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Abstract

The Yellow River is the 2" longest river in China and the 6™ longest river in the world.
However, the timing and mechanism of its integration remains debated. During the
establishment of its present geometry, the Yellow River captured and deeply incised
into a series of local drainage basins along its Upper and Middle Reaches. The
termination of basin filling, therefore, can be linked to the development of the Yellow
River. The Sanmen paleolake, a Plio-Pleistocene endorheic mega-lake situated in the
Fenwei Basin, was the last catchment basin captured by the Yellow River before it
emptied into the sea. The final termination of the lacustrine deposition in the Fenwei
Basin can therefore indicate the integration of the Yellow River. Here, we present the
results of a detailed magnetostratigraphic and magnetic susceptibility study of a
lacustrine-loess section from the southeastern part of the Fenwei Basin (Sanmenxia
Subbasin), and aim to (1) explore the sedimentary evolution of the Sanmen paleolake
and refine the age of the Sanmen Formation in this area, and (2) investigate the precise
timing of the integration of the Yellow River. Our results show that the Sanmenxia
Subbasin was occupied by a salty lake between 2.7 and 2.2 Ma, then it gradually
changed to an alternation of shallow lake and floodplain environments between 2.2 and
1.6 Ma, and it finally irreversible dried up at ~1.6 Ma and was subsequently covered
by loess-paleosol sequences. The drying up of the Sanmen paleolake at ~1.6 Ma
indicated the establishment of the connection between the Middle and Lower Reaches

of the Yellow River.
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1. Introduction

With the length over 5,400 km, the Yellow River (Huanghe in Chinese) is the 2"
longest river in China and the 6™ longest river in the world. The Q shape of the Yellow
River (Fig. 1) suggests that its evolution history is complex. Previous investigations
demonstrated that the Yellow River achieved its present shape by integrating a series of
separated local drainage basins along its Upper and Middle Reaches (Zhu, 1989;
Craddock et al., 2010; Xiao et al., 2020). These basins along its main course include
the Fenwei, Hetao, Yinchuan, Linxia, Guide, Xunhua, Gonghe, Tongde, and Zoige
Basins (Fig. 1). The termination of basin filling and changing to an exorheic drainage
have been attributed to the development of the modern Yellow River (Craddock et al.,
2010; Bridgland et al., 2020). Based on the age of the youngest lacustrine sediments in
the Linxia (Fang et al., 2003), Guide (Fang et al., 2005), and Tongde Basins (Craddock
et al., 2010), previous studies suggested a rapid integration of the Upper Reaches of the
Yellow River since ~1.7 Ma (Craddock et al., 2010). However, disagreement still exists
on the age of the youngest lacustrine sediments in the Fenwei Basin, with estimates
ranging from ~1.9 to ~0.15 Ma (e.g., Yue, 1996; Han et al., 1997; Wang et al., 1999,
2002a, 2002b; Li et al., 2004; Kong et al., 2014), which allows the possibility that
integration of the Yellow River began more recently. This is because the Fenwei Basin

is the last catchment basin before the Yellow River empties into the sea, and only when
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it becomes an exorheic drainage will it indicate the integration of the Yellow River.

[Figure 1]

With an average elevation over 400 m and area over 35, 000 km?, the Fenwei Basin
is situated in the Middle Reaches of the Yellow River (Fig. 1). The basin contains four
subbasins (Fig. 2), including the Weihe, Yuncheng, Linfen, and Sanmenxia Subbasins
(Zhang et al., 1998; Shi et al., 2019). The southeastern part of the Fenwei Basin (i.e.,
Sanmenxia Subbasin) is separated from the low-elevation (<50 m) North China Plain
in the Lower Reaches of the Yellow River by the ~100 km-wide Xiaoshan Mountain
uplift block (belongs to the southern part of the Taihang Mountains). Investigations
have demonstrated that a Plio-Pleistocene endorheic mega-lake, the Sanmen paleolake,
situated in the Fenwei Basin (Wang et al., 1982, 2002a; Liu et al., 2006). As the
elevation of the Sanmen paleolake is ~300 m higher than the North China Plain, this
paleolake would be drained and deeply incised when the Yellow River cut through the
Xiaoshan Mountain. Indeed, numerous investigations have shown that the widespread
lacustrine deposition in the Sanmen paleolake disappeared in the early Pleistocene and
was followed by loess-paleosol sequences (e.g., Yu et al., 1982; He et al., 1984; Sun et
al., 1988; Ge et al., 1991; Yue, 1996; Han et al., 1997; Wang et al., 2002a; Li et al.,
2004; Tanetal., 2011; Kong et al., 2013, 2014; Qiu et al., 2018). After that, only several
separated small endorheic salty lakes remain in the Fenwei Basin, such as the Yuncheng

salty lake within the Yuncheng subbasin (Wang et al., 2002a; Yan et al., 2020) and the
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Luyang salty lake within the Weihe subbasin (Rits et al., 2016), indicating the demise
of the Sanmen paleolake. Therefore, the disappearance of the lacustrine deposition and
occurrence of loess-paleosol sequences in the Fenwei Basin can be the indicator of

integrating the Middle and Lower Reaches of the Yellow River.

[Figure 2]

However, debate still exists on the timing of the demise of the Sanmen paleolake.
Based on the sedimentary record from the Huangdigou section (see Fig. 2a for location)
in the eastern part of the Sanmenxia Subbasin, some researchers suggested that the
Sanmen paleolake irreversible dried up at ~0.15 Ma, and proposed that the Yellow River
established at ~0.15 Ma (Wu et al., 1998; Wang et al., 1999; Wang et al., 2002b; Jiang
et al., 2007). In addition, the loess deposits at Mangshan section from the North China
Plain displayed a pronounced increase in sedimentation rates and grain-size between
0.24 and 0.15 Ma (Jiang et al., 2007; Zheng et al., 2007). As these loess materials were
sourced from the lower Yellow River floodplain, some proposed that the Sanmen
paleolake was captured by the Yellow River during 0.24-0.15 Ma (Jiang et al., 2007;
Zheng et al., 2007). In contrast, other lines of evidence suggested an earlier integration
of the Yellow River. Numerous investigations from the Weihe, Yuncheng, and Linfen
Subbasins demonstrated that the lacustrine deposition changed to loess-paleosol
sequences occurred between 1.9 and 1.2 Ma (e.g., Yu et al., 1982; He et al., 1984; Sun

et al., 1988; Ge et al., 1991; Yue, 1996; Han et al., 1997; Wang et al., 2002a; Li et al.,
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2004; Tan et al., 2011; Kong et al., 2013, 2014; Qiu et al., 2018). Further, the ages of
the regional planation surface and the uppermost terrace along the Sanmenxia Subbasin
and Sanmen Gorge suggested that the Sanmen paleolake was captured by the Yellow
Rive during 3.6-1.2 Ma (Kong et al., 2014; Hu et al., 2017). In addition, provenance
studies from sedimentary cores in the Lower Yellow River suggested that the onset of
input of materials from the Chinese Loess Plateau into the Lower Yellow River occurred
between 1.6 and 0.8 Ma (Yao et al., 2017; Zhang et al., 2019; Xiao et al., 2020),
indicating that the Sanmen paleolake was captured during this interval.

In order to further determine the exact timing of the integration of the Yellow River,
in this study, we report the results of a detailed magnetostratigraphic and magnetic
susceptibility study of a lacustrine-loess succession from the Zhangcun section in the
Sanmenxia Subbasin. Our magnetostratigraphic  results provide reliable
chronostratigraphic frameworks for the upper Pliocene-Pleistocene sediments in the
Sanmenxia Subbasin, enabling us to reassess the previous results from the Huangdigou

section in this basin and precisely estimate the timing of integration of the Yellow River.

2. Geological setting and Cenozoic stratigraphy
The studied Sanmenxia Subbasin is a W-E elongate basin (Fig. 2a), which is about
120 km in length, 20-30 km in width, with an area of ~3100 km?. The Sanmenxia
Subbasin lies between the Huashan Mountains to the south and the Zhongtiaoshan
Mountains to the north. Due to the far-field effect of initial India—Asia continental

collision, significant exhumation and uplift of the Huashan and Zhongtiaoshan
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Mountains resulted in extension and formation of the Sanmenxia graben basin in early
Cenozoic (Han et al., 2002; Liu et al., 2013; Shi et al., 2019), with the Cenozoic
deposits over 4000 m in thickness (Fig. 2b).

The Paleogene strata of the Sanmenxia Subbasin, the Pinglu Group, are well
exposed near the Sanmenxia reservoir (Fig. 3h), with a thickness over 1000 m. Recent
geological surveys revealed that the base age of the Pinglu Group is ~65 Ma (Zhu et al.,
2008), and it unconformably underlain by the coal-bearing strata of Permian—
Carboniferous. Lithological and biostratigraphic investigations suggested that the
Pinglu Group was consist of purple basal conglomerates, overlain by red sandstones
and mudstones (Fig. 3h), intercalated with green gypsiferous mudstones, indicating
they were accumulated under arid alluvial plain and shallow lake environments (Zhu et
al., 2008). According to the ESR dating, the Paleogene lithostratigraphic units in this
area were further divided into the Batou (65-56 Ma), Menli (56-50 Ma), Podi (50-42
Ma), Zhaojialing (42-39 Ma), Xitan (39-33 Ma), Xiaoan (33-31 Ma), and Liulinhe

(31-23 Ma) Formations (Zhu et al., 2008).

[Figure 3]

The Neogene strata of the Sanmenxia Subbasin are only partly exposed at the
Huangdigou section near the east edge of the basin, which were unconformably
underlain by the Paleogene Pinglu Group (Wang et al., 1999; Jiang et al., 2007).

However, their contact relationship in the depocenter of the basin is still unknown. Our
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lithological investigations suggested that the lower part of the Huangdigou section
mainly consists of interbed pale reddish calcareous siltstones and reddish-brown
paleosol horizons, intercalated with fluvial sandstone and conglomerates (Fig. 3g),
indicating that they were the depositions of active channels, sheet floods, and
floodplains with paleosols in semiarid alluvial plain environments. These lithological
characteristics were very similar to the upper Miocene Bahe Formation in the Weihe
Subbasin (Kaakinen and Lunkka, 2003; Wang et al., 2014). The upper part of the
Huangdigou section was mainly consist of pale yellow huge-thick lenticular sandstone
intercalated with green-grayish calcareous mudstone (Fig. 3f), indicating a fluvial-
lacustrine environment. These lithological characteristics were very similar to the
Pliocene Youhe Formation in the Weihe Subbasin (Xue, 1981; Yue, 1996; Han et al.,
1997; Liu and Xue, 2004). The Youhe Formation is widely exposed along the valleys
of Weihe River and Yellow River in the Weihe and Sanmenxia Subbasins, and also can
be observed in the studied Hougou subsection (Fig. 3d). Magnetostratigraphic and
mammalian fossil investigations from the Weihe Subbasin suggested that the age of the
Youhe Formation was between 3.4 and 2.6 Ma (Xue, 1981; Yue, 1996; Han et al., 1997;
Liu and Xue, 2004). This stratigraphic correlation for the Huangdigou section is
supported by the biochronologic investigation from this section, which suggested that
it may span from late Miocene to early Pleistocene (Yuan, 1986).

The Youhe Formation was overlain by the famous Sanmen Formation, a
representative of terrestrial lithostratigraphic unit in Northern China (Deng et al., 2019)

that has been investigated over a century (Andersson, 1923). Magnetostratigraphic



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

investigations from the Weihe Subbasin suggested that the basal age of the Sanmen
Formation was ~2.6 Ma (Yue, 1996; Liu and Xue, 2004). The Sanmen Formation can
be lithologically divided into two parts. The lower part consists of interbed pale yellow
siltstone and green-grayish calcareous mudstone, indicating alternations of deep and
shallow lacustrine environments. This part of strata is widespread in the Fenwei Basin
and can be easily identified in our study section (Fig. 3c). According to previous reports
of the lower Sanmen Formation (Yu et al., 1982; He et al., 1984; Sun et al., 1988; Ge et
al., 1991; Yue, 1996; Wang et al., 2002a; Hu et al., 2005; Tan et al., 2011; Kong et al.,
2013; Rits et al., 2016; Qiu et al., 2018; Shi et al., 2019; Yan et al., 2020), we can
reconstruct the approximate area of the Sanmen Paleolake during this period (Fig. 2a).
The upper part of the Sanmen Formation mainly consists of interbed pale-yellow
calcareous siltstones and reddish-brown paleosol horizons (Figs. 3b—e), intercalated
with fluvial conglomerate lens, indicating alternations of shallow lake and floodplain
environments. The paleosol layers in the upper of the Sanmen Formation can be
correlated to loess-paleosol sequences of Chinese loess (Figs. 3b—c), and these strata
were called the water-reworked loess, which is very common in the basins within the
distribution area of the Chinese loess (Liu, 1985), such as the Tianshui Basin (Wang et
al.,, 2017), Fenwei Basin (Liu, 1985), and Nihewan Basin (Xia, 1992).
Micropaleontological investigations demonstrated that some non-marine foraminiferal
fauna and brackish ostracods in the Youhe and Sanmen Formations (Wang et al., 1982;
Wang et al., 2002a), indicating that the Sanmen paleolake was once a salty lake. This

was further supported by the later paleosalinity reconstructions from the Youhe and
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Sanmen Formations (Liu et al., 2006). These lines of evidence suggested that the
Fenwei Basin was an endorheic basin before the integration of the Yellow River.

The fluvial-lacustrine sequences of the Sanmen Formation in the Fenwei Basin
were widely replaced by the loess-paleosol sequences since the early Pleistocene (He
etal., 1984; Yue, 1996; Wang et al., 2002a; Li et al., 2004; Qiu et al., 2018), indicating
the finally dried up of the Sanmen paleolake. Many magnetostratigraphic investigations
from the Weihe and Yuncheng Subbasins suggested that the end of the Sanmen
Formation varied between 1.9 and 1.2 Ma (Sun et al., 1988; Ge et al., 1991; Yue, 1996;
Han et al., 1997; Wang et al., 2002a; Li et al., 2004; Qiu et al., 2018), albeit some
discrepancies still existed among different sites. However, the magnetostratigraphic
studies at the Huangdigou section from the Sanmenxia Subbasin suggested that the end
of the Sanmen Formation was at ~0.15 Ma (Wang et al., 1999; Jiang et al., 2007). In
this study, we will focus on the age of the Sanmen Formation in the Sanmenxia

Subbasin.

3. Materials and methods
3.1. Studied geological section

The studied Zhangcun section is located at Zhangcun Town, Pinglu County,
Shanxi Province (Fig. 2a). The section lies in the easternmost part of the Sanmenxia
Subbasin, and thus an ideal site to investigate the evolution of the Sanmen paleolake.
The composite Zhangcun section consists of the Guanjiawo (34°50'N, 111°7'E) and

Hougou (34°50'N, 111°8’E) subsections which are ~1 km away from each other. In the

10
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field, the two subsections can be correlated by the marker layers of L9 and S9 (Figs.
3a, b). Our section is ~15 km to the east of the Huangdigou section (Wang et al., 1999),
and ~2 km to the north of the modern Yellow River (Fig. 2a).

The strata in the Zhangcun section are horizontal, with a thickness over 210 m.
According to our field observations, the pale yellow huge-thick lenticular sandstones
and interbed green-grayish calcareous mudstones with horizontal bedding below the
193 m of the section (Fig. 3d) were the upper part of the Youhe Formation; the interbed
pale yellow siltstones and green-grayish calcareous mudstones with horizontal bedding
between 172.7 and 193 m (Figs. 3c, d) were the lower part of the Sanmen Formation;
and the water-reworked loess between 172.7 and 122.5 m were the upper part of the
Sanmen Formation (Fig. 3c). The loess-paleosol sequences between 122.5 and 10 m
can be identified as S22 to S4 (Figs. 3a, b) in the field based on the marker layers of S5,
S8, L9, S9, and L15 (Liu, 1985). No hiatus was found in this section during our field

survey.

3.2. Samples and measurements

In this study, 1830 samples at 10-cm stratigraphic intervals were collected from
the Zhangcun section for magnetic susceptibility analysis, 237 oriented block samples
were collected with sample spacing of 0.5-1.5 m for paleomagnetic investigation, and
6 representative samples (17.7m, 24 m, 120.5 m, 123 m, 164.5 m, and 188.7 m) were
collected from the different sedimentary facies for rock magnetism analyses.

The paleomagnetic and rock magnetic measurements were performed at the

11
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Environmental Magnetism Laboratory of China University of Geosciences, Wuhan.
Prior to demagnetization, we measured the low-field magnetic susceptibility of all the
1830 samples, and temperature-dependence of magnetic susceptibility (x-T curves),
isothermal remanent magnetization (IRM) acquisition, and first-order reversal curves
(FORC) for the 6 representative samples. The x-T curves were measured in an argon
atmosphere at a frequency of 976 Hz from room temperature (25 °C) up to 700 °C and
back to room temperature using a KLY-3S Kappabridge equipped with a CS-3 high-
temperature controlling system. The IRM acquisition curves and FORC diagrams were
measured using a MicroMag 2900 alternating gradient magnetometer (Princeton
Measurements Corp., USA).

In the laboratory, 2 cm cubic specimens were cut from each oriented block sample
for thermal demagnetization. All specimens were subjected to progressively thermal
demagnetization in a TD-48SC thermal demagnetizer which has a residual field <10
nT. Thermal demagnetization up to 680 °C included a maximum of 17 steps with
intervals of 50 °C below 500 °C and 20-30 °C above. Remanence measurements were
made using a 2G-755-4k cryogenic magnetometer housed in a magnetically shielded
room (background field <200 nT). The results are available from the Supplementary

data.

4. Results
4.1. Rock magnetic results

x-T curve has been used routinely to identify changes in mineralogy of natural

12
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samples during thermal treatment and thus reveal the magnetic mineralogy (Deng et al.,
2004, 2006; Ao et al., 2010). During heating,  of all samples shows a decrease trend
between ~300°C and 400°C and a more pronounced drop between 400 and 580°C (Fig.
4). The former drop indicates the inversion from strongly magnetic but thermally
unstable maghemite to weakly hematite (Deng et al., 2004, 2006), and the latter one
indicates that magnetite is the major contributor to the susceptibility (Deng et al., 2004,
2006). There are also several differences among different type of samples in their y-T
curves. For the paleosol samples, the susceptibility shows a steady increase trend below
~250°C during the heating process (Figs. 4a, c, e), suggesting the gradual unblocking
of fine-grained ferrimagnetic particles (Deng et al., 2004, 2006). In contrast, the loess
samples lack such an increase trend in susceptibility (Figs. 4b, d), indicating that they
contain less fine-grained pedogenic maghemite grains. Further, the loess samples also
show significantly different patterns of magnetic susceptibility changes from paleosol
samples during thermal treatment, and the magnetic susceptibility of loess samples
during cooling was significantly higher than during heating. The increase in
susceptibility has been attributed to the transformation from iron-containing
silicates/clays to magnetite during thermal treatment (Deng et al., 2004, 2006; Ao et al.,
2009). However, the lacustrine sample lack such an increase in susceptibility during

cooling (Fig. 4f), which indicates that such transformation is not significant.

[Figure 4]
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Figure 5 shows IRM curves for representative samples from the Zhangcun section.
All IRM acquisition curves exhibit a major increase below 0.3 T, implying that the
magnetic minerals are dominated by magnetically soft components with low coercivity,
such as magnetite and maghemite. However, the paleosol samples (Figs. 5a, c, €)
display a more rapidly rise trend below 100 mT than the loess samples (Figs. 5b, d),
indicating that the paleosol samples contain higher concentrations of magnetite and
maghemite. These characteristics are consistent with the y-T results (Fig. 4), as well as
the results from other loess sections in the Chinese Loess Plateau (e.g., Deng et al.,
2004, 2006; Wang et al., 2005). The curve of lacustrine sample shows relatively higher
SIRM (Fig. 5f) than that of loess and paleosol samples, indicating that it contains

relatively higher content of high-coercivity hematite.

[Figure 5]

The FORC diagrams can provide information about variations in magnetic
mineralogy and grain size, as well as particle switching fields and local interaction
fields for the assemblage of magnetic particles within a sample (Roberts et al., 2014;
Hu et al., 2015). The FORC diagrams (Fig. 6) show that all samples from the Zhangcun
section have a low coercivity (<100 mT), consistent with a magnetic mineralogy
dominated by magnetite and maghemite as suggested by the x-T and IRM acquisition
curves (Figs. 4, 5). The paleosol samples (Figs. 6a, c, e) are characterized by one or two
closed inner contours and outer contours that diverge along the Bu axis (Bu represents

14
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the interaction field among magnetic grains), which indicates the presence of single-
domain and pseudo-single-domain magnetites in these samples (Roberts et al., 2014).
In contrast to the paleosol samples, the loess and lacustrine samples contain no/less
closed contours with larger vertical spread (Figs. 6b, d, f), indicating a dominance of
multidomain magnetite in these samples (Roberts et al., 2014). Overall, the magnetic
minerals in the Zhangcun section were dominant by multidomain and pseudo-single-
domain magnetite, consistent with previous FORC studies from the Chinese Loess

Plateau (Hu et al., 2015).

[Figure 6]

4.2. Characteristic remanent magnetization and magnetic susceptibility results
Demagnetization results were evaluated on stereographic projections and vector
end point orthogonal diagrams (Fig. 7a—f). For most samples, after removing a viscous
magnetization component below 250°C, a Characteristic Remanent Magnetization
(ChRM) component was successfully isolated between 300 and 550°C. This suggests
that magnetite is the main carrier of ChRM, which is further supported by the rock
magnetism analyses above (Figs. 4-6). For some samples from the Sanmen Formation
(Fig. 7e-f), the ChRM component was isolated between 300 and 620 °C (up to 650 °C),
which suggests that the carrier of ChRM is a combination of magnetite and hematite
(Figs. 5f, 6f). The ChRM directions were calculated on a minimum of four consecutive

steps (Kirschvink, 1980), with maximum angular deviation (MAD) above 15° being

15
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rejected from further analyses. A total of 22.4% samples, most from loess layers L9 and
L15, showed unstable demagnetization trajectories such that ChRM directions could
not be isolated. The remaining 184 samples with reliable ChRM directions (77.6%) are
used to calculate the virtual geomagnetic pole (VGP) latitudes and define the

geomagnetic polarity zones.

[Figure 7]

Stratigraphically, the magnetic susceptibility of the Zhangcun section exhibits two
abrupt and significant upward-increase trends at the depth of 172.7 and 122.5 m (Fig.
8a). Specifically, the lower part of Sanmen Formation (193-172.7 m) exhibits the
lowest magnetic susceptibility value (24 Sl on average) and fluctuations, and the
magnetic susceptibility value is doubled (54.5 Sl on average) in the upper part of
Sanmen Formation (172.7-122.5 m), with the highest value occurring in the paleosol
layer S26. The magnetic susceptibility value and fluctuations further increased in the
loess-paleosol sequences (above 122.5 m), with an average value of 79.2 Sl between

S22 and S9.

5. Discussion
5.1. Age constraints on the upper Pliocene-Pleistocene sediments in the Sanmenxia
sub-basin

Based on the above 184 reliable paleomagnetic samples, five normal polarity zones
16
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(N1 to N5, Fig. 8a) are identified in the Zhangcun section. According to the previous
magnetostratigraphic investigations on the Chinese loess (e.g., Liu, 1985; Wang et al.,
2005; Zheng et al., 2007; Liu et al., 2015; Deng et al., 2019), we can readily correlate
the polarity zones from the Zhangcun section with the GPTS 2012 (Ogg, 2012).
Obviously, the normal polarity zone N1 (10-53.3 m) above L8 should be correlated to
C1n (Brunhes), and the normal polarity zones N3 (S11-S13) and N4 (including S25—
S26) should be correlated to C1r.1n (Jaramillo) and C2n (Olduvai), respectively (Fig.
8a). This correlation is consistent with the Caocun section (Zhao et al., 2000; Wang et
al., 2005) that is ~18 km southwest to the Zhangcun section (Fig. 8b), as well as other
classical loess sections, such as Luochuan, Xifeng, and Weinan sections (Liu, 1985; Liu
etal., 2010, 2015). Based on the above correlation, we can further correlate the polarity
transition at 188.5 m in the Zhangcun section to the Matuyama/Gauss boundary (Fig.
8a). Our magnetostratigraphic results on loess-paleosol sequences and the Sanmen
Formation are consistent with previous studies (e.g., Liu, 1985; Yue, 1996; Han et al.,
1997; Zhao et al., 2000; Wang et al., 2005; Zheng et al., 2007; Liu et al., 2010, 2015;
Deng et al., 2019). For the 10 m-thick normal polarity zone N2 in the loess layer L9
(Fig. 8a), it cannot be correlated to the GPTS 2012 (Ogg, 2012). This anomalous normal
polarity zone was also reported in other loess sections across the Chinese Loess Plateau,
such as the Caocun (Fig. 8b) (Wang et al., 2005), Mangshan (Zheng et al., 2007), and
Luochuan sections (Liu et al.,, 2010), which was interpreted as the product of

remagnetization (Wang et al., 2005; Pan et al., 2021).

17



373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

[Figure 8]

According to the above correlation (Fig. 8a), the boundary age between Youhe and
Sanmen Formations in the Sanmenxia Subbasin was ~2.7 Ma, which was very close to
that age (~2.6 Ma) in the Weihe Subbasin (Yue, 1996; Han et al., 1997; Liu and Xue,
2004). In addition, the top age (~1.6 Ma) of the Sanmen Formation at the Zhangcun
section was also broadly consistent with other sections in the Fenwei Basin. For
example, in the Weihe Subbasin, the top age of the Sanmen Formation at the Wujiabao
(Sun et al., 1988), W7 core (Ge et al.,, 1991), Shijiawan (Han et al., 1997), and
Songjiabeigou (Yue, 1996) were ~1.8 Ma, 1.67 Ma, 1.9 Ma, and 1.2 Ma, respectively
(see Fig. 2a for locations); In the Yuncheng Subbasin, the top age of the Sanmen
Formation at the P5 core, P4 core, Linyi, and Yangfan sections from the northern,
middle, and eastern part of the basin were ~1.9, ~1.7, and 1.2 Ma (Wang et al., 2002a;
Li et al., 2004; Qiu et al., 2018), respectively (see Fig. 2a for locations).

The aforementioned studies suggested that the end of the Sanmen Formation was
between 1.9 and 1.2 Ma, albeit there were slight differences among different sites. This
is significantly different from the results obtained from the magnetostratigraphic
investigation at the Huangdigou section from the Sanmenxia Subbasin which suggested
that the top age of the Sanmen Formation was at ~0.15 Ma and therefore the integration
of the Yellow River was also at ~0.15 Ma (Wang et al., 1999). As shown in Figure 9,
our re-interpretation of the magnetostratigraphic results of Wang et al. (1999) suggests

an improper correlation between the polarity zones and the GPTS in their study, due to
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a hiatus in their section between ~2.6 and 0.15 Ma. Our re-interpretation is further

supported by the four observations explained below.

[Figure 9]

Firstly, according to our field investigation and the description of Wang et al. (1999)
and Jiang et al. (2007), the huge-thick sandstones intercalated with green-grayish
calcareous mudstones on the upper part of the Huangdigou section indeed belong to the
upper Pliocene Youhe Formation rather than the Middle and Upper Pleistocene strata.
This is further supported by the re-interpretation (Fig. 9b), which is also consistent with
the age of the Youhe Formation (Yue, 1996; Han et al., 1997; Liu and Xue, 2004).
Secondly, the strata reported by Wang et al. (1999) and Jiang et al. (2007) did not
include the Sanmen Formation and the above loess-paleosol sequences (S22-L.2) (Figs.
8 and 9), albeit these strata were widely exposed along the Yellow River valley in the
Sanmenxia Subbasin, such as the Xihoudu (Kong et al., 2013) and Dongpogou (He et
al., 1984) sections (see Fig. 2a for locations), the Miaoxia and Yangwa (~1 km away
from the Huangdigou section) sections (Wang et al., 2000), and the Bangou section (~4
km away from the Huangdigou section, Fig. 3e). The Sanmen Formation and the above
loess-paleosol sequences can be also correlated to other subbasins within the Fenwei
Basin, such as Weihe (Yue, 1996; Han et al., 1997; Liu and Xue, 2004) and Yuncheng
(Wang et al., 2002a; Li et al., 2004) Subbasins. Thirdly, according to our field

investigation, the Sanmen Formation and above loess-paleosol sequences (S22-L.2) at
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the Huangdigou section were eroded by the Yellow River. At least five Yellow River
terraces have been found near the Huangdigou section with an age of ~1.24 Ma (T5),
~0.86 Ma (T4), ~0.62 Ma (T3), ~0.129 Ma (T2), and ~0.012 Ma (T1), respectively
(Kong et al., 2014; Hu et al., 2017; Li et al., 2017), and all these terraces were covered
by loess-paleosol sequences. As the top of the Huangdigou section is covered by S1
and L1 (Wang et al., 1999; Jiang et al., 2007), it indeed corresponds to the T2 terrace
(~0.129 Ma) of the Yellow River (Hu et al., 2017), suggesting that the Huangdigou
section contains a hiatus between the Youhe Formation and the paleosol S1. According
to our re-interpretation of the magnetostratigraphic results of Wang et al. (1999), this
hiatus is between ~2.6 and 0.15 Ma (Fig. 9b). Finally, the biostratigrahic investigation
from the Huangdigou section suggested that this section may include only the strata
from the upper Miocene to the lower Pleistocene, but not the Middle Pleistocene (Yuan,
1986). All these observations show that the Huangdigou section lacks of the Sanmen
Formation and the above loess-paleosol sequences (S22—L2) so that it could not record
the dry up of the Sanmen paleolake and thus the suggestion of the integration of the

Yellow River at ~0.15 Ma is questionable.

5.2. Magnetic susceptibility and sedimentary records and their implications for the
integration of the Yellow River

The magnetic susceptibility records in the Zhangcun section exhibits two abrupt
increases at ~2.4 and ~1.6 Ma, which are consistent with the changes of sedimentary

facies at the depth of 172.7 m and 122.5 m, respectively (Fig. 8a). However, it is
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noteworthy that there is no counterpart increase of magnetic susceptibility in the typical
Quaternary loess-paleosol sequences at the nearby Caocun section (Zhao et al., 2000;
Wang et al., 2005), albeit their magnetic susceptibility curves between S22 and S4 can
be well correlated to each other (Fig. 8). This suggests that the two increases of
magnetic susceptibility in the Zhangcun section were due to changes in sedimentary
facies rather than regional climate. Specifically, the increase of magnetic susceptibility
at ~2.4 Ma responded to the transition from the lake environment to an alternation of
shallow lake and floodplain condition, indicating change from a reducing environment
to oxidizing one. This sedimentary change would reduce the dissolution of magnetic
minerals and thus increase the value of magnetic susceptibility (Ao et al., 2010). The
increase in value and fluctuations of magnetic susceptibility at the depth of 122.5 m
(~1.6 Ma) responded to an irreversible dried up of the Sanmen paleolake and the onset
accumulation of typical loess-paleosol sequences. A significant change in sedimentary
facies is also found at this depth. The pale-yellow calcareous siltstone layers below this
depth are mostly laminated and without pedological features, which are significantly
different from the loess and paleosol units above; in the paleosol layers below this
depth, the pedogenesis is very weak, which is probably due to the influence of drainage
and soil humidity. Consequently, the weathering degree and the redness of the
sediments below this depth are overall weaker than the loess-paleosol sequences above.
In addition, the laminated deposits and conglomerate lenses disappear above this depth
(Fig. 8). These sedimentary changes have resulted in a normal pedogenic condition and
increased the values and fluctuations of magnetic susceptibility since 1.6 Ma, leading
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to a clear manifestation of the glacial-interglacial variations of the Eastern Asian
summer monsoon (An et al., 1991; Zhao et al., 2000; Deng et al., 2006).

The dry up of the Sanmen paleolake could be attributed to two possible factors.
The first one was the gradually aridification of the regional climate (Han et al., 1997;
Deng et al., 2006) associated with the global cooling since the latest Pliocene (Lisiecki
and Raymo, 2005), and the second one was the capture of the Fenwei Basin by the
Yellow River. The upward shallowing of the Sanmen paleolake between 2.7 and 1.6 Ma
was probably due to the long-term cooling and aridification in regional climate.
However, the absent of widespread evaporites in the Fenwei Basin suggests that the
irreversible dried up of the Sanmen paleolake at ~1.6 Ma was not due to regional
climate, because the dry up of the endorheic mega-lake would form widespread
evaporites (Warren, 2010), such as the salar of Uyuni in the central Bolivian Altiplano
(Risacher and Fritz, 2000) and the Qarhan salty lake in the Qaidam Basin (Chen and
Bowler, 1986). Further, the magnetic susceptibility records from the Caocun section
suggested that there was no significant aridification in regional climate at ~1.6 Ma (Fig.
8b). Therefore, the irreversible dried up of the Sanmen paleolake at ~1.6 Ma was most
likely linked to the capture of the Fenwei Basin that associated with the integration of
the Yellow River. It is noteworthy that some sections from the Weihe and Yuncheng
Subbasins shown the occurrence of loess-paleosol sequences were ~0.2-0.3 Ma earlier
(e.g., Sunetal., 1988; Han et al., 1997; Wang et al., 2002a) or later (e.g., Yue, 1996; Li
et al., 2004; Qiu et al., 2018) than 1.6 Ma, which may be due to these sections are
located in the central or on the edge of these subbasins. This is supported by the
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phenomenon that the Shijiawan and Wujiabao sections on the edge of the Weihe
Subbasin shown an early termination of the lacustrine facies (Sun et al., 1988; Han et
al., 1997). As our section is very close to the outlet of the Sanmen paleolake, and the
altitude of the youngest lacustrine deposition in this section is ~300 m higher than the
North China Plain, it would be very sensitive to the rapid fall of the lake level when the
Sanmenxia Subbasin was captured by the Yellow River.

Based on the conglomerates underlying the late Pliocene Hipparion Red-Earth
Formation in the region of the Sanmen Gorge, some researchers suggested that a
Pliocene Yellow River flowed through the Sanmen Gorge (e.g., Li and Yang, 1991).
However, recent studies (Hu et al., 2017; Xiong et al., 2017, 2018) and our field
investigation have demonstrated that these conglomerates were the products of ancient
alluvial fan deposits accumulated on the Tangxian planation surface. This is supported
by three lines of observations. 1) The Pliocene conglomerates were widespread on the
Tangxian planation surface in the piedmont of the Xiaoshan and Zhongtiaoshan
Mountains (Hu et al., 2017; Xiong et al., 2017, 2018), but not only distributed in the
region of Sanmen Gorge. 2) These conglomerates are mostly subangular and
subrounded, poorly sorted according to our field investigation. In contrast, the
conglomerates of the Yellow River terraces are mostly rounded and subrounded, well
sorted, suggesting that the Pliocene conglomerates were not the deposits of the Yellow
River. And 3) our recent detrital-zircon provenance studies from three boreholes in the
lower Yellow River floodplain demonstrated that the onset of input of materials from

the Middle and/or Upper Reaches into the Lower Reaches occurred at ~1.6 Ma (Xiao
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et al., 2020), precluding a Pliocene Yellow River flowing through the Sanmen Gorge.

Some previous studies suggested a late Miocene or Pliocene age of the Yellow
River based on the ages of conglomerate layers along the Jinshan Gorge (e.g., Wang,
1925; Liu, 2017, 2020). However, some researchers augured that these conglomerate
layers in the Hipparion Red-Earth Formation were the alluvial fan deposits which
reflect the uplift and denudation of the Lvliang Mountains, but not the terrace deposits
of the ancient Yellow River (Li et al., 2009; Xu et al., 2019). Xiao et al. (2020) proposed
a conceptual model that could reconcile different views on the timing of integration of
the Yellow River based on the fact that no sediments from the Middle and/or Upper
Reaches could be transported into the Lower Reaches until ~1.6 Ma (Yao et al., 2017,
Zhang et al., 2019; Xiao et al., 2020). This model suggests that these >1.6 Ma
conglomerates/fluvial terraces along the Jinshan Gorge would belong to an ancient
endorheic drainage network emptied into the mega Fenwei Basin. In this sense, the >1.6
Ma conglomerates/fluvial terraces in the Middle and Upper Reaches (e.g., Nie et al.,
2015; Guo et al., 2018) could not belong to the integrated Yellow River.

Regarding the mechanism for the capture of the Sanmen paleolake, some previous
studies suggested that it was caused by lake spillover (Kong etal., 2014; Hu et al., 2017)
or local/regional tectonisms (e.g., Wu et al., 1998; Wang et al., 2002b). However, our
sedimentary records suggested a gradually shallowing trend of the lake level since the
latest Pliocene, which was consistent with the global and regional climate changes (Han
et al., 1997; Zhao et al., 2000; Lisiecki and Raymo, 2005; Deng et al., 2006). For the
local/regional tectonisms, it is shown that they were much earlier than 1.6 Ma (Xiao et
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al., 2020), thus not likely the main factors for the capture of the Sanmen paleolake. Xiao
et al. (2020) proposed that the onset of large-amplitude and high-frequency sea level
changes associated with increasing climate instability since late Pliocene may have
accelerated fluvial headwater erosion and finally cut through the ~100 km-wide
Xiaoshan Mountain and subsequently integrated the whole Yellow River system in the

early Pleistocene.

6. Conclusions

This study provides a detailed magnetostratigraphic and magnetic susceptibility
study of a lacustrine-loess section from the Sanmenxia Subbasin and indicates that the
Sanmen paleolake was captured by the Yellow River at ~1.6 Ma, supporting our
previous detrital-zircon provenance studies from three boreholes in the lower Yellow
River floodplain. Our results challenge the chronostratigraphic framework for the
Sanmen Formation from the Huangdigou section in the Sanmenxia Subbasin, and
precluded the idea that the timing of the integration of the Yellow River was at ~0.15
Ma. Our sedimentary records suggested a gradually shallowing trend of the lake level
since the latest Pliocene, implying that the integration of the Yellow River was by

upstream capture rather than lake spillover.
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Figure Captions:

Fig. 1. Map of the main Yellow River course and the basins on its passage. The Upper
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(U), Middle (M), and Lower (L) Reaches of the Yellow River are divided by red bold

lines. The location of Fig. 2a is also indicated.

Fig. 2. (a) Map of the Fenwei Basin, and its fault system (from Deng et al., 2003) and
the locations of the Weihe Subbasin (WHB), Sanmenxia Subbasin (SMB), Yuncheng
Subbasin (YCB), and Linfen Subbasin (LFB). The black numbers in red dots show the
sites of published sections/boreholes referenced in the text: (1) Wang et al. (1999); (2)
He et al. (1984); (3) Wang et al. (2005) and Zhao et al. (2000); (4) Kong et al. (2013);
(5-7) Wang et al. (2002a); (8) Yan et al. (2020); (9-10) Li et al. (2004); (11) Qiu et al.
(2018); (12) Rits et al. (2016); (13) Han et al. (1997); (14) Ge et al. (1991); (15) Yue
(1996); (16) Sun et al. (1988); (17-18) Yu et al. (1982); and (19) Tan et al. (2011). (b)
Geologic cross section of the Sanmenxia and Yuncheng Subbasins (from Han et al.,

2002).

Fig. 3. The Cenozoic strata in the Sanmenxia Sub-basin. (a) The loess-paleosol
sequences in the Guanjiawo subsection. (b) The loess-paleosol sequences in the
Hougou subsection. The boundary between the Sanmen Formation and the loess-
paleosol sequences is also showed. (c) The boundary between the upper and lower
Sanmen Formation in the Hougou subsection. The lower Sanmen Formation is
characterized by interbed pale yellow siltstone and green-grayish calcareous mudstone.
(d) The boundary between the Sanmen and Youhe Formations. The Youhe Formation

is characterized by pale yellow huge-thick lenticular sandstone intercalated with green-
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grayish calcareous mudstone. (e) The outcrop in the Bangou village (~4 km to the west
of Huangdigou section). The Sanmen Formation and lower Pleistocene loess are
exposed in this profile. (f) The Youhe Formation in the upper part of the Huangdigou
section, characterized by pale yellow huge-thick lenticular sandstone intercalated with
green-grayish calcareous mudstone. (g) The Bahe Formation in the lower part of the
Huangdigou section. (h) The Paleogene Pinglu Group exposed near the Sanmenxia

reservoir. The red dot line in (a-d) shows where the samples were taken.

Fig. 4. Temperature-dependence of magnetic susceptibility (x-T) curves of
representative samples from different depths of the Zhangcun section. Solid red and

dashed blue lines represent heating and cooling curves, respectively.

Fig. 5. Isothermal remanent magnetization (IRM) acquisition curves for representative

samples from different depths of the Zhangcun section.

Fig. 6. FORC diagrams for representative samples from different depths of the

Zhangcun section.

Fig. 7. Orthogonal (Zijderveld) vector plots of representative specimens from the
Zhangcun section (a-f). The solid and open circles represent vector end-points projected
onto the horizontal and vertical planes, respectively. NRM is the natural remanent

magnetization before demagnetization.
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Fig. 8. Lithostratigraphy, magnetic susceptibility, and magnetostratigraphy of the (a)
Zhangcun and (b) Caocun (Wang et al., 2005; Zhao et al., 2000) sections, with the
correlation to the GPTS2012 (Ogg, 2012). Normal polarity intervals labeled N with a
number. The dashed lines in Fig. 8a represent the average values of magnetic

susceptibility for different intervals.

Fig. 9. Re-interpretation of the magnetostratigraphic study of the Huangdigou section
by Wang et al. (1999). Note that the Huangdigou section contains a hiatus between

~2.6 and 0.15 Ma.
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(a) Zhangcun Section (b) Caocun Section
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(a) Interpretation of Wang et al. (1999) (b) Re-interpretation to Wang et al. (1999)
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