermo
haline circulation (Bartoli et al., 2005; Lazarev et al., 2021). 

The following Akchagylian marine incursion was characterised by an 
influx of new marine biotic elements with calcareous benthic forami
nifera, including species of Cassidulina sp. and Cibicides sp. and dinocysts 
(Operculodinium and Algidasphaeridium cf. capillatum), although the 
location and size of the connecting corridor to the open ocean are still 
unclear (Richards et al., 2018; Krijgsman et al., 2019;Van Baak et al., 
2019).The most recent micropalaeontologic and palynologic studies 
conclude that these biotic assemblages were most probably derived from 
the Arctic Ocean, and entered the Caspian Sea via a northern seaway 
connection (Richards et al., 2018; Hoyle et al., 2021). 

The timing of this Caspian-Arctic connection coincides with the 
intensification of the Northern Hemisphere Glaciations at ~2.75 Ma 
(Lawrence et al., 2009; De Schepper et al., 2014) and the connection was 
potentially established due to isostatic loading of large ice sheets (van 
Baak et al., 2019). Two possible options for the location of this 
connection have been proposed: one possible pathway is via the Volga 
River as Arctic Ocean water reaches the Volga catchment, which extends 
northwards to 60◦ N. The second potential pathway is east of the Ural 
Mountains into the Aral Sea (part of the Caspian Sea during the early 
Pleistocene) (Richards et al., 2021). This pathway is on the lowest water 
divide between the West Siberian Plain and the Aral Sea at only 50 m 
above global sea level (Astakhov, 2006) tracking the Turgay pass, the 
Paleogene gateway connecting the Arctic Ocean and the Tethys Ocean 
(Akhmetiev et al., 2012). 

The biostratigraphic results of the Lokbatan section confirm that an 
important transgressive phase marks the onset of the Akchagylian 
(Fig. 3). The only sample (UP082.91 Ma) taken from the lowermost 
freshwater/low brackish water post-transgressive Akchagylian interval 
(520–529 m) contains no microfauna. This is in line with previous 
palynological and micropalaeontological data from Lokbatan and 
neighboring Jeirankechmez and Babazanan sections where only rare 
freshwater algae Botryococcus and the euryhaline ostracod Cyprideis spp. 
were detected. Within the so-called marine Akchagylian (529–541 m, 
2.75–2.45 Ma) a completely different microfauna was documented by 
the sudden appearance of euryhaline foraminifera at 527 m (2.8 Ma) and 
532.5 m (2.66 Ma) in the section. Importantly, these specific levels also 
show the sole presence of atypical, C38 dominated alkenones at 531 m 
(2.70 Ma, sample UP 10; Fig. 4E). Peak marine conditions (documented 
in the nearby Jeirankechmez section ~30 km southeast of Lokbatan) 
occurred between 2.5 and 2.6 Ma (van Baak et al., 2019). Our biomarker 
data support the influx of Arctic Ocean waters since the lowest MAT 
values in Lokbatan are concomitant with the Akchagylian marine 
incursion (Figs. 5C, 6B). At this level the sudden drop of the BIT index to 
values typical for organic matter from distal sources is in line with 
transgression, indicating a dominance of isoprenoidal GDGTs at the 
expense of the primarily terrestrially-derived, branched GDGTs. 

In addition, the lowest δ2HC29n-alkanes values in the Lokbatan record 
at 558.5 m (2.38 Ma) coincide with the lowest MAT’ and a sharp change 
in BIT values towards a more dominant aquatic source of organic matter 
(Fig. 5). These observations indicate that after the sustained cooling 
trend that culminated in the Akchagylian, the Caspian basin was 
invaded by marine waters (i.e., marine biota occurrence). Importantly, 
our new data indicate that the Akchagylian water source was originating 
from cold regions and may have generated a massive cooling of the 
entire land mass around the Caspian Basin (Fig. 6B). 

6.3. Water exchange with the Black Sea at the Akchagylian – 
Apsheronian transition 

During the Apsheronian time (2.13 to 0.85 Ma) the areal extent of the 
Caspian Basin diminished compared to the preceding Akchagylian stage 
(Figs. 2A, 6A). Apsheronian deposits almost everywhere conformably 

overlie Akchagylian deposits (Sidnev, 1985; Alizadeh and Aliyeva, 
2016). Most of the Akchagylian ostracod species continue into the 
Apsheronian. In the top part of the Akchagylian (616.5 m) the first 
common occurrences (FCO) of Tyrrhenocythere species are found: Tyr
rhenocythere bailovi (Livental) and Tyrrhenocythere azerbaijanica (Liven
tal) (Fig. 3). These two species become more abundant at 660 m/2.05 
Ma. They develop further during the Apsheronian and are also frequent 
in recent sediments of the Black Sea and Caspian Sea (Gofman, 1966; 
van Baak et al., 2013). 

Our biomarker data from Lokbatan show that the influx of alkenones 
with a marine-like C37alkenone-dominant relative contribution (at 643 m, 
2.08 Ma) slightly postdates the FCO of Tyrrhenocythere species (at 616.5 
m, 2.13 Ma; Figs. 5, 6). We propose that these Black Sea ostracod species 
entered the Caspian Sea together with the first alkenone producers (at 
643 m, 2.08 Ma) suggesting a water exchange between the Black Sea and 
Caspian Sea. Questions arise on the apparent delay (26.5 m of section) of 
the alkenone producers. Similar delay has been previously observed in 
the faunal record of the Hajigabul section (Kura Basin). There, the 
Apsheronian begins at 2.13 Ma with oligohaline microfauna and a few 
indicative mollusc species of Apscheronia sp. and Monodacna sp. (Laz
arev et al., 2019). Nevertheless, the major faunal influx with diverse 
mesohaline fauna of ostracods and foraminifera occurs slightly later, at 
2.1 Ma and lasted until 2.0 Ma. Interesting similarities exist when 
comparing the Apsheronian connection event to the most recent 
reconnection of the Black Sea to the ocean via the Mediterranean Sea 
after the Last Glacial Maximum. A seawater connection across the 
shallow sill of the Bosphorus became permanently established no later 
than 7.150 years ago transforming the former Black Sea lake into a sea 
(van der Meer et al., 2008). However, the coccolithophorid Emiliania 
huxleyi invaded the Black Sea only ~2720 years ago (Jones and Gagnon, 
1994). This delayed invasion has been attributed to salinity levels rising 
above 7.7 only later (Schulz et al., 2000), allowing E. huxleyi to thrive 
since this alkenone producer has not been reported to occur at salinities 
below such values (Bukry, 1974). A similar situation can be envisaged 
for the Black Sea – Caspian Sea connection that brought the Tyr
rhenocythere genus into the Caspian Sea. Only when salinity levels of the 
of the Caspian domain rose to a certain value could alkenone producers 
radiate and flourish. Support for this hypothesis is provided by the δ2H 
record: the average Pleistocene δ2Hwater of the Caspian Sea recorded at 
Lokbatan (− 190‰) is similar to the δ2H of the Black Sea ~2720 years 
ago (− 202‰) appropriate salinity was attained through a functional 
connection to the Mediterranean ultimately allowing alkenone- 
producing algae to thrive. The exact alkenone producer in the Caspian 
Sea observed at ~2.13 Ma is not known. The closest similarity is once 
again the Black Sea during the transition between the last glacial 
maximum to Holocene when re-connection to the Mediterranean Sea 
occurred. Huang et al. (2021) demonstrated that, in the Black Sea, when 
surface water salinity declined significantly, Group II Isochrysidales 
become the dominant alkenone producer while during the more saline 
phases E. huxleyi was the main producer. 

Alkenones, their relative distribution and their hydrogen isotope 
ratios provide further support that Black Sea waters reached the Caspian 
Sea at ~2.13 Ma. Alkenones appear after a ten-meter-thick anoxic layer 
(605–615 m) that marks a sharp change in water column oxygenation, 
most probably provoked by contrasting characteristics of the water mass 
(i.e., temperature and salinity) that reached the Caspian Sea. This influx 
also introduced the coccolithophorids which are the specific algae pro
ducing alkenones. It is noteworthy that in the present day Caspian Sea 
no alkenones are mentioned while such biomarkers are ubiquitous in the 
slightly higher saline Black Sea. The data presented here is also the first 
documentation of these components in the sedimentary succession of 
the Caspian Sea adding to the earlier identification of these components 
in the Black Sea (Vasiliev et al., 2013, 2015, 2019), both parts of the 
older Paratethys Sea. Furthermore, on the basis of the alkenone presence 
in the sedimentary rocks of Lokbatan and the ostracod assemblages we 
could further convey that the Caspian Sea was connected with the Black 
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Sea and potentially even to the Mediterranean at ~2.13 Ma. 

6.4. The Caspian Sea as a transient long-term moisture source for Central 
Asia 

At present, the Caspian Sea is an important source of moisture for the 
continental interior of inner Asia and westerlies precipitation transport 
has been an important element in central Asian hydroclimate over large 
parts of the Cenozoic (Caves et al., 2015). In Oligocene to Miocene times, 
however, the Caspian Basin was part of the much larger Paratethys, an 
epicontinental sea that controlled the sedimentation in the region, and 
modulated the climate and moist availability of the inner part of Eurasia 
for tens of millions of years (Ramstein et al., 1997). Paratethys retreat is 
considered to have determined rearrangements of the climate zones. The 
African summer monsoon was drastically weakened by the 
Mediterranean-Paratethys shrinkage during the Tortonian (11.61–7.25 
Ma), allowing arid, desert conditions to expand across North Africa 
(Zhang et al., 2014). Not only did the Mediterranean-Paratethys 
shrinkage alter the mean climate of the region, it also enhanced the 
sensitivity of the African monsoon to orbital forcing, which subse
quently became the major driver of the extent of the Sahara Desert 
(Zhang et al., 2014). Climate simulations for the early Pliocene (5–4 Ma) 
indicate dryer-than-present midlatitudes in the northern hemisphere 
(Burls and Fedorov, 2017) whereas models of the late Pliocene (3 Ma) 
reveal increased humidity in northern midlatitudes (Colleoni et al., 
2015). However, no specific paleoclimate simulation exists to grasp the 
role of the Paratethys (i.e., Pontocaspian domain) for the Pliocene to 
Pleistocene transition, the crucial time interval when the Caspian Basin 
recorded its last major transgression, just before the intensification of 
Northern Hemisphere glaciation. After ~2.95 Ma, the Paratethys 
reached its maximum extent in the east (Fig. 2B), regaining the area of 
the present-day Aral Lake and its drainage basin and further occupying 
large parts of the northern Russia (Popov et al., 2010). The subsequent 
decrease in basin extent and the resulting decrease in potential evapo
rative moisture flux to the atmosphere coincide with a series of climate 
change events in Central Asia:  

1) Between 2.75 and 2.45 Ma, the maximum areal extent of the Caspian 
Basin was similar to that during the Miocene (Zhang et al., 2014), the 
time when the intertropical convergence zone migrated northwards 
by more than 200 in latitude over the Arabian Peninsula, inducing an 
increase in moisture availability. After the maximum extent at 
~2.7–2.6 Ma, the Paratethys retreated within the enclosed Caspian 
Sea, lower Volga and Black Sea boundaries (Fig. 2A). This retreat 
resulted in major rearrangements of regional moisture transport 
paths. Growing evidence indicate that westerly circulation affected 
moisture conditions in central East Asia, yet with variable intensity 
(Lu et al., 2019). Water vapour recycling and supply through west
erly sources would have been reduced with the shrinkage of Caspian 
Sea after the Akchagylian transgression.  

2) An abrupt intensification of aridification in the late Pliocene after 
~2.6 Ma (Lu and Guo, 2014) may have been triggered or enhanced 
by the termination of the highstand conditions during the Akcha
gylian in the Caspian Sea. Mammal assemblages from central east 
Asia indicate an adaptation to cold and dry conditions during the late 
Pliocene already, while a dry-steppe environment developed from 
the early Pleistocene.  

3) The accumulation of loess deposits in the northeastern Iranian 
Golestan Province at ~2.4 Ma suggests that an arid environment had 
formed in the dust source regions, such as the Karakum Desert and 
the Caspian Lowland, during the early Pleistocene. This remarkable 
early Pleistocene aridification in western Arid Central Asia is broadly 
consistent with the onset of aridification in Arid Central Asia 
(Dodonov, 1991) such as the expansion of the Taklimakan Desert in 
northwestern China (Sun et al., 2011). 

Shrinkage of the Caspian Basin may have influenced the vapour 
availability carried by westerlies towards western and central Asia and 
led to the loss of its thermal regulator role. Yet, determining the 
importance of the regional sea retreat during the Pleistocene needs 
equivalent proxy records to quantify and qualify the changes in tem
perature and the impact on moisture availability around the Caspian Sea 
Basin. 

7. Conclusions 

The Plio-Pleistocene biomarker based proxies data from the Caspian 
Basin presented here provide independent arguments for a sequence of 
important rearrangements in Eurasian hydrology around the 
Pleistocene-Pliocene boundary:  

1) The large variation (~55‰) recorded in the δ2H of terrestrial plant 
wax long chain n-alkanes indicates significant continental hydro
logical changes, in the Caspian Basin catchment over the 1.7 Myr 
sampled interval.  

2) Decreasing δ2HC29n-alkanes values (corresponding to δ2Hprecipitation) 
during the deposition of the Productive Series (~5–3.2 Ma) were 
provoked by the concomitant temperature decrease as depicted in 
our MAT’ record. It is a time interval of pronounced aridity in the 
neighboring Arabian Peninsula and, considering the trajectory of the 
present day precipitation transport, the reduced areal extent of 
Caspian Basin at that time could have been a crucial factor in causing 
reduced moisture availability in the region.  

3) Age-equivalent MAT’ and BIT data show that, at ~2.75 Ma, during 
the so-called Akchagylian salinity incursion, an influx of marine 
biota into the Caspian Basin originated from a cold region of the open 
ocean, in line with flooding from the Arctic ocean that generated a 
massive cooling of the entire land mass around it.  

4) A change towards constant δ2Hn-alkane (i.e., δ2Hprecipitation) and δ13Cn- 

alkane (typical for the current dominant C3 plant contribution) cor
relates with the appearance of Tyrrhenocythere ostracods (Black Sea 
fauna) in the Caspian Basin. The calculated δ2Hprecipitation suggest a 
strongly similar precipitation source as in the present day Caspian 
Sea region from the connectivity event at 2.13 Ma.  

5) The invasion of Black Sea fauna at 2.13 Ma is shortly followed by the 
occurrence of alkenones in the Caspian Basin at ~2.1 Ma. The rela
tive distribution of alkenones and their δ2H combined with changes 
in ostracod assemblages form a strong support for a connection of the 
Caspian Basin with a saline basin, most likely the Black Sea, estab
lished at~2.13 Ma, at the onset of the Apsheronian stage. 
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138–154. https://doi.org/10.1016/j.orggeochem.2018.03.007. 

Weijers, J.W.H., Schouten, S., Spaargaren, O.C., Sinninghe Damsté, J.S., 2006. 
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