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Abstract

:

Lithostratigraphy and isotopes of Paleogene sequences consisting mainly of terrestrial clastics and limestone were examined in the northern Fergana Basin of Uzbekistan. The studied sections consisted of two facies: the lower sequence coarse-grained terrestrial clastics and the upper sequence limestone clastics characterized by limestone beds. The sulfur isotopic composition of the bivalve obtained from the lower sequence was relatively low, namely, 14.94–16.82‰, which is equivalent to the Early Cretaceous; however, it is possible that the isotopic composition differed from that obtained in open seawater due to the presence of terrestrial clastics and the freshwater effect. In contrast, the sulfur isotopic composition of limestone from the upper sequence was relatively high, namely, 19.37–21.19‰, thereby indicating that they were likely to originate from the Early to Middle Eocene. Furthermore, the strontium isotopic compositions of the lower and upper sequences were 0.707772–0.707875‰ and 0.707812–0.708063‰, respectively. These values are more similar to those of the Paleogene than the Cretaceous. Finally, lithostratigraphy and age determination allowed us to correlate the upper sequence with representative limestone from the fourth transgression of the proto-Paratethys Sea, whilst the limestone beds were deduced to be remnants of the Eocene marine incursion of the proto-Paratethys Sea.
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1. Introduction


The Fergana Basin is among the largest intermountain depressions of the southwest Tien Shan Mountains and is located between the northern Chatkal range and the southern Alai range. In addition, it is separated from the Central Tien Shan by the Fergana Range in the east (Figure 1A,B). To record the spread of the proto-Paratethys Sea in Central Asia, in addition to monitoring the tectonic spread after the collision with the Indian subcontinent, the Mesozoic–Cenozoic sediments distributed in the Fergana Basin have been studied, as have the sediments of the Afghan–Tajik and Tarim basins. In particular, from the Mesozoic to the Early Cenozoic, the sedimentary sequences recorded for the three basins indicate the repeated deposition of terrestrial and marine sediments, and thus, were interpreted as recording the transgression and regression of the proto-Paratethys Sea [1,2,3].



The Fergana Basin, which was the focus of this study, is surrounded by the Chatkal Range, Alai Range, and Talas–Fergana Fault on the northern, southern, and eastern sides, respectively, and has a unique triangular shape, as shown in Figure 1B. Although several studies focused on the sedimentary rocks of the Afghan–Tajik and Tarim basins, and the stratigraphic concepts of the Mesozoic and Cenozoic were established, such detailed studies have yet to be established for the Fergana Basin.



Indeed, previous studies that focused on the Fergana Basin focused mainly on the southern part of the basin, where the natural resources were of particular interest [5,6,7,8,9,10]. In addition, several geochronological issues remained unresolved, and to date, the Mesozoic deposits of the northern part remain undifferentiated. Furthermore, some studies [6,7,8] suggested the existence of Triassic and Jurassic sediments at the base of the northern part, while a more recent study [11,12] identified deposits originating from the Lower Cretaceous Aptian–Albian and all stages of the Upper Cretaceous in the north of the basin. It should be noted that these studies were performed by the stratigraphers of the Geological Survey of Uzbekistan between 2007 and 2012, and the age determination of the sequences was based on biostratigraphy. In addition, during these studies, fossils such as foraminifers and mollusks were identified, which suggested the existence of all Cretaceous sediments in the northern part of the basin. However, no columnar sections or identified fossils were illustrated in the reports, and thus, it is not possible to carry out an accurate comparison or verification of the results. As such, we considered it necessary to fully describe and illustrate these columnar sections and fossils to perform a geological correlation with the Afghan–Tajik and Tarim Basins.



Thus, we herein report our investigation and examination of the Cretaceous–Paleogene strata in the northern part of the Fergana Basin, which was carried out in 2017 and 2018. The study area is located in the northern part of the Fergana Basin at the southern foothills of the Chatkal Range close to Chust City and corresponds to a range of approximately 10 km from the southwest to the northeast. Four sections were chosen for the study, and these were located close to the Gava province, the Varzyk province, and the Karabulak water dam (Figure 2). Furthermore, we describe the lithology based on the field and microscopic observations and report the results of the geological age determined using sulfur and strontium isotope analyses.




2. Geological Settings


The Fergana Basin is bounded by thrust faults in the North Fergana Fault (NFF) and the South Fergana Fault (SFF), bordering the Chatkal Range in the north and the Alai Range in the south. The northeast side of the basin is bounded by the Talas–Fergana Fault (TFF) of the dextral strike-slip fault (Figure 1A,B). These faults were caused by a collision with the Eurasian continent and the Indian subcontinent owing to the northward movement of the latter after the Eocene [13,14]. It was proposed that the basin formed owing to late Paleozoic–early Mesozoic (Permian to Triassic) rifting of the Paleozoic basement, and mainly Permian–Early Triassic volcanic rocks, Jurassic coal facies, and Early Cretaceous continental deposits filled the depression basin [3,11,12,15].



In the northern Fergana Basin, the study area is predominantly occupied by Permian igneous rocks, Triassic continental deposits, Cretaceous to Paleogene sedimentary rocks, and Quaternary sediments (Figure 2). Mesozoic-to-Quaternary sedimentary rocks and sediments trend approximately east–west and dip to the south. The Permian rocks are represented by granodiorite, alkaline basalt, and gabbro, and the absolute ages of these rocks are 299 ± 16 Ma for granodiorite and 252 ± 13 Ma for alkaline basalt, according to previously reported radiometric measurements [16]. Only continental Lower Triassic sediments were detected, and these unconformably overlie Permian igneous rocks; however, the Middle and Upper Triassic sediments are missing [8,10]. Jurassic coal-bearing formations are distributed in the northern Tash-Kumyr region of the Kyrgyz Republic, with interbeds of sandstone and shale containing the lenses of lacustrine bauxites and bauxite rocks in the south [11,12,17,18]. The deposition of the coal-bearing facies ends with the development of the Upper Jurassic and Lower Cretaceous red beds. Previously reported stratigraphic and sedimentological analyses of the areas adjacent to the Fergana Basin, such as the Tash-Kumyr, Kalaza, Tarim, and Junggar areas [3], suggest that the tectonic activities continued during the Jurassic and Cretaceous transition and that the change in sedimentary facies from sandy to conglomeratic deposits was highly linked with the expansion of the arid climate. At the northern edges of the basin, Jurassic deposits are represented by purple-to-dark-red conglomerates, and Cretaceous deposits containing oyster beds were also identified [6].



In almost all sections of the basin, the Paleogene deposits are strongly deformed owing to the tectonic activities of the Cenozoic orogeny. The main factor causing such deformation has been identified as the activity of the Talas–Fergana Fault after the rapid exhumation event at 25 Ma, which took place at the northwest Tien Shan due to the collision of the Indian subcontinent with Eurasia; this process began at approximately 50 Ma and continues to this day [18]. As a result, the activity of the Talas–Fergana Fault and the northward compression of the Pamir Range reshaped the basin and caused a counter-clockwise rotation of the northwestern edges (Figure 1B).




3. Samples and Analytical Methods


3.1. Sampling


Bivalve fossil shells (56 samples) and limestone rock samples (3 samples) were collected from the four studied sections. A list of the collected samples is given in Table 1, and the sample collection level for each section is shown in Figure 3.




3.2. Sample Preparation for S Isotope Analyses


All samples were cleaned to avoid contamination, and only the clean shell parts of the fossils and silica-free limestones were separated and powdered using an agate mortar for sulfur (S) isotope analysis. The powdered samples (0.35–1.88 g) were processed according to a modified literature procedure [19]. More specifically, the powdered samples were subjected to leaching with a 30% H2O2 solution at room temperature (~25 °C) for 24 h and then at 50 °C for 24 h. This step was necessary to remove any organic sulfur or sulfide compounds that were present since these compounds are vulnerable to oxidation. The residual sample powder was then carefully rinsed with deionized water and subjected to leaching with a 10% NaCl solution for 24 h to remove sulfates, including any adsorbed evaporitic calcium sulfate or other sulfates generated from sulfide oxidation. After carefully rinsing with deionized water, the residual sample powder was dissolved in a 6 M HCl solution. The dissolved sulfates were precipitated as BaSO4 via the addition of a BaCl2 solution after adjusting the pH to 2–3 using a 6 M KOH solution. Finally, the BaSO4 precipitate was filtered using a membrane filter with a 0.2 μm pore size. All procedures were performed under an inert (N2) atmosphere to prevent oxidation.




3.3. Sulfur Isotope Analysis of the BaSO4 Precipitates of the Carbonate-Associated Sulfate


The sulfur isotopic compositions of the BaSO4 precipitates were determined using a continuous-flow isotope ratio mass spectrometer (CF-IR-MS; ISOPRIME-EA; Isoprime Ltd., Manchester, UK) at the University of Tsukuba [19]. For this purpose, the BaSO4 precipitate (0.25 mg), corresponding to 30 μg of sulfur, was weighed in a 3.3 × 5 mm tin capsule, and V2O5 (300 μg, Nacalai Tesque, Inc., Kyoto, Japan) was added to promote complete combustion. Using an auto-sampler, the samples were introduced into a combustion/reduction quartz tube maintained at 1090 °C under a flow of helium gas (90 mL/min) and were then oxidized using an oxygen pulse. It should be noted here that the combustion/reduction tube contained tungstic trioxide and pure copper wires. The former promotes complete oxidation, while the latter removes excess oxygen and converts sulfur trioxide into sulfur dioxide. The water generated during the combustion reaction was removed using a magnesium perchlorate water trap.



The gases produced in the combustion/reduction tube were introduced with a continuous He flow into a quartz tube containing quartz wool maintained at 890 °C to minimize the oxygen isotope variation of SO2, which can occur via a SO2–SiO2 equilibrium reaction [20]. Sulfur dioxide and other gases, such as CO2 and N2, were separated via gas chromatography using a Ludi Swiss AG (Flawil, Switzerland) column (#99.0723.10) at 60 °C. The gases were introduced into the mass spectrometer through an open-split interface.



The sulfur isotopic compositions were expressed in terms of δ34S (‰) relative to the Vienna–Canyon Diablo Troilite (V-CDT) standard [21]. The results obtained using two International Atomic Energy Agency (IAEA) silver sulfide standards (IAEA-S-1, −0.3‰; IAEA-S-2, +21.80‰) [22] were compared to constrain the δ34S values. The isotopic compositions of sulfur were determined to a precision (1σ) of ±0.1‰ for 30 μg of sulfur. The precisions were determined based on a combination of the standard deviations obtained from repeated analyses of the samples and the standards [23]. Each sample was analyzed at least in triplicate.




3.4. Sr Isotope Analysis


Out of 59 samples, 9 were chosen for Sr isotope measurements, and Sr separation was performed at JAMSTEC according to a previously described method [24,25]. More specifically, the sample powders were leached using acetic acid to decompose the carbonate fraction. Strontium was then separated from the other elements using Eichrom Sr Spec resin. Subsequently, the Sr sample (100 ng) was loaded onto a single W filament together with a Ta activator, and the Sr isotopic ratios were measured in the static multi-collection mode using a Thermo Scientific TRITON thermal ionization mass spectrometer at the Kochi Core Center, as described previously [26]. Each measurement consisted of 140 cycles of 16.8 s integrations with 88Sr ion beams of 4 V. The instrumental mass fractionation was corrected to 86Sr/88Sr = 0.1194 using the exponential law. The baselines of the Faraday cup detectors were measured for 300 s immediately before each measurement. The average 87Sr/86Sr ratio of NIST SRM 987 was 0.710247 ± 0.000013 (2SD, n = 5), and the 87Sr/86Sr ratio of the target sample was corrected to 87Sr/86SrSRM 987 = 0.710248 [27] using this measured value.





4. Results


4.1. Lithological Descriptions of the Studied Sections


A laterally continuous limestone and clastic sequence covering 10 km was present in the northwestern Fergana Basin. The conspicuous sequence was composed of two or three limestone beds and intercalated fine-grained sandstone and red beds. This sequence could be observed at three localities, namely, Gava, Varzyk, and Karabulak, from west to east. The Gava section consisted of Gava-1, which was along the village road, and Gava-2, which was located approximately 500 m eastward (Figure 2). The Karabulak section corresponding to the type section is shown in Figure 3, and representative field photographs are presented in Figure 4 and Figure 5. Each section was treated here in terms of the lower sequence and the upper sequence (Figure 3). The field photographs of the remainder of the Gava and Varzyk sections are provided as supplementary materials (i.e., Figures S1 and S2).



4.1.1. Karabulak Section


This section was located at the southern bank of the water reservoir and the lower sequence was composed of coarse-grained clastics (Figure 2 and Figure 3). Its thickness was more than 15 m and the upper part comprised medium- and coarse-grained sandstone accompanied by sandy shell beds (Figure 4D). These sandy shell beds were developed in at least two stratigraphic levels with a 1 m interval. The presence of shell beds was remarkably different from the case of the limestone beds in the upper sequence. Microscopic observations showed that the sandy-shell bed consisted of quartz grains within a sparry calcite cement matrix. Plagioclase and calcite grains were also present as minor components, although monocrystalline quartz was predominant. These grains were medium- to coarse-grained, very angular to angular, and poorly sorted (Figure 6C,D). In addition, the lower part of the Karabulak section comprised a red bed that was approximately 8 m thick. The red bed contained characteristically reworked calcareous nodules (Figure 4E), which may have been of caliche origin. Thus, the red bed was classified as a paleosol [28].



As shown in Figure 3, the upper sequence was characterized by intercalated limestone beds and began with 15 m thick limestone, followed by 30 m thick mudstone and fine-grained sandstone with conglomeratic beds, and then 5 m thick limestone, in that order (Figure 5A). The two limestone beds of the upper sequence were rich in oyster shells and represent coquina shell beds. Microscopic observations showed that the lower limestone predominantly consisted of several fine-grained fragments of calcareous bioclasts, such as bivalve shells and corals, while the upper limestone was characterized by the presence of microoncoids, oolite grains, and bioclastic fragments (such as gastropods and bivalves) within a dusty matrix (Figure 6G,H). In addition, it should be noted here that the clastics were red in the lower part and yellowish-gray in the upper part, and thus, the transition from the red bed to the upper limestone could be distinctly observed (see Figure 5B). As depicted in Figure 5C, the crudely bedded red bed consisted of mudstone, in addition to some pebbles and cobbles, and it was overlain by a clast-supported conglomerate (Figure 5D). This conglomerate consisted of pebbles and cobbles and was subangular to subrounded clasts composed of fine-grained sandstone that was approximately 5 m in thickness. This conglomerate was also crudely bedded with fine-grained sandstone and was overlain by parallel laminated fine- to very fine-grained sandstone that was approximately 3 m thick (Figure 5E).



It should be noted here that the sandstone was characterized by the intercalation of a matrix-supported conglomerate in which burrows were developed (Figure 5F). More specifically, burrows developed in the 3 m thick fine-grained sandstone overlay the parallel-laminated sandstone unit. As shown in Figure 5F, the burrow density increased upward, and the burrow-containing sandstone was overlain by shell beds (Figure 4A) ranging from 10 cm to 1 m in thickness (Figure 4B). The accumulation of shells was found to be considerably dense (Figure 4C), and the total thickness of the shell bed was determined to be 5 m.



This sequence of red beds, conglomerates, burrow sandstone, laminated sandstone, and shell beds represented the main facies of the Cenozoic System in the northeastern Fergana Basin, thereby suggesting a transgressive sequence.




4.1.2. Varzyk Section


The lower sequence of the Varzyk section was composed of conglomerates, red-green beds, and fine-grained sandstone, in ascending order. As shown in Figure S1D, the total section of the lower sequence, approximately 30 m thick, was observed precisely, and the conglomerate consisted of rounded pebbles within a muddy matrix. In addition, the conglomerates were crudely stratified and were overlain by red-green beds composed mainly of mudstone (approximately 15 m thickness) and fine-grained sandstone. The red-green beds were composed mainly of mudstone. The sandstone bed sporadically yielded shell fossils (Figure S1E).



Two shell beds of limestone were present in the upper sequence of the Varzyk section, wherein both the lower and upper shell beds created ridges in the cuesta topography (Figure S1A). The red beds between the two shell beds were strongly weathered, and as a result, the relationship between the lower and upper shell beds could not be observed (Figure S2B). Indeed, the red beds were observed only along the artificially excavated trench (Figure S1C). Furthermore, the lower limestone was approximately 3 m thick, whereas the upper limestone was approximately 4 m thick. The stratigraphic gap between the two limestone beds was estimated to be 25 m at least, and the red beds occupied the upper parts. Both limestone levels were thickly bedded and were a few dozen centimeters thick. The lower beds characteristically yielded abundant oyster shells (Figure S1B).




4.1.3. Gava-1 and Gava-2 Sections


The Gava section comprised both Gava-1 and Gava-2. The lower sequence was moderately well exposed in the Gava section, and in particular, in the Gava-2 section, the shell bed was present approximately 3 m below the upper sequence (Figure 3 and Figure S2B,C). The microscopic features of the shell beds at Gava-1 were comparable with those of the Karabulak section, wherein several very angular quartz grains were present within the sparite matrix containing bivalve shells (Figure 6C,D). The lower sequence was underlain by various colors of mudstone intercalating the shell beds. Mudstone, red-green beds, and conglomerates were also exposed in the lower sequence.



The upper sequence of the Gava section is comprised of three limestone beds (Figure 3 and Figure S2A), unlike in the case of the Karabulak and Varzyk sections. More specifically, the lower two limestone beds were intercalated with red beds, although there was no rock exposure in the upper interval between the upper limestone beds. Furthermore, the lower and middle limestone beds could be observed in the Gava-1 section (Figure S2D). In this case, the lower limestone bed was crudely stratified, was rich in oyster shells, and was categorized as a coquina bed (Figure S2E). It was also overlain by a 4 m thick red bed. The middle limestone bed was micritic, and no fossils have been detected thus far (Figure S2F,G). The middle limestone bed was also thick and crudely stratified. In contrast, the upper limestone layer yielded abundant oyster shells, and based on microscopic observations, it was categorized as an oncoidal and bioclastic grainstone (Figure 6E,F). Several oolitic grains and bioclastic fragments, such as bivalves, gastropods, and foraminifers, were also present within a sparry calcite cement matrix, while the microscopic bio-skeletons and fragments with diameters less than 1 mm were identified as microlite-coated cortoid particles.





4.2. Fossil Occurrence


Shell beds containing numerous mollusk fossils were observed in all the measured sections (Figure 3 and Figure 7). These shell beds were densely packed with bivalves, such as oyster fossils, and several oysters corresponding to the Pycnodonte, Liostrea, Gryphae (Crassostrea), and Ostrea (Turkostrea) genera were identified (Figure 7). Generally, the ages of these genera are Maastrichtian–Middle Miocene for Pycnodonte, Ladinian–Holocene for Liostrea, Ladinian–Late Eocene for Gryphaea (Crassostrea), and Maastrichtian–Middle Miocene for Ostrea (Turkostrea). However, due to the moderately long ranges of these genera, a detailed geological age cannot be assigned to the mollusk fossils. However, considering the co-occurrence of these fossils and the stratigraphy and geological examinations carried out in previous studies [5,6,7,11,12], the geological ages suggested by these fossils indicated Late Cretaceous to Eocene.




4.3. Isotope Results


As presented in Table 1 and Figure 7, the sulfur isotopic compositions (𝛿34S) of the measured fossil shells from the sandstone shell beds of the lower sequence were between 14.94 and 16.82‰. In addition, the 𝛿34S values for the limestone and fossils from the lower sequences of the four sections range between 19.37 and 21.19‰, which deviated from the result obtained for the sandstone shell beds. Furthermore, the 87Sr/86Sr ratios of the bivalve fossil samples from the lower sequence ranged between 0.707772 and 0.707875 (Table 1, Figure 7), whereas the 87Sr/86Sr ratios of the upper sequence samples ranged between 0.707812 and 0.708063 (Figure 7).





5. Discussion


5.1. Geological Correlation Based on Lithostratigraphy and Fossil Occurrence


The regional stratigraphy and lithological features distributed in the northern part of the Fergana Basin are characterized by various clastic rocks intercalated with several horizons of limestone beds. The clastic rocks of the studied sections predominantly comprise intercalated red mudstone and sandstone with several beds of a conglomerate. As mentioned above, reddish mudstone often contains caliches and is interpreted as terrestrial sediment [28].



It was also found that two or three limestone beds contained mollusk (i.e., oyster) fossils. As mentioned above, these limestone beds contained many oncoidal bioclastics, including gastropods, bivalves, foraminifers, and oolite grains. Thus, along with the microscopic textures of these beds, the presence of such components indicated that the limestone was of shallow marine origin. In addition, due to the fact that the surfaces of these calcareous substances were only dissolved to a small extent, the sedimentary site of the oncoidal particles was likely a moderately low-energy setting that contained water that was not saturated with calcium carbonate (e.g., a tidal flat). However, the moderately large shells, such as bivalves, did not present a microlite film, and so the presence of a sparite matrix suggests deposition in a moderately high-energy environment (e.g., a shoreface). Thus, the oncoidal particles were regarded as having been deposited in a low-energy sedimentary environment and then reworked in a relatively high-energy environment.



The characteristics of these limestone beds contrasted with the surrounding terrestrial beds and are favorable landmarks from a geological correlation perspective. This line of evidence indicated that the sedimentary sequence of the study sections could be correlated with a sequence of rocks referred to as the Fergana Formation in [2,18]. In particular, based on the lithological sequence, the upper sequence, which was characterized by the intercalation of limestone beds, correlated with the Alai and/or Turkestan formations (Table 2) [18,29]. In addition, the mollusk fauna from shell beds associated with the marine limestone beds was dominated by oysters, as mentioned above (see also Figure 7); the inclusion of this type of marine fauna within terrestrial reddish facies was previously reported in the proto-Paratethys sediments of the Afghan–Tajik and Tarim basins [2]. Although a few bivalves were identified in this study, their dense occurrence and the predominant presence of oysters indicated that the limestone beds and the shell bed could be broadly correlated. Thus, the geological correlation indicated that the limestone beds distributed in the northern part of the Fergana Basin, Eastern Uzbekistan, were a product of the incursion of the proto-Paratethys Sea [2,18].




5.2. Geological Age Estimation by S and Sr Isotopes


The sulfur isotopic composition of the dissolved sulfate in seawater varies with geological time, and sulfur isotope records include data sets from the Cambrian to the present [30,31,32]. The variation and moderately high rates of change of this composition show distinctive excursion curves and characterize specific time intervals in geological time [33], and thus, it is possible to form geological correlations and determine the geological ages of sediments using sulfur isotope analysis [34,35]. In particular, from the Cretaceous to the Cenozoic, high-resolution sulfur isotope excursion was restored based on barite within precisely age-determined core sediments [36,37], and a sulfur isotope curve was obtained from pelagic marine barites of the Cretaceous and Cenozoic periods, resulting in an unprecedented temporal resolution [36,37]. These results generally agree with those obtained from the carbonate-associated sulfates that are present in carbonate sediments [32]. As mentioned above, since the sulfur isotope ratio curve plotted from the Cretaceous to the Cenozoic is considered to be effective for age dating, we discuss the age determination of our samples based on the sulfur isotope ratios determined during our study.



As mentioned in the context of fossil occurrence, the mollusk fauna obtained from the studied sections consisted mainly of oyster fauna. In addition, rudists, which are the representative bivalves that were extinct at the end of the Cretaceous, were absent from this fauna. This almost surely excluded the Cretaceous period from the age determination process based on the observed fossil occurrence.



Based on the sulfur isotopic curve plotted from the Cretaceous to the present time [34], the isotopic composition of the limestone beds comprising the upper sequence corresponded to the steep 50–45 Ma section of the slope (Figure 8A). This part of the slope correlates with the period during which the sulfur isotope ratio rose rapidly and corresponded to the Early to Middle Eocene. In addition, the increasing trend of the δ34S values from the lower layer to the upper layer (i.e., from 19.44 to 20.46‰ for the Gava-1 section) also supported this age assignment since higher isotopic values ranging from 19.37 to 21.19‰ were observed for the lowest Cretaceous in the isotope curve. However, as mentioned above, this age should be excluded based on fossil occurrence.



In contrast, the low values (i.e., 14.94‰ and 16.82‰) obtained from the shells of the lower sequence were similar to those of the Early Cretaceous (approximately 120 and 100 Ma) when the sulfur isotope ratio was extremely low. However, considering the range of fossils that were present in this sample, it was difficult to make such a specific assignment to the Early Cretaceous. It should be noted here that the inconformities and eroded surfaces that indicated a large time gap was not observed between the upper and the lower sequences. Although the lithology and fossil contents of the limestone beds comprising the upper sequence indicated a shallow marine origin, the numerous clastics that comprised the lower sequence indicated that this sequence may be affected by terrestrial sedimentation and fresh water. It is, therefore, possible that this supply of terrestrial water recorded a sulfur isotope ratio lower than that of the seawater at that time. This could be attributed to the fact that the sulfur isotope ratios of seawater were higher than those of any of the ocean input sources due to the removal of low-δ34S sulfur from seawater through bacterial sulfate reduction [39]. In addition, although unlikely, the reworking of the bivalves could not be excluded as a cause of the observed isotopic compositions.



In addition to the S isotopic composition, the strontium (Sr) isotopic composition was also measured in this study. More specifically, the Sr isotopic compositions of the measured samples were 0.707812–0.708063 for the lower sequence and 0.707772–0.707875 for the upper sequence (Table 1, Figure 8B). These Sr isotopic compositions are equivalent to the Paleogene value of the LOWESS (locally weighted scatterplot smoothing) curve (see also Figure 8B) [27,38]. Although this result was not exactly concordant with the geological age indicated by the sulfur isotope ratio, it was closer to the value of the Paleogene than that of the Cretaceous. As a result, the Sr isotope ratio appeared to support our interpretation regarding the geological age estimation based on the fossil contents and the S isotopic composition. However, further studies are required to determine whether the effects of freshwater and terrestrial materials are also observed in the case of the Sr isotopic composition.



As described in detail above, the sections in this study were characterized by large amounts of terrestrial and reddish clastics, in addition to the intercalation of two or three marine limestone beds. These stratigraphic and lithologic properties were extremely similar to those of the Suzak, Alai, and Turkestan Formations of the Fergana Group in the northern Fergana Basin within Kyrgyzstan [2,18], and within the Alai Valley Basin [2,18], which was assigned to the Early to Middle Eocene (Table 2). Because the Cenozoic sedimentary rocks distributed in the Fergana Basin contained a large amount of terrestrial sediments, it was difficult to precisely determine their geological age. Although the depositional age was estimated using mollusks and two isotopic compositions (S and Sr), further studies are required based on the investigation of microfossils, such as foraminifera.




5.3. Recognition of the Fourth Transgression at the Northern Fergana Basin


Mesozoic and Cenozoic sediments distributed in the Fergana Basin, along with rocks from the Afghan–Tajik and Tarim basins, were targeted to examine the range of the proto-Paratethys Sea in Central Asia. As mentioned above, the lithology and stratigraphy of the studied sections, in addition to the mollusk fossil contents and the depositional ages determined by the S and Sr isotopic compositions, indicated that the study sections should be assigned to the Early to Middle Eocene. Recently, the lithostratigraphy and depositional ages of the Cretaceous to Paleogene sediments distributed in the southern part of the Fergana Basin were investigated and its equivalent sequences distributed in the Afghan–Tajik Basin and the Alai Valley Basin were reviewed [2,29]. These studies established a detailed geological correlation of the sequence among the basins in Central Asia and clarified the transitions of the proto-Paratethys Sea during the Cretaceous to Paleogene, wherein five cycles of transgression and regression occurred. The third of these cycles was considered to be the largest [2,13,40,41], and the peak of the fourth transgression was estimated to have taken place around the Middle Eocene (Lutetian) [29,42]. As shown in the LOWESS curve of Figure 8, the limestone beds in the upper sequence possess S and Sr isotopic values equivalent to those of the Early to Middle Eocene (ca. 50–45 Ma). In addition to the depositional age estimated by S and Sr isotopic analyses, the presence of microscopic features that were characterized by shallow-water indicators, such as oncoidal and oolite grains, indicated that the limestone beds should correspond to the fourth transgression stage of the proto-Paratethys Sea in the study area. Moreover, the sandstone shell beds of the lower sequence densely yielded oyster shells and consisted mainly of angular and poorly sorted quartz grains. Since the sulfur isotope ratio indicates the influence of fresh water, it was predicted that these shell beds corresponded to the intertidal deposits. The transition from the terrestrial lower sequence to the upper sequence consisting of limestone clastics may therefore represent the fourth transgression stage of the proto-Paratethys Sea in the Early to Middle Eocene in the northern part of the Fergana Basin within Uzbekistan.





6. Conclusions


In summary, the lithostratigraphy of the limestone and clastic rocks of the northern Fergana Basin, Eastern Uzbekistan, was investigated and described. For this purpose, the studied sections were divided into two sequences, namely, the lower sequence consisting of coarse-grained terrestrial clastics and the upper sequence consisting of limestone clastics characterized by intercalated limestone beds. Macrofossils represented by bivalves, such as oysters, were obtained from sandstone shell beds of the lower sequence and the limestone beds of the upper sequence. In addition, the determination of the sulfur isotope values of the limestone beds of the upper sequence indicated a moderately high sulfur isotopic composition in the 19.37–21.19‰ range. Conversely, the strontium isotopic compositions of the measured samples were 0.707812–0.708063 for the lower sequence and 0.707772–0.707875 for the upper sequence. Furthermore, the sulfur isotopic composition of the lower sequence shell bed gave a moderately low composition, ranging from 14.94 to 16.82‰. Tangents between this isotopic composition and the LOWESS (locally weighted scatterplot smoothing) curves indicated that this sequence originated from the Early Cretaceous period; however, it is probable that the isotopic composition differed from that of seawater at the time owing to the presence of terrestrial clastics and the freshwater effect. These results indicated that further studies are required to accurately determine the age of the lower sequence. In addition, the absence of the rudist from current macrofossil fauna excluded the lower sequence from the Cretaceous; therefore, determining the age of the lower sequence requires further studies. On the other hand, the tangents between the isotopic compositions from the limestones and oyster shells from the upper sequence and LOWESS curves indicated the Early to Middle Eocene (ca. 50-45 Ma). Moreover, the lithofacies and age determination of the upper sequence indicated that the upper sequence could be correlated with the Fergana Group in the Fergana Basin within the Kyrgyzstan territory, as well as the Suzak, Alai, and Turkestan Formations in the Alai Valley Basin, which are representative horizons of the fourth transgression of the proto-Paratethys Sea. Thus, the lithofacies, macrofossil contents, geological correlations, and age determination based on the S and Sr isotopic compositions indicated that the limestone beds distributed in the northern Fergana Basin were remnants of the fourth transgression of the proto-Paratethys Sea during the Eocene.
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Figure 1. (A) Index map of the Republic of Uzbekistan. The map shows the location of the Fergana Basin with regional and adjacent structures around Tien Shan, central Asia. (B) Outline geological map of the Fergana Basin (modified from [4]). TFF: Talas–Fergana Fault; NFF: North Fergana Fault; CFF: Central Fergana Fault; SFF: South Fergana Fault. 
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Figure 2. Outline geological map of the northern part of the Fergana Basin within the territory of the Republic of Uzbekistan, at the southern foothills of the Chatkal Range close to the villages of Gava and Varzyk, and the Karabulak water dam. The locations of the studied sections are shown. 
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Figure 3. Columnar sections of the study area in the northern part of the Fergana Basin within Uzbekistan. 
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Figure 4. Field view of the sedimentary rocks at the Karabulak section of the northern Fergana Basin. (A) Transition of parallel sandstone to burrow-containing sandstone. The density of the burrows increased in the upward direction. The height of an average-sized man is shown for scale. (B) Bedded shell beds, which overlie the burrow-containing sandstone. (C) Close-up of the shell beds. (D) A shell bed in the lower sequence. (E) Caliche in the red beds of the lower sequence. 
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Figure 5. Field view of the sedimentary rocks at the Karabulak section of the northern Fergana Basin. (A) Eastward view from Karabulak, where two limestone beds and intercalating beds can be observed. The lower left part of the view shows the reservoir dam. (B) Clastics and overlying limestone. The clastics part was comprised of red beds, conglomerates, and fine-grained sandstone. The height of an average-sized man is shown for scale. (C) Red beds of conglomerate. Some low-angled cross-beds can be observed. (D) Crudely stratified conglomerate. Some clasts are sub-angular. (E) Parallel laminated fine-grained sandstone. A small number of burrows developed sporadically. (F) Densely developed burrows in the fine- to very fine-grained sandstone. 
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Figure 6. Photomicrographs of limestone and clastic sedimentary rocks in the study section. (A,B) Shell bed of the lower sequence of the Gava-1 section (sample number, SB1-02). Very angular medium- to coarse-grained quartz (qtz) grains were contained within the fine calcareous muddy matrix. Few bivalve shells (bs) were scattered in the sandstone. (A) Under open polarized light and (B) under cross-polarized light. (C,D) Shell bed of the lower sequence of Karabulak section (sample number, SB1-12). Very angular and poorly sorted medium- to coarse-grained quartz grains were contained within a sparry calcite cement matrix. Some bivalve shells and tube-like fragments were scattered throughout the matrix. A miniscule amount of plagioclase grains was recognized as clastic grains. (C) Under open polarized light and (D) under cross-polarized light. (E) Bioclastic packstone of the upper sequence of the Gava-1 section (sample number, LS2-01). Numerous bioclastic fragments, such as gastropods, bivalves, and foraminifers, were contained within a calcareous muddy matrix. Under open polarized light. (F) Oncoids and bioclastic grainstone of the Gava-1 section (sample number, LS1-04). Numerous cortoid particles could be observed. Under open polarized light. (G) Microoncoids (indicated with arrows), oolite grains (o), and bioclastic limestone of the upper sequence of Karabulak section. Under open polarized light. (H) Bioclastic limestone of Karabulak section (sample number, LS-07). Bivalve shell and fragments of bryozoa (bz) were included. Under open polarized light. 
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Figure 7. Photographs showing macrofossils obtained from the study sections. (1) Gryphaea (Pojarkovy) angulata, FS61, Varzyk section. (2) Ostrea (Turkostrea) bellovacina, FS42, Karabulak section. (3) Pycnodonte sp. FS12, Karabulak section. (4) Liostrea sp. FS31, Karabulak section. 
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Figure 8. LOWESS curve of the sulfur and strontium isotopic values for the last 130 million years. The sulfur isotopic compositions (A) were obtained from [37], while the Sr isotopic compositions (B) were obtained from [27,38]. Tangents between the sulfur isotope value obtained in this study and the LOWESS curve allowed for the determination of the geological age (A). 






Figure 8. LOWESS curve of the sulfur and strontium isotopic values for the last 130 million years. The sulfur isotopic compositions (A) were obtained from [37], while the Sr isotopic compositions (B) were obtained from [27,38]. Tangents between the sulfur isotope value obtained in this study and the LOWESS curve allowed for the determination of the geological age (A).



[image: Geosciences 12 00203 g008]







[image: Table] 





Table 1. Details of the samples employed for sulfur and strontium analyses and the corresponding results.
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Section

	
Sequence

	
Sample No.

	
Lithology

	
Material

	
SCAS (wt%)

	
Error

	
δ34S

	
Error

	
87Sr/86Sr

	
2SE Error






	
Gava 1

	
Upper

	
FS42

	
Limestone Bed

	
Oyster

	
0.141

	
0.004

	
19.988

	
0.745

	

	




	
FS41

	
Limestone Bed

	
Oyster

	
0.220

	
0.003

	
20.128

	
0.066

	
0.707826

	
0.000006




	
LS2-01

	
Limestone Bed

	
Oyster

	
0.093

	
0.006

	
21.193

	
0.111

	
0.708063

	
0.000007




	
LS1-04

	
Limestone Bed

	
Limestone

	
0.026

	
0.001

	
19.437

	
0.080

	
0.707889

	
0.000006




	
Lower

	
FS12

	
Shell Bed

	
Bivalve

	
0.160

	
0.001

	
16.627

	
0.067

	

	




	
FS11

	
Shell Bed

	
Bivalve

	
0.136

	
0.007

	
16.429

	
0.094

	
0.707772

	
0.000006




	
SB2-03

	
Shell Bed

	
Bivalve

	
0.157

	
0.004

	
16.663

	
0.130

	

	




	
SB2-02

	
Shell Bed

	
Bivalve

	
0.212

	
0.005

	
16.633

	
0.096

	

	




	
SB2-01

	
Shell Bed

	
Bivalve

	
0.175

	
0.002

	
16.638

	
0.106

	

	




	
FS31

	
Shell Bed

	
Bivalve

	
0.271

	
0.011

	
14.936

	
0.055

	

	




	
SB1-04

	
Shell Bed

	
Bivalve

	
0.181

	
0.002

	
16.523

	
0.116

	
0.707789

	
0.000006




	
SB1-03

	
Shell Bed

	
Bivalve

	
0.226

	
0.007

	
16.439

	
0.137

	

	




	
SB1-02

	
Shell Bed

	
Bivalve

	
0.218

	
0.002

	
16.454

	
0.087

	

	




	
SB1-01

	
Shell Bed

	
Bivalve

	
0.238

	
0.002

	
16.445

	
0.126

	

	




	
Gava 2

	
Upper

	
FS43

	
Limestone Bed

	
Oyster

	
0.188

	
0.002

	
20.888

	
0.076

	

	




	
FS44

	
Limestone Bed

	
Oyster

	
0.142

	
0.006

	
19.448

	
0.074

	

	




	
LS2-04

	
Limestone Bed

	
Oyster

	
0.047

	
0.002

	
19.372

	
0.096

	

	




	
Lower

	
FS53

	
Shell Bed

	
Bivalve

	
0.237

	
0.003

	
16.242

	
0.061

	

	




	
FS24

	
Shell Bed

	
Bivalve

	
0.207

	
0.003

	
16.063

	
0.070

	

	




	
SB2-06

	
Shell Bed

	
Bivalve

	
0.193

	
0.001

	
16.378

	
0.090

	

	




	
SB2-05

	
Shell Bed

	
Bivalve

	
0.172

	
0.001

	
16.759

	
0.078

	

	




	
FS23

	
Shell Bed

	
Bivalve

	
0.178

	
0.003

	
16.150

	
0.068

	

	




	
SB1-08

	
Shell Bed

	
Bivalve

	
0.125

	
0.001

	
16.577

	
0.098

	

	




	
SB1-07

	
Shell Bed

	
Bivalve

	
0.250

	
0.005

	
16.504

	
0.105

	

	




	
SB1-06

	
Shell Bed

	
Bivalve

	
0.185

	
0.002

	
16.317

	
0.098

	

	




	
SB1-05

	
Shell Bed

	
Bivalve

	
0.135

	
0.002

	
16.172

	
0.076

	

	




	
Verzyk

	
Upper

	
LL-01

	
Limestone Bed

	
Limestone

	
0.107

	
0.002

	
20.026

	
0.086

	

	




	
FS61

	
Limestone Bed

	
Oyster

	
0.112

	
0.002

	
20.213

	
0.075

	

	




	
FS45

	
Limestone Bed

	
Oyster

	
0.077

	
0.002

	
20.351

	
0.095

	

	




	
LS2-06

	
Limestone Bed

	
Oyster

	
0.046

	
0.012

	
19.777

	
0.155

	

	




	
LS2-05

	
Limestone Bed

	
Oyster

	
0.072

	
0.001

	
19.913

	
0.115

	

	




	
Lower

	
FS22

	
Shell Bed

	
Bivalve

	
0.162

	
0.002

	
16.653

	
0.075

	
0.707794

	
0.000007




	
FS21

	
Shell Bed

	
Bivalve

	
0.195

	
0.008

	
16.371

	
0.132

	

	




	
SB2-10

	
Shell Bed

	
Bivalve

	
0.153

	
0.027

	
16.241

	
0.289

	

	




	
SB2-09

	
Shell Bed

	
Bivalve

	
0.313

	
0.004

	
16.320

	
0.083

	

	




	
SB2-08

	
Shell Bed

	
Bivalve

	
0.202

	
0.004

	
16.624

	
0.084

	

	




	
SB2-07

	
Shell Bed

	
Bivalve

	
0.228

	
0.016

	
16.642

	
0.093

	

	




	
FS51

	
Shell Bed

	
Bivalve

	
0.186

	
0.008

	
15.485

	
0.068

	

	




	
FS32

	
Shell Bed

	
Bivalve

	
0.161

	
0.005

	
15.992

	
0.062

	

	




	
FS33

	
Shell Bed

	
Bivalve

	
0.192

	
0.002

	
16.638

	
0.089

	

	




	
SB1-10

	
Shell Bed

	
Bivalve

	
0.155

	
0.001

	
16.818

	
0.080

	

	




	
SB1-09

	
Shell Bed

	
Bivalve

	
0.154

	
0.001

	
16.678

	
0.080

	

	




	
Karabulak

	
Upper

	
LL-02

	
Limestone Bed

	
Limestone

	
0.116

	
0.002

	
20.487

	
0.090

	

	




	
FS72

	
Limestone Bed

	
Oyster

	
0.090

	
0.002

	
20.487

	
0.091

	
0.707812

	
0.000005




	
FS82

	
Limestone Bed

	
Oyster

	
0.129

	
0.002

	
20.253

	
0.131

	

	




	
FS71

	
Limestone Bed

	
Oyster

	
0.131

	
0.001

	
20.233

	
0.079

	

	




	
LS2-07

	
Limestone Bed

	
Oyster

	
0.127

	
0.003

	
19.665

	
0.097

	

	




	
FS81

	
Limestone Bed

	
Oyster

	
0.111

	
0.003

	
19.405

	
0.080

	

	




	
Lower

	
SD-04

	
Shell Bed

	
Bivalve

	
0.128

	
0.003

	
15.957

	
0.079

	

	




	
SD-01

	
Shell Bed

	
Bivalve

	
0.161

	
0.003

	
16.018

	
0.103

	

	




	
SB2-13

	
Shell Bed

	
Bivalve

	
0.176

	
0.001

	
16.308

	
0.087

	
0.707811

	
0.000006




	
SB2-12

	
Shell Bed

	
Bivalve

	
0.241

	
0.025

	
16.705

	
0.087

	

	




	
SB2-11

	
Shell Bed

	
Bivalve

	
0.202

	
0.005

	
16.590

	
0.092

	

	




	
SD-03

	
Shell Bed

	
Bivalve

	
0.189

	
0.003

	
16.588

	
0.082

	

	




	
SD-02

	
Shell Bed

	
Bivalve

	
0.171

	
0.007

	
16.776

	
0.153

	

	




	
FS52

	
Shell Bed

	
Bivalve

	
0.139

	
0.002

	
16.147

	
0.065

	

	




	
SB1-13

	
Shell Bed

	
Bivalve

	
0.143

	
0.001

	
16.554

	
0.073

	

	




	
SB1-12

	
Shell Bed

	
Bivalve

	
0.175

	
0.001

	
16.654

	
0.086

	
0.707875

	
0.000007




	
SB1-11

	
Shell Bed

	
Bivalve

	
0.128

	
0.002

	
16.604

	
0.127
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Table 2. Simplified lithostratigraphy and geological correlations of the studied section. The stratigraphy and lithology of the Alai Valley Basin and the Fergana Basin (Kyrgyzstan) were obtained from [2].
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Alai Valley Basin and Fergana Basin (Kyrgyzstan)

	
This Study (Fergana Basin, Uzbekistan)






	
System

	
Formation

	
Thickness (m)

	
Age

	
Lithology

	
seq.

	
Thickness (m)

	
Lithology




	
Palaeogene

	
Massaget

Fm

	

	
Oligocene

–Miocene

	
Massive red sandstones and conglomerates

	




	
Shurysay

Fm

	
20–160

	
Oligocene

	
Brownish red-mudstones intercalated by siltstones, evaporite beds and sandstones




	
Sumsar

Fm

	
0–70

	
Late Eocene

–Oligocene

	
Reddish-brown mudstones and grey sandstones rich in oysters andother bivalves, shark teeth




	
Hanabad

Fm

	
5–70

	
Late Eocene

–Oligocene

	
Greenish-grey and red (calcareous) mudstones and siltstones, somemarls with bivalves




	
Isfara

Fm

	
5–55

	
Late Eocene

	
Greenish-grey (calcareous) mudstones and siltstones, some green or white sandstones, somemarls with bivalves




	
Rishtam

Fm

	
5–60

	
Late Eocene

	
Red mudstones with thin beds of red or grey siltstone and sandstone, some interbeds of marl and limestone with bivalves




	
Turkestan

Fm

	
5–150

	
Middle–late Eocene

	
Greenish-grey mudstones with grey and white siltstones, sandstones, marls and limestones, red mudstone intervals at the top, rich in oysters and other bivalves

	
upper

sequence

	
30–50

	
red mudstones with sandstones,

several limestone beds,

rich in oysters




	
Alai

Fm

	
10–210

	
Middle Eocene

	
Greenish-grey mudstones with grey and white siltstones, marls and limestones, some gypsiferous red mudstone intervals in middle, richin oysters and other bivalves




	
Suzak

Fm

	
5–120

	
Early Eocene

	
Complex coloured (calcareous) mudstones, siltstones and sandstones, bivalves

	
?

lower

sequence

	
5–30

	
reddish- and greenish-color

mudstones,

sandstone shell beds, bivalves




	
Bukhara

Fm

	
20–80

	
Paleocene

	
Limestones, evaporite beds and white sandstones with thin calcareous mudstone layers, bivalves and gastropods




	
Akdzhar

Fm

	
25–125

	
Paleocene

	
Red mudstones and siltstones with interbeds of evaporite and dolomite
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