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Uplift of the Tibetan Plateau, expansion/shrinkage of the Paratethys Sea, and global climate are three major forcings for central-east Asian climatic and environmental variations during the Cenozoic. However, knowledge of expansion/shrinkage history of the Paratethys Sea is much less well known in comparison with the other two forcings. Here, we present a first multiple-parameter environmental magnetic and diffuse reflectance spectroscopy study of the Eocene eolian Red Clay deposits (∼51–40 Ma) in the Xorkol Basin of the northeastern Tibetan Plateau, which is near the easternmost maximum boundary of the Eocene Paratethys Sea. The first detailed Eocene expansion/shrinkage history of the Paratethys Sea was reconstructed based on the hematite content of the Eocene Red Clay, which shows remarkable consistency with the previous low-resolution Paratethys Sea paleowater depth record in the southwestern Tarim Basin. These results demonstrate that the Paratethys Sea experienced a three-stage (shrinkage-expansion-shrinkage) evolution between ∼51 and 40 Ma, with boundaries at ∼46.2 and 42 Ma. Superimposed on this framework, the Paratethys Sea experienced four times of rapid shrinkages at the expansion phase (shows 400-kyr cycles) during ∼44–42 Ma modulated by eccentricity forcings. These new results are of great significance to evaluate respective role of Tibetan uplift, global climate, and Paratethys Sea area variations in Asian climate and environmental change over the Eocene.
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INTRODUCTION
Loess and eolian Red Clay (reddish loess) sequences are invaluable paleoclimatic and paleoenvironmental archives (An et al., 2001; Deng et al., 2006; Liu et al., 2012; Maher, 2016; Lu et al., 2019). The most continuous loess/Red Clay sequences are preserved on the Chinese Loess Plateau (CLP), which have served as a cornerstone for understanding Asian environmental and monsoonal evolution since ∼25–22 Ma (Guo et al., 2002; Sun et al., 2010; Qiang et al., 2011; Song et al., 2018). However, loess-Red Clay sequences from central-east Asia before ∼25 Ma are rarely reported. A recent study reported a 12 Myr long Eocene eolian Red Clay sequence from the Xishuigou (XSG) section in the Xorkol Basin within the Altyn Mountains of the northeastern Tibetan Plateau (Li et al., 2018; Figure 1), which provides a unique opportunity to examine central Asian paleoenvironmental evolution when Asian monsoon was weak (Dupont-Nivet et al., 2007; Licht et al., 2014) and its relationship with global climate and regional tectonics.
[image: Figure 1]FIGURE 1 | Geographic setting of the Altyn Mountains, Qaidam Basin, Tarim Basin, and surrounding mountains and deserts. The location of the Xishuigou section is shown with a red dot, and together with other sections (Kaya et al., 2019) mentioned in the text. Inset map shows modern Asian atmospheric circulation systems with the location of the Altyn Mountains, Qaidam Basin, and Tarim Basin in relation to the Tibetan Plateau.
Magnetic mineral type, content, and grain-size have played a key role in extracting paleoclimate signals from Chinese loess-Red Clay sequences (Thompson and Oldfield, 1986; Nie et al., 2007; Liu et al., 2012). However, only low frequency magnetic susceptibility (χ) and frequency-dependent magnetic susceptibility (χfd) data were reported for the Eocene Red Clay sequence from the XSG section (Li et al., 2018; Zhang et al., 2021). Consequently, more comprehensive environmental magnetic analysis of these sediments should provide a more complete understanding of environmental variations recorded by these eolian sediments.
Here, we present environmental magnetic and diffuse reflectance spectroscopy (DRS) data from this eolian sequence. We find that variations of ferrimagnetic mineral content show different pattern as the hematite content variations. We attribute variations of ferrimagnetic mineral parameters as a result of local precipitation variations. By contrast, we attribute the hematite content variations to availability of hematite particles in the source region, which were controlled by the Paratethys Sea expansion/shrinkage. By combining these data, environmental information from both the dust source and depositional region has been reconstructed.
MATERIALS AND METHODS
The studied XSG Red Clay section (38°54′42″ N, 91°31′45″ E; Figure 1) is located in the Xorkol Basin within the Altyn Mountains bounding the eastern Tarim Basin (Li et al., 2018). This section is ∼96 m thick with an age model (∼51–39 Ma) established based on magnetostratigraphy with paleontological fossils as age anchor points (Li et al., 2018).
The samples analyzed here have a stratigraphic resolution of ∼20–60 cm. DRS was measured for all samples using a Purkinje General TU1901 UV-VIS spectrophotometer with a diffuse reflectance attachment (reflectance sphere) from 380 to 700 nm at 1 nm intervals. Hematite content was estimated by calculating the peak value at 565 nm after taking the first derivative of the reflectance data (Deaton and Balsam, 1991). The measurement was made at the Institute of Tibetan Plateau Research, Chinese Academy of Sciences.
χ was measured at two frequencies (976 Hz and 15,616 Hz, χlf and χhf) using an AGICO multifunction spinner Kappabridge magnetic susceptibility meter. χfd was calculated as the difference between χlf and χhf (Nie et al., 2007; Liu et al., 2012). Anhysteretic remanent magnetization (ARM) was imported to each sample in a peak alternating field of 100 mT with a direct current (DC) bias field of 0.05 mT and was measured using a JR-6A Spinner Magnetometer. ARM is often expressed by its susceptibility (χARM), which is calculated by dividing ARM by the DC bias field. Saturation isothermal remanent magnetization (SIRM) was imparted to the Z-axis for each sample in a 1.2 T field with an impulse magnetizer (ASC IM10-30) and then was measured with a JR-6A spinner magnetometer. Then each sample was put into back-fields (-0.1 T, -0.3 T) and the isothermal remanent magnetizations (IRM-0.1T, IRM-0.3T) were measured. L-ratio (Liu et al., 2007) was calculated as L-ratio = (IRM1.2T+IRM-0.3T)/(IRM1.2T+IRM-0.1T). These measurements were made at the Paleomagnetism and Environmental Magnetism Laboratory, China University of Geosciences (Beijing).
RESULTS
The DRS-derived hematite content in the XSG section can be divided into three units (Figure 2). In Units 1 (∼51–46.2 Ma) and 3 (∼42–39.95 Ma), the hematite content is relatively constant with higher values close to 0.4. In Unit 2 (∼46.2–42 Ma), the hematite content is generally lower compared to Units 1 and 3, and undergoes high-amplitude variations over the latter portion ∼44–42 Ma (Figure 2G), with clear 400-kyr band eccentricity period (Figures 3, 4).
[image: Figure 2]FIGURE 2 | Xishuigou environmental magnetic records compared with other Paleogene climatic records. (A) Benthic oxygen isotope stack (Westerhold et al., 2020). (B–H) χfd, χ, χARM, SIRM, L-ratio, the hematite content, and dust accumulation rate (DAR) records from the Xishuigou section. (I) The Paratethys sea level variations in the Tarim region (Bosboom et al., 2014).
[image: Figure 3]FIGURE 3 | (A–L) Correlation analysis of magnetic parameters of the Xishuigou eolian Red Clay section. Relationship for hematite versus χfd, χfd versus χ, χARM versus χ, and χARM versus χfd. (A, D, G, and (J), (B, E, H, and (K), (C, F, I, and L) are from Units 1, 2, and 3, respectively. (M) Comparation of the detrital zircons U-Pb ages results of the Xishuigou eolian Red Clay section with possible source areas (Pan et al., 2022). (N) Power spectral results of the hematite content from Units 1, 2, and 3, respectively.
[image: Figure 4]FIGURE 4 | Schematic illustration of the relationship between the Paratethys Sea expansion/shrinkage, global climate, dust source area, and the hematite content variations in the studied section in different intervals. (A) The generalized middle to late Eocene paleogeography of Asia is modified from Kaya et al. (2019) and Meijer et al. (2019). The paleo-location of the Xishuigou section is shown with a red dot, which was reconstructed using the open-source Gplate platform citing reference. (B) The hematite record from the Xishuigou section compared to paleowater depth curve for the Aertashi section of Kaya et al. (2019). (C) Stacked expansion/shrinkage record of the Paratethys Sea derived from stacking the hematite content and paleowater depth records in (B). The hematite content and paleowater depth records were interpolated linearly at 20 ka intervals and normalized to 0–1. Then, the hematite content and paleowater depth records were averaged to form a stacked expansion/shrinkage record of the Paratethys Sea. Gray bars highlight the Paratethys Sea expansion during ∼44–42 Ma. (D) Benthic oxygen isotope record (10 point running averaging) (Westerhold et al., 2020). (E–G) Wavelet analysis of the hematite from the Xishuigou section, stacked record, and benthic oxygen isotope between ∼51 and 40 Ma, respectively. (H) Previous sea level record of the Paratethys Sea during ∼60–35 Ma is reflected by the black dotted line (Kaya et al., 2019) and the paleowater depth record during 46.5–40.5 Ma is shown by the light green solid line.
χARM record can also be divided into three units, consistent with the hematite content record, but χARM values over Unit three are lower than those over Unit one and values over Unit two are close to 0 except a few spikes (Figure 2). By contrast, χ and χfd records share the division at ∼46 Ma but their younger boundary is close to 44.2 Ma, in contrast to the division near 42 Ma in the hematite content and χARM records (Figure 2). SIRM record can also be divided into three units, like the hematite content and χARM records, but the values in Unit three are lower than those in Unit one and the high values in Unit 2, different from the hematite content and χARM records.
χ and χfd show positive correlations in all three units, consistent with the pattern on the CLP (Figure 3). χARM only shows good positive correlation with χ and χfd in Units one and three; in Unit 2, χARM is close to 0 suggesting lack of stable single domain (SD) and smaller pseudo single domain (PSD) ferrimagnetic grains except for the few spikes (Figure 2). SIRM variations are generally similar to hematite variations, with low amplitude variations in Units one and three and high amplitude variations in the second half of Unit 2. This may suggest hematite content controls of SIRM. However, SIRM is lower in Unit three than Unit 1, different from hematite content variations, suggesting that some hematite grains may be close to superparamagnetic (SP) domain in Unit 3, not contributing to SIRM for Unit 3. This inference is supported by higher L-ratios in Unit three in comparison with Unit 1, which may indicate a provenance shift (Liu et al., 2007), consistent with zircon U-Pb geochronology-based provenance data (Pan et al., 2022; Figure 3). In summary, ferrimagnetic mineral content variations exhibit different pattern as the hematite content or SIRM records, suggesting different controlling mechanisms.
DISCUSSION
Paleoclimate information carried by ferrimagnetic minerals in the study section
The loess and Red Clay sediments on the CLP have strong positive correlation between χfd and χ, and this observation provides one key line of evidence clarifying χ enhancement mechanism of loess on the CLP (Zhou et al., 1990): production of SP ferrimagnetic grains over pedogenesis causes magnetic enhancement. Later, Liu et al. (2003), Liu et al. (2004), and Nie et al. (2007) found that χARM and χ also have strong positive correlations for loess and Red Clay sediments on the CLP, suggesting that stable SD and smaller PSD ferrimagnetic grains produced over pedogenesis also contribute to magnetic enhancement. Because degree of pedogenesis is mainly controlled by precipitation in semi-arid region and χ has good correlation with summer precipitation. Thus, the loess and Red Clay χ records on the CLP have been widely used to reflect monsoonal precipitation amount and intensity of the East Asian summer monsoon (An et al., 2001; Maher, 2016).
χ, χfd, and χARM also show clear positive correlations for the XSG Red Clay, except in Unit 2, where χARM is close to 0 for the most part (Figure 2D). And previous rock-magnetic results have also shown that the magnetic minerals in the XSG Red Clay are dominated by magnetite/maghemite and hematite, which are similar to those of Red Clay sequences in the CLP (Li et al., 2018). Those results support a pedogenic model for magnetic enhancement in the study site, like the CLP. However, for Unit 2, we suspect that some degree of magnetic mineral dissolution may have occurred, resulting in lack of stable SD and smaller PSD ferrimagnetic grains. This interpretation is consistent with the lithologic variations of the XSG Red Clay, which contains abundant thick grey and greyish-green carbonate nodule layers in Unit 2 (Li et al., 2018). We note that magnetic mineral dissolution was also observed in southern CLP where modern monsoonal precipitation is higher than the other parts of the CLP, which has likely to be the case in the entire Quaternary (Guo et al., 2001). However, different from the CLP where magnetic enhancement is caused by alternating oxidation/reduction conditions in soils associated with dry-wet oscillations inherent to monsoonal climate, we propose in the study site, the oxidation/reduction conditions in soils was created by seasonal N-S shift of westerly, and this mechanism has been proposed for alluvial sediments in Spain (Gao et al., 2022).
Based on the above analysis, we agree with Li et al. (2018) that χfd and χ records in the XSG section recorded local precipitation variations. Particularly, the higher χfd and χ values in Unit one than Unit three show similar pattern as the benthic oxygen isotope records (Figure 2), which supports global cooling forcing for climatic drying in the Altyn region. However, in Unit 2, it is likely that magnetic mineral dissolution has decreased the χfd and χ values. The dissolution hypothesis is favored by the lower hematite content in Unit 2 (Figure 2). It is well known that hematite formation is favored in dry environment (Thompson and Oldfield, 1986; Nie et al., 2010; Liu et al., 2012), so the lower hematite content record in Unit two indicates dust deposition environment was wetter than that in Units one and 3.
Paleoclimate information of hematite content in the study section
We attribute the three-stage hematite content variations in the study section to shrinkage-expansion-shrinkage of the Paratethys Sea (Figure 4), which is consistent with the evolution of the Eocene Paratethys Sea inferred by Bosboom et al. (2014), but we note that there are different opinions regarding how the Paratethys Sea evolved over this time period (Sun et al., 2016; Sun et al., 2022). This inference assumes that hematite primarily formed in the source region, which are supported by several lines of evidence. First, hematite versus χfd has strong linear correlation for Chinese loess and for soils form Spain, Argentina, and Russia where hematite and fine ferrimagnetic grains are produced mainly in situ (Torrent et al., 2006). However, the correlations between hematite and χfd are weak in all three units (Figure 3), against in situ pedogenic origin model. Indeed, if hematite was mainly produced in situ, it is hard to accommodate the ferrimagnetic mineral content and hematite content variations in the study site because they have different trends and thus cannot both reflect local precipitation variations. Second, the zircon U-Pb geochronology data demonstrate that the west Kunlun pediment area was a persistent dust source region for the study section (Figure 3M), with dust of the lower strata (Unit 1) coming from mixing of the west Kunlun pediments with some contribution from local sources, and upper strata (Units two and 3) coming predominantly from the west Kunlun pediments (Pan et al., 2022). Therefore, at least for Units 2 and 3, it is reasonable to attribute hematite content variations to hematite availability in the west Kunlun pediment area, which should be inversely correlated with area of the Paratethys Sea. Third (and also most compellingly), the hematite content and dust accumulation rate (DAR) variations fit well with the three-stage Paratethys sea level variations estimated by biostratigraphy, magnetostratigraphy, and regional stratigraphic correlation (Bosboom et al., 2014; Kaya et al., 2019; Meijer et al., 2019). One would expect that Units one and three have more hematite when the Paratethys Sea was smaller, more Kunlun pediment was exposed, and climate was drier. More strikingly, the hematite content high frequency variations during ∼44–42 Ma show similar pattern as the paleowater depth records from the southwestern Tarim Basin (Aertashi and Mine sections; Figure 1) (Kaya et al., 2019; Supplementary Figure S1). Because these records have independent age controls (Bosboom et al., 2014; Li et al., 2018; Kaya et al., 2019), their consistency suggests that each captures the main feature of the Paratethys Sea evolution.
Considering the high correlation between the hematite content record and the paleowater depth record (Supplementary Figure S1), we can generate the Eocene Paratethys Sea expansion/shrinkage record by stacking and averaging them together (Figure 4). We argue that this stacked record is better than the individual ones because the stacking strategy has been used to isolate signal and depress noise in paleoceanography studies (Clemens and Prell, 2003; Lisiecki and Raymo, 2005). The stacked record (and the original individual records) shows clear 400-kyr cycles over ∼44–42 Ma, revealing four phases of shrinkage-expansion cycles of the Paratethys Sea (Figure 4).
Reasons for expansion/shrinkage of the Paratethys Sea
We attribute the observed Paratethys Sea transgression at ∼46.2 Ma to increased subsidence of the Tarim Basin associated with a phase of uplift of the Pamir and west Kunlun Mountains. Based on the subsidence records from the Aertashi and Mine sections, Kaya et al. (2019) proposed the onset of the tectonic activity and subsidence in the Tarim region at ∼47–46 Ma. Previous thermochronological (zircon and apatite fission-track) data and sedimentological results from the northeastern Pamir and the Tarim Basin reveal that rapid km-scale deformation and uplift of the Altyn and west Kunlun Mountains occurred at ∼48–46 Ma (Yin et al., 2002; Cao et al., 2013), which had likely caused the Tarim area subsidence and transgression.
Geochronologic, geochemical, and isotopic data revealed an additional phase of uplift of the Pamir-Tibetan at ∼44–42 Ma, which was likely induced by delamination/drip in which the lower crust and lithospheric mantle sank into the asthenospheric mantle (Chen et al., 2013; Chapman et al., 2018; Kaya et al., 2019). Accumulation rates of the Aertashi and Mine sections in the western Tarim Basin increased rapidly (from ∼2-4 to ∼12–24 cm/kyr) at ∼42–41 Ma (Kaya et al., 2019), likely a result of the Eocene uplift and increased exhumation of the Pamir-Tibetan Plateau. We concur with Kaya et al. (2019) that increased sedimentary filling resulted in the observed Paratethys regression near 42 Ma.
It is hard to attribute the second-order transgression/regression or expansion/shrinkage of the Paratethys Sea with clear long eccentricity cyclicity over ∼44–42 Ma to tectonic forcing. By contrast, they should come from insolation forcing. However, different from either the insolation forcing or the benthic oxygen isotope record of this time interval which show subtle 400-kyr cyclicity, the observed transgression/regression cycles are dramatic (Figure 4). This suggests a non-linear response of the climate system to the forcing. One way to amplify the 400-kyr cycles is through the carbon cycle. The 400-kyr cycles have been reported to be prominent in the benthic carbon isotope records over the late Cenozoic (Wang et al., 2010), which may have resulted in the prominent 400-kyr wet-dry variation records in East Asia as are recorded by South China Sea K/Al record (Tian et al., 2011), and the Tengger Desert magnetic records (Liu et al., 2021). If carbon cycle is the amplifying agent, more areas should see this singal. Larrasoaña et al. (2003) reported prominent 400-kyr cycles in the Mediterranean records which indicate wet-dry variations of the Sahara Desert over the past ∼3 Ma; this is in line with this hypothesis.
CONCLUSION
We reported hematite and ferrimagnetic mineral content results on the Eocene eolian Red Clay sediments of the XSG section in the Xorkol Basin within the Altyn Mountains, northeastern Tibetan Plateau. These records allow an evaluation of environmental variations in both the study site area and the distal source region. The hematite content record shows remarkable similarity with the paleowater depth records in the Tarim Basin, and we stacked both records and generated a high resolution Paratethys Sea transgression/regression record for the first time, which is important to evaluate respective role of Tibetan uplift, global climate, and Paratethys Sea area variations in Asian climate and environments over the Eocene. We confirm that the Paratethys Sea experienced a three-stage (shrinkage-expansion-shrinkage) evolution over the Eocene, and our record also reveals large-amplitude rapid shrinkage-expansion (400-kyr cycles) between ∼44 and 42 Ma, suggesting non-linear response of the climate and environmental system in central Asia to insolation forcing, likely via the carbon cycles.
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