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Abstract

:

The unmixing of grain-size distribution (GSD) with multivariate statistical analysis provides insight into sediment provenance, transport processes and environment conditions. In this article, we performed hierarchical clustering endmember modeling analysis (CEMMA) to identify the sedimentary environment of fluvial deposits at core HDZ04 drilled in the paleofloodplain on the north bank of the upper Yellow River. The CEMMA results show that four end members can effectively explain the variance in the dataset. End-Member 1 and End-Member 2 are polymodal and dominated by silty clay, and they are associated with the suspended load. End-Member 3 is composed of fine sand and silt, and medium-coarse sand makes up the majority of End-Member 4, corresponding to a mixed saltation load and bed load, respectively. Combined with the end-member scores, we constructed energy values to further divide the core samples into different depositional environments. Unit 2 and unit 5 have a high proportion of coarser end-member components, presenting a shallow channel and a high-energy channel environment, respectively. Unit 1 and unit 3 are composed of fine-grained silt and clay and are dominated by finer end-member components, which can be interpreted as a floodplain situation. Unit 4 is characterized by frequent fluctuations in grain-size composition and energy values, indicating the transition from a high-energy river channel to floodplain deposits. For the channel sedimentary environment, the accumulation rate was relatively low (0.32 mm/yr) due to the frequency migration of the channel. A high accumulation rate of the fluvial deposits had occurred in unit 1 during 1.6 Ka (4.35 mm/yr), which was a response to the influence of increased fluvial instability and human activity during the late Holocene.
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1. Introduction


As the most important carrier of Earth’s surface material migration and the active ecotone among different layers, the fluvial system responds sensitively to changes in regional external conditions [1,2]. In this regard, fluvial sediments record important information concerning the sedimentary environment [3,4,5,6]. Particle size is one of the properties of river sediments. Since grain-size parameter equations (median diameter, sorting coefficient, skewness and kurtosis) were proposed by Folk and Ward (1957) [7], increasing attention has been paid to the correlation between sediment particle size and transport conditions [8,9]. Plenty of scholars have analyzed the grain-size parameters of sediments in different sedimentary environments, and based on such statistics, diversified discriminant functions have been established and widely used in depositional environment discrimination [10,11,12]. However, the discriminant function may be limited to specific settings without regard to the differences in geomorphic units. As a response to this, some scholars accordingly tried to decompose the grain-size distributions of sediments and infer geological processes in terms of the explanation for the observed variations in grain-size distributions [13,14]. This is because the grain-size characteristics of sediments are the products of multiple factors; the grain-size distribution (GSD) of sediment, controlled by single transportation or the depositional process, is unimodal, and the grain-size distributions in polymodal sediments theoretically reflect different transportation or depositional processes [15]. Based on the above discoveries, the fitting parameter obtained by fitting a defined function formula to the measured GSDs of sediments, by referring to the component score, can simultaneously judge the sedimentary environment [11,12]. By judging the number of peaks, the numerical partitioning of sedimentary components can determine the component number, which, however, results in the deficiency of higher subjectivity [16] or a great difference in scores induced by the same components [17]. Weljie (1997) [18] further proposed that “end-members” represent a series of fixed compositions, which can be regarded as distinct subpopulations within the dataset being analyzed. Statistically, end-members may be defined as a specific (population) setting, corresponding with a certain (frequency distribution) deposition process. Based on multivariate mathematical approaches, EMMA [18], EMMAgeo [19], HALS-NMF [20], BEMMA [21] and CEMMA [22] have been proposed. In recent years, these models have been widely applied to research the relationship of GSD, sedimentary components, the transport medium and the sedimentary environment for loess, aeolian and lacustrine deposits [16,19,20,21,22,23].



The Yellow River is famous for frequent channel migration and for having the highest content of sediment in the world. Under the influence of subsidence tectonic activity, coupled with the distribution of a large number of deserts around the riverbank, the Yellow River has developed a typical desert valley channel in the upper reach [24]. A large amount of geomorphological evidence shows that the Yellow River valley may have developed in the Early Pleistocene [25]. The adjacent desert has experienced multiple expansion–contraction processes accompanied by the migration of the river channel since the Middle Pleistocene [26]. However, the desert landscape in the northern margin of the Ulan Buh desert was formed 2ka ago, and it might respond to lake drying and land desertification caused by the southward migration and abandonment of the Yellow River channel under the influence of human activities [27]. Therefore, reconstruction of the depositional processes is important to understand regional geomorphic evolution. Although the end-member model has previously been applied to analyze fluvial deposits, such as assessing water carrying capacity during flooding [23,28], there is few research on the depositional environment of core sediments. To further extend the end-member model to core sediments and determine its feasibility in sedimentary environment change, we analyzed a sediment core from a desert-wide valley section of the upper Yellow River. Additionally, CEMMA was applied to decompose the grain-size dataset into a certain number of representative components reflecting depositional processes, and we explored the grain-size variation in the fluvial deposits’ response to the sedimentary environment and provenance.




2. Study Area


The Yellow River has a total length of 5464 km, and it can be divided into upper, middle and lower reaches according to its geographical location. The Houtao section is located in the upper reach of the Yellow River from Dengkou to Sanhuhekou, between Lang Mountain to the north and the Ordos Plateau to the south, with a length of 214 km and width ranging from 20 km to 90 km (Figure 1). After Linhe city, the Yellow River flows through the Ulan Buh desert and the Kubuq desert, forming a typical wide-valley desert reach [29]. The river bank on both sides is mainly composed of sand and gravel, and the average gradient is 0.16‰ [30]. As it is located at the fringe of the East Asian monsoon belt, a temperate continental climate dominates the Houtao Basin, where the mean rainfall is 200–250 mm/yr and potential evaporation capacity is 2000–2300 mm/yr [31].




3. Materials and Methods


3.1. Drill and Sampling


Core HDZ04 (40°51′27.6″ N, 108°02′25.5″ E) was drilled in the paleofloodplain on the north bank of the modern Yellow River at almost 5 m higher than the river channel. A 22 m-long sediment core was obtained from this site by using the XY-4 geological exploration drilling machine (Huanghai Machinery Factory, Lianyungang, China). Double-layer core tubes were taken to ensure the acquisition of a compete profile.



The length of the recovered core was 18.7 m with an extraction rate of 85%. After being transported to the laboratory, the core was split and subsampled into 5 cm sections at Lanzhou University. The recovered sediments were dominated by sands and could be divided into 5 lithological units from top to bottom (Figure 2).



Unit 1: 0–4.0 m. This unit was predominantly composed of grayish yellow clay and gray-black silt. The silty clay layer was intercalated with brownish yellow thin-bedded clayey silt.



Unit 2: 4.0–8.3 m. The sediments in this unit were dominated by grayish yellow fine sand and grayish brown medium-coarse sand.



Unit 3: 8.3–9.9 m. In this unit, dark brown silt and clayey silt dominated, mixed with grayish yellow medium-fine sand.



Unit 4: 9.9–12.5 m. This unit mainly consisted of brown silt layers, which were intercalated with thin clay layers.



Unit 5: 12.5–20.41 m. This unit contained grayish yellow fine sand and grayish brown medium-coarse sand, without obvious parallel bedding.




3.2. Grain Size


One hundred eighty-nine samples from HDZ04 were selected at 10 cm resolution for measurements of grain size. We then collected 79 samples from additional sites, which were linked to special depositional environments, including modern riverbed (27), floodplain (20), lacustrine (3) and desert (29) environments. In the field, a self-made sampler was used to collect riverbed sediments along the mainstream of the Yellow River, and the sampling points were at least 10 m away from the riverbank to reduce the impact of human activities. Aeolian samples were gathered from dunes of the Kubuq desert after removing the surface material (~25 cm) to make the samples more representative.



All of the samples were air-dried and analyzed with a Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK; the measurement range is 0.02–2000 μm). Prior to the measurements, the bulk samples were treated with 30% H2O2 and 10% HCl to remove organic materials and carbonate, respectively. Finally, samples were rinsed with deionized water and mixed with 0.05 mol L−1 Na(PO3)6 on an ultrasonic vibrator for 10 min. We utilized the formula reported by Folk and Ward (1957) [7] to calculate the grain-size composition, median diameter, sorting coefficient, skewness and kurtosis.




3.3. OSL Age


Three samples for optically stimulated luminescence (OSL) dating were extracted in tubes from any silt and fine sand layer of the core, before being transported to the laboratory for analysis in opaque anti-sunlight bleaching containers. The OSL samples were opened under a subdued red light in the luminescence dating laboratory. From the material in the unexposed middle parts of the cores and tubes, quartz with a 38–63 μm fraction was extracted for luminescence measurements. Pre-processing was performed with reference to the study conducted by Li et al. (2018) [32]. OSL signal measurements were made using an automated Risø TL/OSL-DA-15 reader (DTU Physics, Lyngby, Denmark). Equivalent dose (De) measurements were measured using a combination of the Single-Aliquot Regenerative (SAR) dose protocol [33] and the Standard Growth Curve (SGC) method [34], namely, the SAR-SGC method [35]. We used similar De measurement conditions and annual dose measurements from previous studies in this area [32] for all luminescence samples investigated in this study. The values for De as well as the total dose rates for these samples are given in Table 1.




3.4. Hierarchical Clustering End-Member Modeling Analysis (CEMMA)


The end-member model was first proposed by Weltje (1997) [18], who proposed that the compositional variation in GSD was caused by the mixing of material from different sources (end members). The relationship can be expressed as a linear mixing model:


   X =  M    n × Q      B    Q × P         +  E    n × P       



(1)




where matrix    M    n × Q       is the proportional contribution of the end member;    B    Q × P       represents the composition matrix, and      E    n × P         represents the errors of the model. In this model, n is the sample number, P is the variable parameters, and Q is the end number.



CEMMA can be regarded as a nonparametric statistic of GSDs, which infer the number of end members using agglomeration coefficients. Then, the city-block distance is used to quantify the similarity between GSDs, and it is expressed as the following [21]:


   d    i j     =   ∑   k = 1  p     x  i k   −  x  j k      



(2)




where    d    i j       represents the distance between the GSD of    x i    and    x j   , and p is the number of size classes in each GSD. High values of    d    i j       indicate a lower degree of similarity between curves    x i    and    x j   , whereas a value close to 0 suggests extreme similarity. We merge the most similar pair of clusters into a new cluster according to    d    i j      , and we repeat this step until all clusters are combined into one cluster.


    d    r s     =     min    d    i j       



(3)







The unmixed GSDs are defined as the most typical GSDs in the dataset that are representative of their clusters.


    C   q    =     min    d    q , k s       



(4)







Theoretically, the number of end members and their compositions can be determined accurately, and the contributions of end members to each sample can be estimated using standard least-squares techniques [18]. Under the principle of mass conservation, the fraction of each end member should be nonnegative, and the sum is close to 1 [36].


    ∑   k = 1  q   m  i k   = 1  



(5)




where    m  i k     indicates the contribution of each end member, and q is the number of the end member. The grain-size distributions of 189 samples in the HDZ04 were transformed to end members using CEMMA in order to further explore the information about the depositional environment contained within the grain-size distribution.





4. Results


4.1. Grain-Size Characteristics of Core HDZ04


The core deposits are mainly composed of silt (56.7%) and sand (35.2%), as well as a small amount of clay (8.1%) (Figure 3). The frequency histogram shows that the median diameters of the sediments are between 5 μm and 304 μm, and the proportion of particles with a median diameter larger than 100 μm is 51%. The grain-size parameters indicate that these sediments are mainly characterized by positive skewness, and a medium or sharp and narrow distribution of kurtosis curves. In addition, the sorting coefficients of the sediments range from 0.46 to 3.17, thus classifying them as primarily medium to poorly sorted, with a small amount being well sorted (2%). Furthermore, the sediments with a median diameter of less than 100 μm are characterized as poorly sorted, and they are dominated by a sharp and narrow distribution of kurtosis curves, while the coarse particles (100–329 μm) show a large fluctuation, partially dominated by relatively very well sorted and symmetric skewness. The samples in unit 1 are characterized by multimodal GSDs with a high proportion of silt-sized particles. The GSDs in unit 2 show two modes, and the sorting degree is better than that of unit 1. The samples from unit 3 are medium-to-coarse silts, with a dominant mode size range from 30 μm to 70 μm. In unit 4, the sediments are characterized by a higher content of coarse-sized particles with unimodal GSDs and a low content of fine-sized particles (mode at 10–30 μm). The sediments in unit 5 are composed of fine-to-medium sand with a dominating mode of 100–300 μm. Importantly, the GSDs of the sediments are similar to those of the coarse-sized particles in unit 4, which could be interpreted as representing a depositional environment similar to that of unit 4.




4.2. End-Member Analysis


The median coefficient of determination (r2) reveals that a four-end-member model, which can reproduce ~85% of the total variance of the GSDs, is the most suitable mixing model for the core HDZ04 dataset. EM1 is characterized by polymodal distribution with a high proportion of fine-sized particles, and the grain size ranges from 1 μm to 100 μm (Figure 4). In addition, EM1 is composed of an obvious mode and two secondary modes. It has a dominant mode at 30 μm, and the secondary mode corresponds to 0.6 μm (clay) and 5 μm (silt). The cumulative frequency curve of the grain size shows that the intercept point of the saltation and suspended components is between 4 φ and 5 φ, and the suspended component accounts for more than 70%, indicating that EM1 is positioned in a low-energy hydrodynamic condition. EM2 has a mode at 51 μm (silt) and a secondary mode at 60 μm. The cumulative probability curve of the grain size has two phases. The intercept point of the saltation and suspension components is near to 4 φ, and, it occupies almost 50% of the suspension component. The GSD of EM3 ranges from 0.1 to 300 μm; it has a dominant mode at 121 μm (fine sand); and its saltation component is slightly higher than that of EM2. The coarsest labeled EM4 has a bimodal GSD with modes at 40 μm and 284 μm. The intercept point of the saltation and suspension components is near to 3 φ, and the saltation component is more than 90%, which demonstrates strong dynamic conditions.



The relative contributions of the four EMs appear to fluctuate with their stratigraphic position (Table 2). EM1 is dominant in unit 1 and unit 2, with its contribution reaching over 90%. Contrary to EM1, EM2 has a lower contribution to unit 1 and unit 2 (17%), and the contribution of EM2 gradually decreases from 23% to 0% after 9.9 m. EM3 accounts for an average of 67% in unit 3, and it quickly declines from 67% to 1% in unit 4. However, the average contribution of EM4 increases after 8.3 m, and the contribution reaches 56% and 84% in unit 4 and unit 5, respectively. In general, EM1 and EM2 are dominantly presented in unit 1 and unit 3, which mainly consist of fine silt and clay, while EM3 and EM4 account for more than 90% in unit 2 and unit 5.





5. Discussion


5.1. Interpretation of End Members


It has long been recognized that the GSDs of sediments are polymodal and represent different transport or depositional processes [8,16,37]. Under hydraulic environments with a specific energy, sediments are mainly transported by three modes, namely, bed load, saltation and suspension modes, depending on their particle size, with settlement occurring as the transport rate gradually decreases [38]. For example, aeolian sediments are dominated by the coarse-grain saltation group, and hydraulic sediments are dominated by overlapping coarse and fine components with specific grain-size ranges, which, according to dynamic estimation, are saltation and suspension groups, respectively [8,15]. The GSDs of known sediments from different depositional environments of the Yellow River are shown in Figure 5. Aeolian sediment presents unimodal distribution and spans the size range of 0–550 µm, with the mode being 200–300 µm. The GSDs of fluvial sediments are mainly bimodal, with the primary mode ranging from 50 μm to 200 μm and the secondary mode from 1 μm to 10 μm. Alluvial floodplain sediments are characterized by bimodal or multimodal distribution, and the mode ranges from 30 μm to 70 μm. The GSDs of lacustrine (fluvial overflow lacustrine) sediments show multimodal distribution, consisting of fine-grained particles within the range of 1–100 µm. Based on the GSDs of the sediments described above, the mode sizes of sediments gradually become small from the aeolian sand, fluvial and floodplain to lacustrine samples, as suggested by Sun et al. (2002) [38].



Among the four end members, EM1 is the finest and has a polymodal distribution positioned in the silt and clay range. Figure 4 shows that the highest EM1 scores are found in the surface layer. Compared with the GSDs of modern sediments, the GSD of EM1 is similar to that of lacustrine sediments. EM2 is dominated by fine-grained silt, with the mode being 60 μm. The cumulative probability curve of EM2 indicates that the proportion of the suspended group is almost 50%, and the saltation component increases compared with that of EM1, which is comparable to the modern floodplain samples. Furthermore, the changing trend of EM2 and EM1 with depth is clearly similar, and high values mainly occur in the sedimentary units that are dominated by clay and silt. The total sum of EM1 and EM2 reaches an amount exceeding 85%, and, therefore, it is reasonable to hypothesize that EM1 and EM2 experienced weak hydraulic conditions, which is interpreted as suspended load. EM3 is mainly composed of fine sand (63–125 μm), with a sharp and narrow primary mode (size 100–200 μm) and an unobvious secondary mode. As for EM3, the percentage of the saltation component reaches 80%, and its sorting is better than that of EM1 and EM2, representing a strong hydrodynamic condition. Thus, we can safely argue that EM3 can be associated with fluvial saltation or bed-load deposits. EM4 is mainly composed of coarse sand, with a primary modal size of 100–300 μm, which resembles the GSDs of samples from the fluvial deposits at the Hanzhong Basin [39]. EM4 also coincides with the grain size range of aeolian sediment. However, the GSDs of aeolian sediment are commonly unimodal, without a fine trail distribution, which is the same as that of EM4. One probable explanation is that EM4 represents a mixture of fluvial bed-load deposits and aeolian deposits.




5.2. Reconstruction of Depositional Environment in HDZ04


Fluvial sediments have a typical binary structure, which can be divided into channel and floodplain deposits. However, it seems impossible for us, by analyzing drill cores, to provide direct deposition information as in the field profile, and, therefore, examining sediment structure characteristics, such as particle size, is a common technique that is used to analyze sedimentary strata [40]. Particle size is closely related to transport intensity, and related indexes, such as particle size parameters, C-M plots and GSDs, are widely used to reconstruct fluvial depositional conditions [41]. In HDZ04, the GSDs of the fine end members (EM1 and EM2) are distinct from those of the coarse end members (EM3 and EM4), indicating different deposition processes. EMI and EM2 can be interpreted as sediments primarily in the form of suspension movement, and, similarly, the coarse components EM3 and EM4 can be regarded as saltation or bed-load components; this interpretation refers to the study conducted by Erkens et al. (2013) [42]. Consequently, we constructed the total value of EM1 + EM2 and EM3 + EM4 to highlight the contribution of the fine component and the coarse component, respectively. High values (50–100%) indicate high-energy conditions, while lower values (0–49%) reflect low-energy conditions. Combined with the CEMMA results and core lithology, the vertical sedimentary sequence of HDZ04 was reconstructed (Figure 6).



In unit 5, the GSDs of the sample are characterized as unimodal in the coarse component. In addition, EM4 dominates most of the sediment in this unit; thus, the total sum of EM3 and EM4 is higher than 95%, implying a high-energy fluvial condition. For sediments from a depth of 16.7 m–16.85 m, their thick sand layer was mixed with clay particles (Figure 6c), indicating a sandy channel environment during a period of a high-energy flood. Notably, some samples from unit 5 are distinctly well sorted. For example, samples from a depth of 14.4–14.9 show a sorting coefficient range from 0.52 to 0.59 (Figure 6h). Therefore, we infer that the well-sorted coarse particles are not from the upper channel based on the landscape setting of the study area [29,43] but, rather, that they are probably from the proximal desert. In winter, desert sand is accumulated in the gullies when the tributary shrinks or dries up completely, and during the rainy season, floods carry desert sand flows into the Yellow River in the form of hyperconcentrated flows. After entering the channel, fine particles primarily deposit in the floodplain by suspension transport, while coarse particles (100–300 μm) basically deposit in the riverbed. Because of coupled wind–water processes, the reworked desert sand can be regarded as a mixture of aeolian and hydraulic sediments, which is verified by the bimodal GSD of EM4. Unit 4 presents an irregular fining trend, with a proportion of EM4 decreasing and EM1 (silt group) increasing. This may be correlated with a reduction in the fluvial contribution and an increase in the floodplain component. We conclude that unit 4 is formed during the frequent interaction of a shallow channel with a floodplain environment. Meanwhile, some of the samples that are well sorted are similar to those of aeolian sediments (Figure 6g), suggesting that aeolian sand settled in the channel and was reworked by wind action. In unit 3, the total sum of EM1 and EM2 is 97%, and median size of sediments is finest (Figure 6f), which can be regarded as a low-energy floodplain environment. Unit 2 is characterized by a relatively high value of EM3, but low EM4 can be distinguished by the high-energy samples in unit 5. In addition, the particle sizes of the sediment in unit 2 show an upward decrease (Figure 6e), indicating a gradual reduction in the contribution of channel deposits. Thus, unit 2 can be assumed to be a shallow channel to a low-energy floodplain. The GSDs of samples in unit 1 are similar to those in unit 3, and they consist of lowly sorted fine components (Figure 6d), which can be regarded as a low-energy floodplain.




5.3. Evolution of Depositional Environment


There are five units, and they form the high-energy channel, transitional environment, floodplain environment, shallow channel and floodplain depositional environment, implying fining-upward sedimentary cycles in HDZ04 at the Houtao alluvial plain. High-energy channel deposits (EM3) dominantly contribute to unit 2, flowing by the low-energy floodplain environment (EM1 and EM2) in unit 1 (Figure 6a). Reworked aeolian sediments (EM4) distribute at the lower part of the sedimentary sequence (Figure 4). In the alluvial plain, the depositional environment of sediments changes frequently in the longitudinal profile, which, in response to the shaping process of the plain, mainly includes the lateral point-bar aggradation and the vertical aggradation of the river channel and floodplain, which is often changed by channel migration or lateral migration [44]. As the channel gradually became inactive, the coarse component could not be carried, and the channel was abandoned, resulting in fine-sized particles covering the paleochannel [37]. This evolution can reveal the fining-upward sedimentary sequence of HDZ04. Accordingly, unit 5 reflects a period of an active fluvial flood, when aeolian sediments deposited in the channel and formed a thick layer of sand-sized particles. However, in unit 2, there is very little reworking of aeolian sediments accumulated in the river channel, which may be caused by the low activity of the channel. For the aeolian sediments in unit 4 (EM4), one might be from the same flood input as those in unit 5, and others may be reworked within the floodplain environment [45].



Changes in the sedimentary environment also influence the sedimentation rate. The Houtao Basin has experienced persistent sedimentation since the Quaternary, with an average annual deposition rate of 0.4 mm/yr [31]; however, the sedimentation rate of unit 4 is only 0.32 mm/yr (Figure 6b). The slow accumulation rate of the channel deposits might have been caused by the frequent migration of the river channel, and as a result, the formed silt/clay floodplain layers were repeatedly eroded. There is a phenomenon where the accumulation rate rapidly increased to 4.35 mm/yr since 1.6 Ka (Figure 6b), when the Yellow River was dominated by a floodplain sedimentary environment. The floodplain deposits were relatively stable, especially in the alluvial plain, and their sedimentary interruption was easier to record compared to other sedimentary units. Therefore, the younger the depositional age, the less the sedimentary discontinuity is recorded, and the accumulation rate of floodplain deposits will increase. This is proven by the rapid increase in the late Holocene deposition rate all over the world [46,47]. In addition, human activities in the Houtao section of the Yellow River have aggravated land desertification since 2 Ka [48], leading to significant increases in material in the channel, which is one of the reasons for the rapid accumulation rate.





6. Conclusions


This paper reconstructs the sedimentary environment of HDZ04 by using the CEMMA method in the Houtao section of the upper Yellow River. The results show that the core sediments were mainly composed of four end members. The modal sizes of EM1 and EM2 corresponded to 30 μm and 51 μm, with the modes of EM3 and EM4 being 121 μm and 284 μm, respectively, all shedding light on the suspension and saltation/bed-load processes. Combined with the GSDs of modern sediments and the results of four EMs, the core was divided into a high-energy channel, transitional environment, floodplain environment, shallow channel and floodplain sedimentary environment. Preliminary classification of fluvial sedimentary facies in HDZ04 was carried out, which provided an improved method for the identification of sedimentary processes using a combination of the CEMMA method and the grain size of modern sediments. We think this study is capable of deciphering robust sediment components of the fluvial sediment system and has potential to be a standard method when similar challenges are encountered elsewhere. Hence, this method can be further used in grain-size analysis to study other kinds of sedimentary environments. Concerning the complexity of the fluvial system, the original grain-size information might be affected by a combination of processes. Therefore, multi-source modern surface samples are essential to ensure the accuracy of the results.
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Figure 1. Geographic map of the Yellow River (a). A map showing the location of the Houtao section of the upper Yellow River (b). Site of core (HDZ04) (c). 
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Figure 2. Sediment lithology and core photos. (a) Clay intercalated with thin-layer silt in unit 1. (b) The silt layer and fine sand layer in unit 2. Medium-coarse sand (c) and fining trend of sediments (d) in unit 2. (e) Silt layer of unit 3. (f) Medium-fine sand mix with small amount of clay (white line) in unit 4. (g,h) Fine sand intercalated with thin clay in unit 5. (i) Fine sand mixed with clayey silt in unit 5. (j) Medium-coarse sand layer in unit 5. “OSL” stands for optically stimulated luminescence dating. 
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Figure 3. (a) High-resolution photos of core HDZ04 were taken by the XRF in situ scanner. (b) Grain-size composition of core sediments. (c) Grain-size parameters of core sediments in HDZ04. (d) Grain-size distributions of sediments in the different units. (e) Frequency distribution histogram and cumulative frequency of median diameter in HDZ04. (d) Plots of median diameter and kurtosis (f), sorting coefficient and median diameter (g), median diameter and skewness (h) in core sediments. 
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Figure 4. The hierarchical clustering endmember modeling analysis results. (a) Grain-size distributions (GSDs) of samples from sediment core HDZ04 and the GSDs of four endmember (colored lines) by the CEMMA. (b) Probabiity cumulative curves for four endmember. (c) End-member score (%). 
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Figure 5. Grain-size distributions and Probability cumulative curves of sediments from different sedimentary environments. (a) GSDs of aeolian sand. (b) GSDs of riverbed sediments. (c) GSDs of sediments from floodplain environment. (d) GSDs of sediments from fluvial overflow environment. 






Figure 5. Grain-size distributions and Probability cumulative curves of sediments from different sedimentary environments. (a) GSDs of aeolian sand. (b) GSDs of riverbed sediments. (c) GSDs of sediments from floodplain environment. (d) GSDs of sediments from fluvial overflow environment.



[image: Water 14 01025 g005]







[image: Water 14 01025 g006 550] 





Figure 6. Sedimentary sequence of fluvial deposits at HDZ04. (a) Energy values are calculated by the total value of EM3 and EM4 or EM1 and EM2. (b) Accumulation rate of fluvial deposits. (c) grain-size composition of sediments from different units in HDZ04. Relationships between median diameter and sorting coefficient in sediments from unit 1 (d), unit 2 (e), unit 3 (f), unit 4 (g) and unit 5 (h). 
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Table 1. The age–depth of core HDZ04.
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	Depth (m)
	K (%)
	Th (ppm)
	U (ppm)
	Water Content (%)
	Dose Rate (Gy/ka)
	De (Gy)
	OSL Age (ka)





	6.1
	1.54 ± 0.07
	8.51 ± 0.26
	1.89 ± 0.14
	22 ± 5
	2.2 ± 0.17
	3.01 ± 0.21
	1.4 ± 0.1



	14.2
	1.47 ± 0.06
	5.1 ± 0.19
	1.18 ± 0.13
	15 ± 5
	1.94 ± 0.16
	51.14 ± 1.49
	26.3 ± 0.23



	19.9
	1.53 ± 0.06
	4.47 ± 0.18
	1.09 ± 0.13
	21 ± 5
	1.72 ± 0.14
	51.21 ± 1.53
	29.7 ± 2.5
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Table 2. The grain-size composition of core HDZ04 and the average scores of the four EMs in relation to depth.
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	Unit
	Depth (m)
	Mz (μm)
	Sand %
	Silt %
	Clay %
	PEM1
	PEM2
	PEM3
	PEM4





	1
	0–4.0
	18.1
	7.5
	75.7
	16.8
	0.80
	0.17
	0.02
	0.00



	2
	4.0–8.3
	104
	71
	25.3
	3.7
	0.01
	0.17
	0.67
	0.15



	3
	8.3–9.9
	41.5
	9.6
	76.1
	14.3
	0.74
	0.23
	0.01
	0.02



	4
	9.9–12.5
	147.4
	60.5
	31.1
	8.4
	0.28
	0.02
	0.13
	0.56



	5
	12.5–20.4
	217.8
	86.6
	10.1
	3.3
	0.04
	0.01
	0.10
	0.84
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