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The formation of the Yellow River involved the draining of a series of ancestral local lakes along their course, substantially changing the regional, geomorphic, and paleoenvironmental evolution. However, the evolution of the Weihe-Sanmenxia Basin section of the Yellow River remains indistinct as previous studies regard the Weihe and Sanmenxia Basin as one integral basin of the Late Cenozoic. Here, we present the detrital zircon age spectra from the Pliocene-Pleistocene Sanmen Formation to clarify the drainage system evolution of the two basins since the Late Pliocene. The results reveal that these two basins belonged to different drainage systems in the Late Pliocene because no sediments from the marginal mountains of the Weihe Basin accumulated in the Sanmenxia Basin. At 2.8/2.6 Ma, the currents presented at the edge of the basins and transported the sediment of east Hua Mountain into the Sanmenxia Basin, where it was deposited. This integration likely leads to a mismatch between the deposition and regional paleoclimate in previous studies. At ∼1.0 Ma, the Sanmenxia Gorge was traversed and the Yellow River finally formed, depositing Jinshaan Gorge sediment into the Sanmenxia Basin and lower reaches of the Yellow River.
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INTRODUCTION
The Yellow River is the second-longest river in China and the sixth-longest river in the world. Previous studies suggested that the Yellow River achieved its present geometry by integrating a series of ancestral local drainages (Craddock et al., 2010; Pan et al., 2012) and has long been related to the uplift of the northeastern Tibetan Plateau (Wang et al., 2013; Xiao et al., 2020).
In the middle reaches of the Yellow River, many studies have been carried out in Jinshaan Gorge (Fu et al., 2013; Hu et al., 2017) and Sanmenxia Gorge (Wang et al., 2002; Pan et al., 2005; Jiang et al., 2007; Zheng et al., 2007; Kong et al., 2014; Hu et al., 2016). Jinshaan Gorge connects the Hetao Basin and Weihe Basin, whereas Sanmenxia Gorge connects Weihe Basin and Huabei Plain. However, the integration of the Weihe Basin and Sanmenxia Basin remains indistinct, which makes the Yellow River bend significantly (nearly 90°) in Tongguan County (Figure 1).
[image: Figure 1]FIGURE 1 | (A), Locating of the Yellow River and the study area. (B), Tectonic setting and geomorphic features of the Weihe Basin and Sanmenxia Basin. (C), Lithostratigraphy of the study area and the sampling location. The stars indicate the study site in this article (1. Huangdigou section; 2. Songjiabeigou section). The open circles and numbers are the locations of published modern river samples, and the diamonds indicate the locations of the sites of previously studied samples from basin or terrace sediments (see Supplementary Table S1 for sample information).
Previous studies have regarded the Weihe Basin and Sanmenxia Basin as one integral basin, belonging to the Sanmen Paleolake since ∼5 Ma, having been deposited with the fluvio-lacustrine Sanmen Formation (Sm Fm.) (Wang et al., 2004; Wang et al., 2013). However, the Sm Fm. in these two basins show different sedimentary characteristics and are considered to have different deposition locations. The paleogeomorphic study (Zhu, 1989) and sedimentary facies of drilled cores (Liu and Zhou, 2015) indicated that the Weihe Basin and Sanmenxia Basin were isolated during the Pliocene but belonged to the same Sanmen Paleolake during the Early Pleistocene (Han et al., 2002). To determine that the Weihe Basin and Sanmenxia Basin belong to the same drainage system at 5 Ma or Early Pleistocene, the sedimentary character of the Sm Fm. should be studied. Because the Weihe Basin is located upstream and the Sanmenxia Basin is located downstream, once the two basins are integrated, the water in the Weihe Basin will flow into the Sanmenxia Basin, resulting in sedimentary facies and provenance of the Sm Fm. in the two basins changed simultaneously. Studies of sedimentary facies and heavy minerals in the Sm Fm. of the Huangdigou section in the Sanmenxia Basin and Songjiabeigou section in the Weihe Basin have been carried out in our previous studies (Liu et al., 2019; Liu et al., 2020). Based on the reported paleomagnetic ages (Hu et al., 1993; Wang et al., 1999) and our previous work, the sections could be divided into five and three sediment environments in the Sanmenxia Basin and Weihe Basin, respectively. The Huangdigou section consists mainly of gray conglomerates, yellowish sands, green or yellowish mud, and minor yellow silt and could be divided into alluvial fan (∼5–2.8 Ma), a shallow lake (∼2.8–1.8 Ma), a lake shore environment (∼1.8–1.0 Ma), a fluvial setting (∼1.0–0.15 Ma), and eolian loess (younger than ∼0.15 Ma) from bottom to top. The Songjiabeigou section contains mainly yellowish sand and green and blue clay, which can be divided into deep lake environment (prior ∼2.6 Ma), fluvial environment (∼2.6–1.5 Ma), and eolian loess (younger than ∼1.5 Ma) from bottom to top. However, the single-grain zircon U-Pb age spectra, a diagnostic tool for identifying the source areas in East Asia (e.g., Stevens et al., 2013; Nie et al., 2015; Licht et al., 2016), are still poorly understood. In this study, we measured nine detrital zircon ages from two well-dated sections and one from Huangdigou Stream to represent sediment from Zhongtiao Mountain and compared the results with published zircon ages of the modern river sand samples to determine the evolution of the basin drainage system.
MATERIALS AND METHODS
Clastic deposits started to be accumulated in the Weihe and Sanmenxia Basins since the Paleogene (Chen et al., 2021). Extensive fluvial-lacustrine Sanmen Formation was developed continuously since the Late Pliocene (Wang et al., 2013), providing reliable material for the basin paleoenvironmental evolution research. The different lithology and chronology of the surrounding mountains make the region an ideal site for tracing the provenance (see detailed information from Supplementary Figure S1).
In the field, we explored the Songjiabeigou section (109°30′43″E, 34°25′53″N) and the Huangdigou section (111°16′54″–111°16′56″E, 34°49′38″–34°49′48″N) in the Weihe and Sanmenxia Basins, respectively. Nine samples were collected from the coarse channel or floodplain deposits of these two basins. Six of them were from the Huangdigou section of the Sanmenxia Basin (two from the lower Sm Fm. and four from the upper Sm Fm.) and two from the Songjiabeigou section of the Weihe Basin (one from the lower Sm Fm. and one from the upper Sm Fm.) (see the positions of the samples in Figure 2). Another sample was collected from the modern stream sediment in Huangdigou Stream (shown in Figure 1) to represent the provenance of Zhongtiao Mountain.
[image: Figure 2]FIGURE 2 | Kernel density estimation plots of the zircon U-Pb ages from the Songjiabeigou Section (A), Huangdigou Section (B), and Huangdigou Stream (C) and the corresponding lithostratigraphy and chronological framework [referenced by Hu et al. (1993) and Wang et al. (1999)].
RESULTS OF THE DETRITAL ZIRCON U–PB GEOCHRONOLOGY
The U–Pb ages of each sample are presented by kernel density estimation in Figure 2 using the DensityPlotter software (Vermeesch, 2012). These large age clusters indicate that the grains in these samples were derived from a number of heterogeneous and varying sources. In Sanmenxia Basin, the lower Sm Fm. (PM09-14 and PM10-2) show eight age clusters at ∼100 Ma, ∼250 Ma, ∼800 Ma, ∼950 Ma, ∼1,800 Ma, ∼2,000 Ma, ∼2,200 Ma, and ∼2,500 Ma, with four large peaks at ∼250 Ma, ∼1,800 Ma, ∼2,200 Ma, and ∼2,500 Ma. However, the upper Sm Fm. can be divided into two units: the bottom of the formation (PM05-10 and PM02-23) exhibits two age clusters at ∼1,800 Ma and ∼2,500 Ma, whereas the top of the formation (PM 02-9, PM 06-6) shows three obvious clusters at ∼250 Ma, ∼1,800 Ma, and ∼2,500 Ma. Nevertheless, in the Weihe Basin, the data for the lower (SJ1) and upper Sm Fm. (SJ2) show the same pattern, with no more than/only two clusters at ∼250 Ma and ∼2,200 Ma, but with a different ratio. SJ2 sediment consists of younger age components, which account for approximately 28% of the sediment, whereas SJ1 accounts for approximately 3%.
The modern fluvial sample HDGZS-1 shows one distinct peak at ∼250 Ma and four small clusters at ∼900 Ma, ∼1,800 Ma, ∼2,200 Ma, and ∼2,600 Ma. See detailed chronologies in Supplementary Table S2.
AGE COMPARISON AND INTERPRETATION OF THE POTENTIAL SOURCE AREAS
Detrital zircon U-Pb geochronology has long been regarded as a powerful tool to constrain the provenance of terrigenous sediments and the evolution of sedimentary basins (Dickinson et al., 1983; Gehrels et al., 2003; Zheng et al., 2020; Shang et al., 2021). Comparing zircon ages with sediments that accumulate from potential source areas could provide a comprehensive view of potential source areas (Gehrels, 2012). Rivers can mix all the bedrock lithology of potential sources (He et al., 2013), and analyses of modern river sands can be used to reflect the comprehensive characteristics of potential source areas and help track the long-term evolution of the region (Nie et al., 2012; Chen et al., 2017). Therefore, in order to better determine the provenance changes, published detrital zircon U-Pb ages in modern river sediments were compiled and compared with our studies (Supplementary Table S1, Figure 3).
[image: Figure 3]FIGURE 3 | Zircon U-Pb ages of the Sm Fm. and potential source areas of the region. The bands show different age ranges of zircon grains indicated by colors defined in the lower panel. A–C, D–E, F–H, I–J, and K show the sediments from potential source areas of western Qinling Orogen and Ordos, Jinshaan Gorge, the western part of Hua Mountain, the eastern part of Hua Mountain, and Zhongtiao Mountain, respectively. L–M and N–T show the sediments from the upper and lower parts of the Sm Fm. in Weihe Basin. U-V, W-X, and Y-AA show the sediments from the upper, middle, and lower parts of the Sm Fm. in the Sanmenxia Basin. AB and AC show the sediments from the terrace of the Yellow River and modern Yellow River, respectively.
From Figure 3, the provenance of the western Qinling Orogen and Ordos Block, represented by the modern Luo River and Jing River (Zhang et al., 2019) and Wei River (Zhang et al., 2021), shows obvious clusters at ∼250 Ma and ∼450 Ma. The zircon spectrum of modern Yellow River sediments, collected at Hancheng (HHHC02, Yang et al., 2009) and Tongguan (SM 17, Kong et al., 2014), demonstrates great similarities with three clusters at ∼250 Ma, ∼1,800 Ma, and ∼2,500 Ma and are regarded as the provenance character of the Jinshaan Gorge. The sediments from the Ba River, You River, and Chan River (BH, Zhang et al., 2018; YH and CH, Zhang et al., 2021), which originate from western Hua Mountain, show two distinct peaks at ∼150 Ma and ∼2,200 Ma. In addition, the sediments from two valleys (WY and XY) at the eastern Hua Mountain exhibit two obvious age peaks at ∼1,800 Ma and ∼2,200 Ma (Zhang, 2008). The sediments from Huangdigou Valley of Zhongtiao Mountain show five age ranges: ∼250 Ma, ∼900 Ma, ∼1,800 Ma, ∼2,200 Ma, and ∼2,600 Ma.
From the U-Pb age spectrum of different potential provenance regions, sediments from the western Qinling Orogen and Ordos Block are relatively young and seldom contain old zircon. Sediments from western Hua Mountain and Zhongtiao Mountain contain an age peak at ∼2,200 Ma, which is absent in modern Yellow River sediments. The North China Craton formed at ∼2,500 Ma; thus, the regional zircon spectrum revealed the peak at 2,300∼2,700 Ma widespread. At approximately ∼2,200 Ma, the region experienced a long-term magma quiet period (Zhai and Peng, 2007) with occasional rifting, accretion, and collision processes in Zhongtiao Mountain and Hua Mountain (Zhai and Santosh, 2011; Du et al., 2016; Peng et al., 2017; Du et al., 2018). This indicated that the sediment with a peak at ∼2,200 Ma could be regarded as a representative feature of the Zhongtiao Mountain and Hua Mountain provenance. These differences make it possible to identify potential provenance regions by the U-Pb age.
The spectrum characteristics of potential provenance regions were compared with those of Sm Fm. to trace the provenance. The sediments of Sm Fm. in the Weihe Basin were mainly from the western areas of the Hua Mountain, with no obvious changes. For Sanmenxia Basin, there were two provenance shifts at 2.8 Ma and 1.0 Ma, respectively. At 2.8 Ma, the sediments changed from Zhongtiao Mountain to eastern Hua Mountain, indicating that the sediment provenance changed from near-source deposition to west of the Weihe Basin. This implies that water from the Weihe Basin began to flow into the Sanmenxia Basin. At 1.0 Ma, sediments are very similar to the modern Yellow River, indicating that the Jinshaan Gorge drainage system was connected to the region (Figure 4). This hypothesis is also supported by the evolution of the Yellow River in the Jinshaan Gorge, which revealed that the final incision of Jinshaan Gorge was ∼1.2 Ma (Hu et al., 2016). Following the Yellow River formation, the sediment discharged by the Wei River occupied only about 30% of the Yellow River (Zhang et al., 2018); therefore, the sediment in the Sanmenxia Basin did not exhibit many Weihe Basin characteristics.
[image: Figure 4]FIGURE 4 | Sketch maps illustrating formation processes of the middle reach of the Yellow River. (A) Short rivers developed surrounding local lakes during the early Pliocene. (B) Regional drainage started to connect during Early Pleistocene. (C) Modern Yellow River finally formatted at ∼1.0 Ma. HB: Hetao Basin; BB: Baode Basin; LLS: Lvliang Mountain; JSG: Jinshaan Gorge; WQO: West Qinling Orogen; WB: Weihe Basin; SB: Sanmenxia Basin; HS: Hua Mountain; ZTS: Zhongtiao Mountain.
DISCUSSION
The Timing of the Connection of the Weihe and the Sanmenxia Basins
The apparent difference in sediment provenance in the Sanmenxia and Weihe Basins before 2.8 Ma indicated that they belonged to different drainage systems. Previous studies of the sedimentary facies (Liu et al., 2019) indicated that the lake level in the Weihe Basin decreased, whereas in the Sanmenxia Basin, the level increased at 2.8 Ma; this study further revealed that the sediment provenance of the Sanmenxia Basin changed from Zhongtiao Mountain to eastern Hua Mountain. The zircon ages verified that a paleocurrent originated from the eastern Hua Mountain and transported the sediments into the Sanmenxia Basin at 2.8 Ma. Thus, we regarded the two basins as belonging to the same Paleo-Sanmen Lake drainage system not earlier than 2.8 Ma. After the connection of drainage systems, a great volume of water in Weihe Basin flowed into the Sanmenxia Basin, therefore explaining the formation of the oldest terrace (∼2.6 Ma) in Weihe Basin (Sun, 2005). Moreover, this connection resulted in a decrease in regional erosion, which may prompt the traversing of Jinshaan Gorge.
Implication for the Formation of the Modern Yellow River
The traversal of the Sanmenxia Gorge is regarded as the final formation of the Yellow River (Pan et al., 2005; Jiang et al., 2007; Wang et al., 2016). However, this date is still debated, from Early Pleistocene (Xue, 1996; Yang et al., 2001) to ∼1.2 Ma (Zhu, 1989; Pan et al., 2005; Fu et al., 2008; Pan et al., 2012; Hu et al., 2017) or even 0.15 Ma (Wang et al., 2002; Jiang et al., 2007). The sediment of the Sanmenxia Basin after 1.0 Ma shows great consistency with Jinshaan Gorge (HHHC02; Yang et al., 2009), Tongguan County (SM17; Kong et al., 2014), and Yellow River terrace with the age of 0.7 Ma (SM07; Kong et al., 2014) (Figure 3). The studies of the detrital zircon U-Pb ages in the Sanmenxia Basin indicate that the traversing time of the Sanmenxia Gorge is ∼1.0 Ma. This conclusion reveals that the sedimentary facies in the Sanmenxia Basin changed from shallow lake to fluvial (Liu et al., 2019; Liu et al., 2020) and led to the extensive development of terraces in the Weihe Basin after ∼1.2 Ma (Hu et al., 2017).
However, the age spectrum of sediments collected from Zhengzhou (HH02, ac of Figure 3; Yang et al., 2009) is quite different from the sediments of the upper Sm Fm. in the Sanmenxia Basin and Jinshaan Gorge but is similar to Zhongtiao Mountain. We believe that the construction of the Sanmenxia Reservoir could probably be the main reason for the blockage of sediment from the middle reach of the Yellow River transported downstream.
Implications for the Environmental Change
The integration of the Sanmenxia Basin and Weihe Basin until 2.8 Ma indicates that the sediment before 2.8 Ma in the Sanmenxia Basin was a local record and could not be regarded as a record of paleo-Yellow River. This integration led to the decline of the Weihe Basin lake level, and the sediment from the western Qinling or Ordos Block transported by the Yellow River, Jing River, and Luo River could accumulate into the depocenter of the Weihe Basin. Therefore, the sediment with a young cluster of ∼200 Ma increased remarkably after 2.6 Ma. The decline of the water table was also recorded in the variation of pollen (Tong et al., 2000; Zhao et al., 2018), ostracods (Wang et al., 2010), and paleosalinity (Liu et al., 2006), which was interpreted as a dry climate after 2.6 Ma. However, the decline may also be attributed to water outflow, thus creating a significant shift in the understanding of the paleoclimate evolution in this region. These landform changes led to changes in the provenance of the sediment, meaning that the Sanmenxia Basin after 2.8/2.6 Ma could not be used as an indicator of local paleoclimate.
CONCLUSION

1) Zircon chronology results revealed the drainage of Weihe Basin and Sanmenxia Basin began to connect at ∼2.8 Ma and the middle reach of Yellow River finally formed at ∼1.0 Ma.
2) This study showed that the traversing time of the Sanmen Gorge was ∼1.0 Ma, and sediments from Jinshaan Gorge were deposited in the lower reaches of the Yellow River. However, the sediment character of the lower reaches varies obviously nowadays and could probably be attributed to dam construction.
3) The integration in the middle reaches of the Yellow River changed the regional landform and sediment provenance significantly and likely led to a mismatch between the deposition and regional paleoclimate.
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