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Aeolian loess is a widespread deposit in mid-latitude arid and semiarid regions that has been extensively investigated in arid Central Asia and the Chinese Loess Plateau. The northeastern Tibetan Plateau is crucial to the release, transport, and accumulation of aeolian sediments because of its vast environmental differences, but relatively little research has been conducted on the loess here. To further deepen our understanding of the loess source in this region, we selected the Menyuan Basin as the study area for this loess tracing research. Through our investigation of the indicators and distribution characteristics of rare earth elements in the Yahecun (YHC) loess-paleosol profile of the Menyuan Basin, the following conclusions were drawn: 1) the indices and distribution curves of rare earth elements in the diverse strata of the YHC profile were not significantly distinct and were comparable to those of loess from other locations in northwestern China, revealing a general association with loess in arid northwestern China; 2) the influence of chemical weathering and particle diameter on rare earth elements in the loess of the study area was minimal, and Menyuan loess rare earth elements contained considerable information regarding their source; and 3) a comparison of the (La/Yb)N, δEu, (La/Sm)N, and (Gd/Yb)N parameters of potential source areas indicates that arid Central Asia, dominated by the Qaidam Desert, is the primary source area of the Menyuan loess, and dust particles released from these deserts are transported to the Menyuan Basin by the Westerlies and deposited to form loess. Additionally, the Badain Jaran Desert is an essential source of material for the Menyuan loess by winter winds, and some Tengger Desert materials are also transported to the Menyuan Basin by winter winds, but the material transported from the Tengger Desert has a negligible contribution.
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INTRODUCTION
Aeolian loess, a loosely deposited sediment containing silt-sized dust of aeolian origin, is extensively distributed in arid and semi-arid regions of mid-latitudes of both hemispheres (Pye, 1995; Li et al., 2020b; Lu et al., 2022). This material results from physicochemical and mechanical processes, such as erosion, transport, and deposition, which are driven to the sedimentary site by external inputs (e.g., wind force) from the provenance area (e.g., gobi and desert) (Muhs, 2013; Obreht et al., 2015; Li et al., 2020a; Li et al., 2020b). Hence, aeolian loess constitutes a unique terrestrial archive containing extensive environmental information on provenance, deposition, and air transport to reveal atmospheric circulation patterns and reconstruct paleoclimate shifts during the Quaternary (E et al., 2018; Sun et al., 2019; Li G et al., 2020; Li P et al., 2022; Miao et al., 2022).
Arid Central Asia and the Chinese Loess Plateau are dotted with large quantities of loess materials, of which researchers have investigated the provenance, formation, and recording environment (Heller and Liu, 1984; An et al., 1991; Sun et al., 2006; E et al., 2012; Li et al., 2018; Wang Y et al., 2020; Song et al., 2021; Kang et al., 2022; Li P et al., 2022). Geochemical evidence, grain size, and other evidence suggests that the loess from the Chinese Loess Plateau predominantly forms from the surrounding desert sands, the Central Asian Orogenic Belt, and the northern Tibetan Plateau while the loess from arid Central Asia primarily comes from the surrounding mountains and desert sands (Zhang et al., 2018; Li et al., 2020b; Li and Song, 2021; Zhang et al., 2022). The northeastern Tibetan Plateau (NETP) is one of the major loess accumulation regions in China (Figure 1) (Lehmkuhl and Haselein, 2000; Stauch et al., 2012). The aeolian loess spans a broad area over various geomorphic NETP surfaces, such as its faulted basins, piedmonts, river terraces, and alluvial-proluvial fans, and their thicknesses are horizontally discontinuous and vertically inhomogeneous (Tan et al., 2006; Stauch et al., 2012; Lehmkuhl et al., 2014). The NETP is located at the intersection of the East Asian monsoon and mid-latitude westerly atmospheric systems, and the local climate and environment are sensitive and variable (Chen et al., 2016; 2019). Investigating the NETP aeolian loess can improve the understanding of the regional paleoclimate change and paleodust transport processes (Ferrat et al., 2011). As a result, the NETP aeolian loess has received increasing attention.
[image: Figure 1]FIGURE 1 | Schematic map of loess sediments and desert areas in the Tibetan Plateau. The grey area with a white line is the extent of the Tibetan Plateau (Ren and Pan, 2019); the yellow and orange areas represent the locations of loess deposits and deserts, respectively [modified from prior publications (Wang and Zhang, 1980; Wang, 2013; Börker et al., 2018)]; the black dashed line represents the edge of the modern summer monsoon (Chen et al., 2019); the purple square is the main study area of this paper, the Menyuan Basin; ①, ②, ③, and ④ represent Taklimakan Desert, Qaidam Desert, Badain Jaran Desert, and Tengger Desert, respectively; English letters A, B, C and D represent Zhaosu loess (Jia, 2014), Menyuan loess, Wuwei loess (Zhang H et al., 1997), and Chinese Loess Plateau loess, respectively. The image in the upper right corner was modified from a previous publication (Song et al., 2021). EAWM: East Asian winter Monsoon; EASM: East Asian summer Monsoon; SH: Siberian High; the base map is based on data from https://tiles.arcgis.com/tiles/P3ePLMYs2RVChkJx/arcgis/rest/services/NatGeoStyleBase/MapServer.
Rare earth elements are elements with similar physicochemical properties (Wall, 2014; Ramos et al., 2016) and are ubiquitous and less fractionated in diverse sediments. The rare earth elements found in deposits primarily originate from source rocks and are less related to other driving forces, such as weathering, transport, sedimentation, metamorphism, and diagenesis processes (McLennan, 2018). Due to their chemical inertness, rare earth elements are frequently used as tracers (Li et al., 2021). The decomposition and dissolution of rare Earth minerals during physicochemical weathering affect the fractionation of rare earth elements; therefore, certain rare Earth element indicators can record information regarding environmental evolution (Ding et al., 2001). Consequently, rare Earth element signature indicators, such as content, distribution pattern, and differentiation degree, have been extensively employed to investigate loess, lake deposits, and other sediments as significant proxies to reveal the source, genesis, and sedimentary environment (Jiang et al., 2019; Gallello et al., 2021; Romero et al., 2021; Zhang X et al., 2021; Deng et al., 2022a).
Previous researchers have conducted work to establish the lithostratigraphy of aeolian loess on the NETP, and most prior research has focused on the chronology, magnetics, and palynology of aeolian loess deposition (Yu and Lai, 2012; Li et al., 2020a; Wei et al., 2020; Shi et al., 2021; Xu et al., 2022); however, minimal research has been conducted on the geochemistry of rare earth elements and their provenance in NETP loess sediments, and only a few studies have indicated that the loess in the NETP may come from within the Tibetan Plateau (Yang et al., 2021). This study, based on the investigation of geochemistry compositions in the loess-paleosol sequence of the Yahecun (YHC) profile in the Menyuan Basin of the NETP, aimed to: 1) characterize rare Earth element features, 2) analyze the controlling rare Earth element factors, and 3) constrain the sediment provenance. This study provides new geochemical results for deciphering paleoenvironmental changes and provenance and deepens our understanding of dust transport and cycle processes to improve the simulation of dust circulation and climate feedback on atmospheric models in high-altitude regions over the long term.
STUDY AREA AND THE PROFILE
Regional setting of Menyuan Basin
The Menyuan Basin (37.16–37.79 °N, 101–102 °E) is a fault basin located on the NETP in the northwest part of China (Figure 2) that has a breadth of 104 km from north to south, length of approximately 172 km from west to east, and area of approximately 7000 km2. The basin slope ranged from northwest to southeast, and its surface elevation ranges from 2900 m in the southeast to 3200 m in the northwest. Mountains surround the Menyuan Basin in four directions, with the Qilian Mountains in the west, the Lenglongling Mountains in the north and west separating the basin from the Jiuquan–Zhangye Basin and Tengger Desert, and the Konkyr Mountains in the south separating it from the Xining Basin. The surrounding mountains are covered with modern glaciers with a 4400 m snowline. Furthermore, several rivers develop from the ambient mountains, including the dominant Datong River, which flows from the Qilian Mountains, through the Menyuan Basin, and to the Huangshui River. The Menyuan Basin, in the marginal zone of the East Asian monsoon and close to the westerly area, is distinguished by a forcefully continental climate. The current annual mean temperature and precipitation in this location are 0.8°C and 526 mm, respectively, with peaks during the summer (Wang et al., 2013).
[image: Figure 2]FIGURE 2 | Digital elevation model (DEM) of the Menyuan Basin and location of the YHC profile. DEM data from https://srtm.csi.cgiar.org/.
It is controlled by reverse strike-slip faults in the north and south of the Menyuan Basin, and the altitude difference between the Menyuan Basin and its surrounding mountains is 1100–1500 m because of this faulting. This is evidence that the Menyuan Basin has undergone intense vertical differential movement of marginal faults since the Cenozoic. Near the Menyuan Basin, the outcropping rock strata range from the Ordovician Yingou Formation to the Quaternary system (Ma and Li, 2008). Most of the Menyuan Basin surface layer was covered with thick and various sediments of the Pleistocene, with the thickest being over 400 m, consisting of pluvial-alluvial material, glacial till deposits, and aeolian loess deposits. The aeolian loess is predominantly concentrated on the terrace of the Datong River (Figure 2), dozens of meters thick, dates back to the Middle Pleistocene, and part of it is distributed on the alluvial-proluvial-glacial plain to the east of Haomen Town. The subsurface of the basin comprises reddish Neogene fluviolacustrine mudstone, siltstone, and sandstone overlain by Pleistocene deposits (Wang et al., 2013). Beneath these Pleistocene sediments lies the Miocene fluvial-lacustrine “red layer,” only scantle is exposed near Haomen Town in the Menyuan Basin, including mudstone, siltstone, and sandstone. Sedimentary facies analyses of the Menyuan Basin show that the sedimentary thickness gradually increases from west to east.
Profile description
Canonically, a type of profile with a stratum of black-brown soil can be observed on Menyuan loess and the YHC profile (101.70 °E, 37.38 °N, Figure 3) on the second Datong River terrace in the Menyuan Basin was selected as our study area. The YHC profile is located in the northern region of the Yahecun Village and is 2891 m above sea level. The YHC profile, which has an exposed height of 4 m without digging to the bottom of the bedrock, is a fresh longitudinal section resulting from the disinterment of lanes. The stratigraphy of the YHC profile comprises five strata from top to bottom, as follows: 1) topsoil (marked TS), which is a pale brown silty-clay whose formation age is modern and is 82 cm thick with biological channels that comprised some plant roots, such as Kobresia humilis and Potentilla fruticose; 2) top loess (marked L0), which is a loose pale-yellow clay layer at approximately 82–96 cm and has a unified texture; 3) paleosol layer (marked S0), which is a brownish-black layer at 96–154 cm and contains abundant finely granular tough and compact structures; 4) transition layer (marked TL), which is 22 cm thick, and is a relatively compact yellowish-brown clay assise with some caliche nodules, that is, a prominent weakly pedogenic layer with a crumbled structure; and 5) lower loess (marked L1), which is a sandy-clay and clay layer which has a similar cooler to L0 and a homogenous structure with loose and obvious vertical joints and is approximately 176–400 cm (the bottom is not exposed) with an existing little caliche nodule at 300–320 cm.
[image: Figure 3]FIGURE 3 | Scheme of the YHC loess-paleosol sequence. The abbreviation of the different layers is explained in Section 2.2.
SAMPLES AND ANALYTICAL METHODS
Sample collection
In the wild, the surface soil of the YHC profile in the vertical direction was cleared by 20 cm to eliminate environmental influence on the protogenous stratum. Professional instruments were used to collect geochemical samples from the top of the YHC profile to the bottom at a 4-cm interval. These scattered samples were then placed in sealed bags marked with information for further laboratory measurements. In total, 100 samples were collected for this study.
Laboratory methods
All fresh material samples underwent natural air drying and were passed through a 20-mesh sieve to remove gravel and biological debris. Then, all samples were ground with a ball mill until they could be passed through a 200-mesh (i.e., approximately 74 μm) sieve.
The rare earth elements were determined using inductively coupled plasma mass spectrometry (iCAP RQ inductively coupled plasma mass spectrometer, Thermo Fisher Scientific, United States) following the standard procedure of GB/T14506.30-2010 at the Xi’an Center of Geological Survey in China Geological Survey, Shanxi, China. In most cases, the relative standard deviation of the measurements was less than 5% for the analyzed elements.
Proxy calculation and data analysis
In nature, elemental abundances exist under odd-even and decreasing rules; therefore, elements in sediments must be normalized. In this study, the chondrite (Sun and McDonough, 1989) and Upper Continental Crust (UCC) (Rudnick and Gao, 2003) composition for the normalization of rare earth elements was used to magnify the differentiation degree and reveal the mixed influence of homogenization on the deposition process (Henderson, 1984).
The following ratios and indices were used in the paper:
∑REE, LREE, and HREE represent the concentrations of the total rare earth elements, light rare earth elements (from La to Sm), and heavy rare earth elements (from Eu to Lu), respectively. These are the most fundamental properties of rare earth elements in the sediments. LREE/HREE is the ratio of LREE to HREE, indicating the degree of rare earth elements fractionation; the higher the LREE/HREE ratio, the higher the degree of rare earth elements fractionation (Inguaggiato et al., 2017) (La/Yb)N is also a measure of the fractionation degree of rare earth elements, with a high value corresponding to a high rare Earth element fractionation level (Wei et al., 2018). (La/Yb)N is defined by the equation LaN/YbN, where “N” is the chondrite-normalized concentration of a particular rare Earth element. (La/Sm)N is a measure of the internal fractionation and the overall enrichment in LREE, with the larger the LREEs more obvious the enrichment (Hao et al., 2010). (Gd/Yb)N can reflect HREE depletion and internal fractionation of HREE, with high values indicating a considerable depletion of HREE (Skurzyński et al., 2020).
δCe, a measurement of Ce anomaly, is the ratio of the observed Ce abundance to its theoretical abundance using the equation [image: image] (Zhang W et al., 2021). Under oxidation conditions, Ce is oxidized from Ce3+ to a stable tetravalent state (Ce4+), which frequently separates from other LREE on the weathered surface, resulting in Ce enrichment and an increase in the δCe value; therefore, δCe can reflect the weathering and pedogenesis in the stratum (Li et al., 2017; Skurzyński et al., 2020). High δCe values indicate considerable weathering and pedogenesis, the δCe anomalies are judged to be bounded by 0.95 and 1.05, with a value greater than 1.05, indicating a positive anomaly, and a value less than 0.95, suggesting a negative anomaly (Chen et al., 2021).
δEu, defined by the equation [image: image], is a measure of the Eu anomaly (Zhang W et al., 2021). Compared with other rare earth elements, except for the case of strong enrichment of plagioclase, δEu is relatively stable in nature, and the source rock type predominantly determines the value of δEu; therefore, δEu can be used as an indicator of provenance change (Li et al., 2021). The boundary of the δEu anomaly is consistent with the δCe anomaly, with a δEu greater than 1.05 representing a positive anomaly and a δEu value less than 0.95 being a negative anomaly (Chen et al., 2021).
RESULTS
Various stratigraphic laboratory data of rare earth elements (μg/g) measured in the YHC sediments are given in Table 1, along with the parameter eigenvalues of rare earth elements. Comparative samples included those from the Chinese Loess Plateau loess (Chen et al., 1996; Ferrat et al., 2011; Zhang et al., 2018), Zhaosu loess (Jia, 2014), Wuwei loess (Zhang H et al., 1997), Badain Jaran Desert (Ferrat et al., 2011; Zhang et al., 2018), Qaidam Desert (Ferrat et al., 2011; Ling et al., 2018; Zhang et al., 2018), Taklimakan Desert (Ferrat et al., 2011; Zhang et al., 2018) and Tengger Desert (Ferrat et al., 2011; Zhang et al., 2018).
TABLE 1 | The rare earth elements concentrations and parameters in samples from different strata in YHC profile and other areas.
[image: Table 1]The content characteristics of rare earth elements
From Figure 4 and Table 1, the ΣREE values ranged from 139.02 to 185.47 μg/g, with an average value of 157.11 μg/g. Among the rare earth elements, the content of the Ce element was the largest (mean 66.4 μg/g), and the average range of the Lu element was the smallest (mean 0.34 μg/g), the contents of each rare earth elements from the largest to the smallest were as follows: Ce, La, Nd, Pr, Sm, Gd, Dy, Yb, Er, Eu, Ho, Tb, Tm, and Lu. The abundance order of rare earth elements in the YHC profile is almost the same as that of the UCC and other loess and desert, indicating that the stability of the rare earth elements was high. LREE values varied between 124.18 and 165.78 μg/g, with an average value of 140.67 μg/g. The HREE values varied from 14.69 to 19.69 μg/g, with an average value of 16.44 μg/g. The average ΣREE, LREE, and HREE values were close to those of the Chinese Loess Plateau loess and Tengger Desert, higher than those of UCC, and lower than those of other loess and deserts in this study.
[image: Figure 4]FIGURE 4 | Comparison diagram of the contents of each rare Earth element in samples from different strata in the YHC profile and other areas.
In the various YHC profile layers, the content characteristics of the rare earth elements showed similarities and differences. The predominant commonality is the abundance order of the rare earth elements, demonstrating that the provenance of the YHC profile was relatively consistent. As shown in Figures 7A–C, ΣREE, LREE, and HREE exhibited similar depth-based variations, which were distinct in different layers, with higher values in the paleosol samples and lower values in the loess horizon samples. This suggests that rare earth elements can serve as a record of stratigraphic changes to some extent; however, at 380–350 cm of the L1 layer, all three curves exhibited a notable peak that may be attributable to the contribution of additional sources.
Rare earth elements partitioning mode
The standardized partition curves are comprehensive reflections of the geochemical characteristics of the rare earth elements. According to the normalized rare earth elements distribution model diagram of chondrite (Figures 5A–F), the distribution curves of different layers in the Menyuan Basin closely coincided with each other, displaying prominent right-leaning L-shaped curves with steep La-Eu and gentle Gd-Lu parts, which were relatively enriched in LREE and deficient in HREE, respectively. The La, Ce, and Pr contents were higher, contributing to the relative enrichment of LREE. The normalized curves for all samples reveal a V-shape at Eu, indicating an apparent negative Eu anomaly, but no discernible change at Ce, indicating a weak Ce anomaly. The high consistency of the distribution curves among samples in diverse strata suggests that rare Earth fractionation of the YHC profile sediments is synchronous. After chondrite normalization, the rare earth elements distribution curves of loess sediments in various areas were nearly parallel to the YHC profile with similar morphology, exhibiting a right-sloping characteristic (Figure 6A). All of them are enriched in LREE relative to HREE, with an apparent negative Eu anomaly and no obvious Ce anomaly, indicating that YHC sediments have a terrigenous origin and source regions similar to those previously stated.
[image: Figure 5]FIGURE 5 | Chondrite-normalized distribution patterns of rare earth elements for TS (A), L0 (B), S0 (C), LT (D), L1 (E) and all (F) of sediments in Menyuan loess.UCC-normalized distribution patterns of rare earth elements for TS (G), L0 (H), S0 (I), LT (J), L1 (K) and all (L) of sediments in Menyuan loess.The dark lines are the averages of the layers, and the light areas are the ranges of the layers; the content displayed in each mini-graph is annotated in the upper left corner.
[image: Figure 6]FIGURE 6 | Chondrite-normalized (A) and UCC-normalized (B) distribution patterns of rare earth elements patterns for the regions of this study. The grey areas are the ranges of Menyuan loess.
The variation range of the normalized rare earth elements distribution curves in different layers is illustrated by a spidergram normalized to the UCC in Figures 5G–L; however, the distribution curves of the mean values are still nearly identical. LREE and HREE were both enriched relative to UCC, with HREE being more evident than LREE, which demonstrates that the sedimentary properties of the whole section were similar and that only individual samples differed. The distribution of all sediments on the UCC normalized curves exhibited a class linear distribution with considerable variations (Figure 6B). HREE enrichments were more significant than LREE enrichment, showing that the rare Earth element compositions of all sediments were similar to those of the UCC; however, the fractionation of rare earth elements in sediments from different locations varied, which may be related to the provenance and environment.
Eigenvalues of rare earth elements parameters
All the characteristic rare earth elements parameter values for the YHC profile are shown in Figure 7 and Table 1. The average weight of δCe is 1.02, fluctuating from 0.95 to 1.07, and most of the samples have no apparent anomalies and only a few samples in the upper L1, LT, and S0 layers exhibited positive anomalous δCe values (Figure 7I), indicating that the overall weathering loam formation conditions were poor during the deposition process, and no pronounced redox effect occurred. The δEu ranged from 0.55 to 0.84, with a mean value of 0.65, and all samples showed considerable negative anomalies (Figure 7H). The δEu fluctuations in each stratum were small, signifying that the comprehensive source of material in the YHC profile was relatively stable during deposition. The considerable δCe variation in the upper part of the L1 and LT layers reflects considerable climate change at that time and the possible input of other sources during the deposition of this formation.
[image: Figure 7]FIGURE 7 | Variations of diverse parameters of rare earth elements with depth in YHC profile. (A–I) stand for ΣREE, LREE, HREE, LREE/HREE, (La/Yb)N, (La/Sm)N, (Gd/Yb)N, δEu and δCe, respectively; the black, blue, and red lines are drawn from data of original, five-point smoothing and three-point smoothing, respectively.
The mean value of LREE/HREE was 8.57 (Figure 7D), varying between 7.91 and 9.35, near Wuwei and Zhaosu loess (Zhang H et al., 1997; Jia, 2014). The degree of differentiation was most substantial in the S0 stage, followed by the LT and TS stages, and was lowest in the L0 and L1 stages. The trends of (La/Yb)N and LREE/HREE were consistent (Figure 7E), showing fewer fractionations of rare earth elements in loess than in the paleosol.
(La/Sm)N ranged from 3.61 to 4.11, with a mean value of 3.84 (Figure 7F). The contrast between the various horizons was inconspicuous, but the LREE was more enriched in the paleosol layer than in the loess layer. The mean value of (Gd/Yb)N was 1.69, and the overall variation was insignificant (Figure 7G). There were three peaks, that is, in the upper part of L1, the junction of the LT and S0 layers, and the ground surface layer, indicating that HREEs were more deficient in these three depositional stages.
Overall, comparing the various rare earth elements parameters in the sediments from different layers of the YHC profile indicates that the overall changes in the Mengyuan loess were negligible, and the rare earth elements parameters may not be sensitive indicators of climate change.
DISCUSSION
The composition of rare earth elements in sedimentary deposits is predominantly a combination of numerous environmental factors, including source rocks, chemical weathering, and grain size composition (Ferrat et al., 2011; Casse et al., 2019; Thorpe et al., 2019; Li et al., 2021). Assessing the effects of chemical weathering and grain size composition on rare Earth element composition is necessary for establishing provenance discrimination with rare earth elements.
Chemical weathering on rare earth elements behaviours
Chemical weathering influences the abundance and behavior of rare earth elements (Casse et al., 2019). Clay minerals, one of the major host minerals of rare earth elements, are created in large quantities during chemical weathering, affecting the enrichment and migration of rare earth elements (Yang et al., 2019; Andrade et al., 2022).
Paleosol layers are formed under warmer and wetter climatic conditions with substantial chemical weathering, and loess is included in drier and colder climatic conditions with weak chemical weathering (Skurzyński et al., 2020). The Chemical Index of Alteration (CIA, (Al2O3/(Al2O3+ CaO* + Na2O + K2O))×100 (molar ratio)) is a vital indicator of the intensity of chemical weathering and is frequently employed in various sediments (Nesbitt and Young, 1982; Wang G et al., 2020; Deng et al., 2022b). The variation of CIA in the YHC profile (in submission, Figure 8A) shows that the CIA varies markedly with stratigraphy, with the highest CIA values in the paleosol layer and the lowest CIA values in the loess layer, clearly showing the variation in chemical weathering processes at different stages. The total CIA values for the YHC profile were slightly lower, indicating that the Menyuan loess experienced weak chemical weathering under an arid climate and low precipitation.
[image: Figure 8]FIGURE 8 | Variations of CIA (A) and various indicators of grain size (clay content (B), silt content (C), sand content (D) and mean grain size (E)) with depth in YHC profile (in submission). The title of each mini-diagram is the name of the parameter.
The properties of the rare earth elements resulted in the abundance of ΣREE and LREE of the paleosol being more significant than that of the loess in the YHC profile. During the formation of the paleosol, the warm and humid climatic conditions enhanced the mobility of the rare earth elements, and the active rare earth elements were enriched and preserved by simultaneously composing complex ions linked to other stable matter in the form of hydroxyl or heteronuclear multiple complex associations. This resulted in intense leaching of carbonate, which led to the relative enrichment of the rare earth elements component (Zhang et al., 2009; Andrade et al., 2022). Minor differences exist between the loess and paleosol in the Menyuan Basin, reflecting poor pedogenesis by weathering in the survey region. The δCe indicator also reflects the same results, which are consistent with the conclusions of the CIA. Owing to their diverse properties, LREEs and HREEs behave differently under chemical weathering within the rare earth elements. When chemical weathering is more substantial, HREEs are more likely to form bicarbonates in solution than LREEs and preferentially dissolve and migrate, while clays preferentially adsorb LREEs. The LREEs and HREEs undergo fractionation, resulting in a relative enrichment of LREEs and a relative loss of HREEs (Ma et al., 2007; Laveuf and Cornu, 2009; Chapela Lara et al., 2018; Andrade et al., 2022). The LREEs and HREEs fractionation of the paleosol layer is higher than that of the loess layer in the YHC profile, indicating that the paleosol layer suffered more substantial chemical weathering, the CIA curve in Figure 8A also confirms that the paleosol layer was subjected to more intense chemical weathering. Notably, the HREE abundance of the paleosol was greater than that of the loess in the YHC profile, which may be caused by the dilution effect of carbonate in the loess layer (Chen et al., 2017); however, specific carbonate data were lacking for interpretation, and further analysis is required through tests such as leaching and carbonate content determination. The results for LREE/HREE and (La/Yb)N in the YHC profile are consistent with common sense. (La/Sm)N and (Gd/Yb)N further reflect the internal fractionation of LREEs and HREEs, respectively; the former varies insignificantly and the latter varies at markedly higher values in the paleosol layers in the YHC profile. LREEs are not susceptible to HREE activation by chemical weathering; therefore, the internal fractionation of LREEs is insensitive to the response of weathering intensity compared with HREEs (Chapela Lara et al., 2018).
Although most rare Earth element indices can reflect the difference between the loess and paleosol layers, and there are positive correlations between these indices and CIA in the YHC profile, the correlation coefficients were extremely low (Figure 9), which indicated that the rare earth elements were somewhat indicative of weathering intensity; however, they were insensitive to chemical weathering and climate change in the Menyuan loess, and further elucidation of these rare earth elements indices is not suitable as an index of chemical weathering intensity in this area. The relationship between these rare earth elements indices and chemical weathering implies that rare-earth-element-controlling behavior is not chemical weathering intensity in the Menyuan Basin. The reason for limiting the ability of rare Earth element indices may be the arid climate and minimal precipitation in the region, where the weathering process is dominated by physical weathering, and chemical weathering is weak and restricted. Numerous studies in other arid and semi-arid areas have shown that aeolian sediments are in the early stages of weathering, and that the degree of weathering is generally low (Li et al., 2016; Li et al., 2021; Xu et al., 2022).
[image: Figure 9]FIGURE 9 | The relationships between CIA versus diverse parameters of rare earth elements in Menyuan loess.
Overall, the impact of chemical weathering on the behavior of rare earth elements in Menyuan loess is negligible.
Effect of grain size composition on rare earth elements behaviours
Grain size is one of the most fundamental physicochemical properties of sediments, holding information about provenance, transport, and weathering, and it has a substantial influence on other sedimentary characteristics, such as magnetic susceptibility and rare Earth element abundances (Li et al., 2021; Shi et al., 2021). As the fine grain size fraction contains a large host of rare earth elements, the rare earth elements abundance generally correlates well with the clay content, which means that rare earth elements tend to be enriched in fine grain size and deficient in coarse grain size; therefore, the grain size of the sediment can influence the content and distribution of rare earth elements (Taylor and McLennan, 1985). However, it has been shown that grain size has no substantial effect on rare earth elements (Ferrat et al., 2011; Zhang et al., 2018). Assessing the relationship between rare earth elements and grain-size indicators for loess in the study area is crucial to probe the provenance of the Menyuan loess with rare earth elements abundances and parameters.
The grain size results of the YHC profile show that its mean grain size (Mz) ranges from 11.02 to 30.62 μm, with a mean value of 17.63 μm, and is dominated by silt with a content ranging from 61.64% to 82.21%. Furthermore, the clay content ranges from 7.11% to 21.68% and sand content ranges from 3.42% to 28.87% (in submission, Figures 8B–E). The grain size indicators of the various horizons contrast substantially, but the distribution patterns of rare earth elements are relatively consistent across the different horizons (Figure 5), suggesting that the rare earth elements distribution patterns are independent of grain size and that grain size has no significant effect on rare earth elements in the Menyuan loess. To further explore the influence of grain size on rare earth elements, this study linked the grain size parameter with the rare earth elements parameters (Figure 10). According to Figure 10, ΣREE, LREE, and HREE exhibit a significant positive correlation with clay content and a remarkable negative correlation with sand content and Mz. There is a characteristic that the abundance of rare earth elements in the Menyuan loess gradually decreases with the coarsening of sediment grain size, which is consistent with the trend of enrichment of rare earth elements to the fine-grained fraction, as suggested by previous authors (Taylor and McLennan, 1985). Rare earth elements enter the lattice of clay minerals by isomorphism or are preferentially concentrated in the fine-grained fraction due to adsorption onto ultra-abrasive heavy minerals such as zircon, rutile, and monazite. In contrast, the dilution of quartz, carbonate, and other rock-forming minerals in coarse-grained sediments increases the parasitifer content of non-rare-earth-elements while decreasing the clay mineral content, which is unfavorable for rare earth elements enrichment (Caggianelli et al., 1992; Mongelli, 1995; Hao et al., 2010; Hu and Yang, 2016; Chen et al., 2017; Du et al., 2018; Li et al., 2021). This further explains why the paleosol layer with a higher clay content than the loess layer with a higher sand content has a greater abundance of rare earth elements. Two other points should be noted: firstly, the correlation coefficients of the grain size parameters with ΣREE and LREE are consistent and higher than those with HREE, indicating ΣREE and LREE are more closely related and HREE is more active than LREE; secondly, the abundance of rare earth elements is not significantly related to the main component of loess (silt content), and the correlation coefficients with other grain size indicators are less than 0.5 (at the 0.01 level), showing extremely weak correlations and indicating grain size composition has little influence on the rare earth elements abundance in Menyuan loess.
[image: Figure 10]FIGURE 10 | The correlations between grain size indicators and rare earth elements parameters. The red and blue represent positive and negative correlations; the higher the correlation coefficient, the darker the colour and the larger the angle; ** and * express significant correlations at the 0.05 and 0.01 levels (2-tailed).
Figure 10 also shows that the correlation coefficients between the characteristic indices of rare earth elements and grain size parameters are all less than 0.38 with extremely weak correlations, the majority of which were less than 0.2 and did not pass the significance test, denoting that the grain size of Menyuan loess has minimal constraints on the characteristic indices and fractionation of rare earth elements, as is also the case in some deserts of northwestern China (Du et al., 2018; Li et al., 2021). Notably, δCe and (La/Sm)N tend to be enriched in the fine-grained fraction owing to clay mineral adsorption (Nesbitt, 1979; Braun et al., 1990). In the YHC profile, only δCe was positively correlated with clay content, whereas (La/Sm)N was negatively correlated; both correlations were quite low. It can be concluded that δCe and (La/Sm)N in the Munyuan loess were not significantly influenced by grain size parameters. The findings of Du et al. (2018); Li et al. (2021) also demonstrate that δCe and (La/Sm)N are minimally affected by grain size in arid zones, such as the Qaidam Desert and Badain Jaran Desert, and may be used as proxies for determining the source of aeolian sediments.
The abundance, distribution pattern, and characteristic indices of rare earth elements in the Menyuan loess were minimally governed by particle size at the visible scale.
Supply of provenance in Menyuan Loess
The rare earth elements parameters are a function of provenance information, chemical weathering, and grain size composition, and the effects of weathering and grain size on rare earth elements in the Munyuan loess are insignificant. Thus, the dominant factor was the influence of the source rock composition on the characteristic parameters and partitioning patterns of rare earth elements in the research region.
Provenance information carried by other parameter ratios such as (La/Yb)N, δEu, (La/Sm)N, and (Gd/Yb)N in the Munyuan loess was retained. Many comprehensive investigations have shown a functional relationship between ΣREE and (La/Yb)N, with (La/Yb)N increasing with ΣREE and distinct projection zones for various rocks, which may be utilized to establish source rock properties (Zhang et al., 2009; Liu et al., 2016). In the ΣREE vs. (La/Yb)N plot (Figure 11A), most of the samples were concentrated in overlapping areas of granite, alkaline basalt, and sedimentary rocks, indicating that the source of the Munyuan loess is very complicated. The granites contained a relatively high concentration of rare earth elements, being enriched in LREE, having high LREE/HREE ratios, and exhibiting significant negative Eu anomalies. In contrast, the basal basalts were relatively low in rare earth elements and moderately increased in HREE, with low LREE/HERR ratios and minor Eu anomalies (Cullers and Graf, 1984; Condie, 1993; Hai et al., 2021). The Menyuan loess has low rare earth elements and HREE contents, high LREE/HREE ratios, and substantial negative Eu anomalies; hence, it is doubtful that the Menyuan loess source rocks are basaltic, but rather granite and sedimentary rocks.
[image: Figure 11]FIGURE 11 | Bivariate diagrams of rare earth elements parameters ratios of samples and their potential source areas. (A) ΣREE vs. (La/Yb)N, from previous work (Liu et al., 2016); (B) δEu vs. (La/Yb)N; (C) δEu vs. (La/Sm)N; (D) (Gd/Yb)N vs. (La/Sm)N.
In this study, the commonly employed δEu vs. (La/Yb)N, δEu vs (La/Sm)N, and (La/Sm) vs. (La/Gd)N variograms were selected to analyze the material source areas of the Menyuan loess (Reichow et al., 2005; Wei et al., 2018). Figures 11B–D shows that the Menyuan loess data are all relatively concentrated, indicating that its source is reasonably consistent and has not altered significantly. When comparing the loess data from other regions, there is considerable overlap between the Menyuan and Zhaosu loess, a substantial overlap with the Chinese Loess Plateau loess, and a less overlap with the Wuwei loess. There is some correlation between the loess sources in the arid and semi-arid regions of northwest China, with the Menyuan loess being less correlated with the closer Wuwei loess but more correlated with the more distant Zhaosu loess. This suggests that the Menyuan Basin has largely received foreign aeolian deposits. The material source of the Zhaosu loess is mainly the deserts of arid Central Asia (Song et al., 2014); the Badain Jaran Desert, the Qaidam Desert, and the Taklimakan Desert are considered to be the material source areas of the loess on the Chinese Loess Plateau (Sun, 2002; Zhang et al., 2003; Sun et al., 2020); and the Tengger Desert is the source of Wuwei loess (Zhang H et al., 1997). The potential material source areas of the Menyuan loess are probably related to the loess’s provenance in the aforementioned places. By comparing the data on potential source areas around the Menyuan loess, it is evident that all the points of the YHC profile fall within the Qaidam Desert region, with the majority of issues falling within the Badain Jaran Desert and a small proportion projected within the Taklimakan Desert and Tengger Desert, suggesting that the Menyuan loess is not derived from a single desert and that multiple source areas may exist. Some fluvial and ice-water deposits within the Menyuan Basin may also be a potential source of Menyuan loess. Due to the lack of rare earth elements data for these deposits, we do not elaborate too much in this study and intend to investigate them with other means in subsequent reports. Through evidence of rare earth elements, the Qaidam Desert and Badain Jaran Desert are the main source areas, and the Taklimakan Desert and Tengger Desert are the secondary source areas, due to wind and topography.
Wind was the main driving factor behind the NETP loess formation (Stauch et al., 2012). The NETP is predominantly influenced by westerly and Asian monsoons, in which both the westerly and winter winds are crucial dust transport drivers (Ferrat et al., 2011; Stauch et al., 2012; Wei et al., 2018; Zhang et al., 2018). Loess is a product of dry and cold periods, and prior research (An et al., 2012) has shown that westerly circulation predominantly influenced the NETP during the Last Glacial Period. During the glacial epoch, especially after MIS3, reduced solar radiation in the northern hemisphere at high latitudes in summer and lower temperatures in the Greenland region and the North Atlantic sea surface inhibited the evaporation of seawater, resulting in less water vapor being carried by westerly winds and triggering a relatively dry climate across the westerly zone (Dansgaard et al., 1993; Ding et al., 1995; Alley et al., 2010; Moreno Chamarro et al., 2020; Chen and Liu, 2022). The expansion of the Eurasian ice cap, blowing of cold air over the ice cap to the mid-latitudes, intensification of the Siberian–Inner Mongolian high pressure, strong winter winds blocking warm and humid air masses from penetrating inland, intensification of airflows and the reduction of precipitation in the arid and semi-arid regions of Asia, and evolution of the environment in a colder and drier direction (Ding et al., 1995; Dykoski et al., 2005; Chen and Liu, 2022). Environmental degradation leads to reduced vegetation in the source area and increased material exported from the desert or Gobi (Zhang X. Y et al., 1997; Jia et al., 2020; Kang et al., 2022). The westerly winds prevail year-round over the NETP, and the Menyuan Basin is positioned downwind of the Qaidam and Taklimakan Deserts.
Large quantities of dust are emitted from the two source areas, and the dust then rises to the upper air by surface winds and is transported with westerly winds to the Chinese Loess Plateau and other eastern Asian areas where it accumulates and forms thick loess (Goudie and Middleton, 2006). The Menyuan Basin is a station on the virtual channel for dust transport from the deserts of arid Central Asia to Eastern Asia; therefore, a portion of the dustfall will also settle in the Menyuan Basin, which is confirmed by dustfall in ice cores on the Qilian Mountains (Wei et al., 2018). Geographically, the Menyuan Basin is located near the Badangilin Desert and the Tengger Desert. Strong winter winds are expected to transport these dust particles to the Menyuan Basin from these two deserts, releasing a significant amount of dust into the surrounding areas via cold frontal channels in winter and spring (Goudie and Middleton, 2006). Indicators of rare earth elements indicate that the more distant Batangilin Desert, rather than the adjacent Tengger Desert, and provides more material for the Menyuan Loess. The results (An et al., 2012; Xie et al., 2019; Li Y et al., 2022) show that the NETP is frequently exposed to northwesterly and northerly winds and rarely to northeasterly winds in winter; therefore, the Mengyuan Basin should receive dust from the Batangilin Desert in the north more efficiently, and material from the Tengger Desert in the northeast can only be transported to the Mengyuan Basin during extreme dust storm conditions. In addition to the wind force, topography also has a significant influence (Liang et al., 2022). The Menyuan Basin is an enclosed terrain surrounded by tall mountains that become natural barriers to resist coarse-grained material carried by near-surface winds from the surrounding source areas. This results in the Tengger Desert, the closest source area to the study area, not being the main source area for the Menyuan loess, which is more likely to be formed by the transport of delicate particulate matter by high-altitude air currents.
The indicators of the YHC profile have increased our understanding of aeolian sediment accumulation processes and portrayed a crucial pathway for dust transfer from arid Central Asia to the east. Previous studies on the paleodust transport process and loess accumulation on the Chinese Loess Plateau and arid Central Asia have been relatively comprehensive, but research on the loess in the NETP is lacking, so more systematic research work on the Tibetan Plateau is required to provide a complete picture of the accumulation pattern of loess at different times and spaces.
CONCLUSION
In this study, a systematic geochemical investigation of rare earth elements was conducted on the YHC loess-paleosol profile of the Menyuan Basin. The following conclusions were obtained by analyzing the indicators and distribution characteristics of rare earth elements in the Menyuan loess.
1) The indices and distribution curves of rare earth elements in the diverse strata of the YHC profile did not differ significantly, with only minor deviations in the paleosol and loess. The Menyuan loess is extremely comparable to the loess in other locations of northwestern China, with negative slopes in the distribution curves, steeper La-Eu curves, and gentler Gd-Lu curves, showing relative enrichment of LREE and relative loss of HREE, apparent Eu negative anomalies, and no apparent Ce anomalies, revealing a general association with the loess in arid northwestern China.
2) The correlations between various rare Earth element parameters and chemical weathering, and grain size composition were extremely low in the Munyuan loess. The influence of chemical weathering and particle diameter on rare Earth element in the loess of the study area is minimal, indicating that rare Earth element parameters contain a wealth of information regarding the content source, and indicators such as (La/Yb)N, δEu, (La/Sm)N, and (Gd/Yb)N are more suitable for determining the source of dust.
3) According to the source discrimination diagrams of ΣREE and (La/Yb)N, the Menyuan loess was mostly derived from a mixed source rock consisting of granite and sedimentary rocks. A comparison of the (La/Yb)N, δEu, (La/Sm)N, and (Gd/Yb)N parameters of potential source areas shows that arid Central Asia, dominated by the Qaidam Desert and Taklimakan Desert, is the primary source area of Menyuan loess, and dust particles released from these deserts are transported to the Menyuan Basin by the Westerlies and deposited to form loess. In addition, the Badain Jaran Desert is also an essential source of material for the Menyuan loess by winter winds, and some Tengger Desert materials are also transported to the Menyuan Basin by winter winds, but the material transported from the Tengger Desert has a negligible contribution.
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