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Abstract: The upper-middle Yellow River flows through the Fenwei graben,
a structure resulting from extensional tectonism that was formed and
repeatedly extended during the Cenozoic. The drainage system within this
graben was formerly isolated from the lower reaches of the Yellow River
system by the Xiaoshan mountains, an actively growing ~NW-SE trending
range. The modern course of the Yellow River takes it through this range
along the Sanmen gorge, the formation of which was of great significance
in that it initiated through-going drainage between the upper-middle and
lower reaches of the system. The timing of this event, which was clearly
a criticial point in the evolution of the Yellow River, can be
established by dating the terraces in the gorge. Intermittent deepening
of this gorge by the Yellow River from a high-level planation surface
capping the mountain range has resulted in the formation of five
terraces. Magnetostratigraphic records from aeolian deposits accumulated
on these surfaces provide a geochronological sequence for this geomorphic
archive, in which the ages of the planation surface and of terraces T5,
T4, T3, T2, and Tl have been determined as ~3.63 Ma, ~1.24 Ma, ~0.86 Ma,
~0.62 Ma, ~129 ka, and ~12 ka, respectively.

Under the constraint of this chronological framework, a model for
landscape evolution is proposed here. Uplift of the inner Fenwei graben
and of the surrounding mountain ranges led to dissection of the 3.63 Ma
old planation surface in conjunction with the formation of the Sanmen
gorge. Drainage of the lake previously occupying the basin would have
promoted incision into the fluvio-lacustrine graben sediments; indeed,
gorge formation through the Xiaoshan may have been initiated or
intensified by lake overflow. The ages obtained for the planation surface
and uppermost terrace suggest that the formation of the Sanmen gorge and
the initiation of the through-going eastward drainage of the Yellow River
occurred between 3.63 and 1.24 Ma. Before the start of gorge
entrenchment, the products of erosion in the modern upper catchment of
the Yellow River were unable to reach the sea. The dramatic increase in
deposition rates in the Bohai Gulf (at the mouth of the modern Yellow
River in the East China Sea), ~1.0 Ma ago, thus resulted from the



initiation of an integral (enlarged) Yellow River catchment drainage
through the Sanmen gorge; it does not imply an increase in erosion rates
at that time.
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Abstract

The upper-middle Yellow River flows through the Fenwei graben, a structure
resulting from extensional tectonism that was formed and repeatedly extended during
the Cenozoic. The drainage system within this graben was formerly isolated from the
lower reaches of the Yellow River system by the Xiaoshan mountains, an actively
growing ~NW-SE trending range. The modern course of the Yellow River takes it
through this range along the Sanmen gorge, the formation of which was of great
significance in that it initiated through-going drainage between the upper-middle and
lower reaches of the system. The timing of this event, which was clearly a criticial
point in the evolution of the Yellow River, can be established by dating the terraces in
the gorge. Intermittent deepening of this gorge by the Yellow River from a high-level
planation surface capping the mountain range has resulted in the formation of five
terraces. Magnetostratigraphic records from aeolian deposits accumulated on these
surfaces provide a geochronological sequence for this geomorphic archive, in which
the ages of the planation surface and of terraces T5, T4, T3, T2, and T1 have been
determined as ~3.63 Ma, ~1.24 Ma, ~0.86 Ma, ~0.62 Ma, ~129 ka, and ~12 ka,
respectively.

Under the constraint of this chronological framework, a model for landscape
evolution is proposed here. Uplift of the inner Fenwei graben and of the surrounding
mountain ranges led to dissection of the 3.63 Ma old planation surface in conjunction
with the formation of the Sanmen gorge. Drainage of the lake previously occupying
the basin would have promoted incision into the fluvio-lacustrine graben sediments;
indeed, gorge formation through the Xiaoshan may have been initiated or intensified
by lake overflow. The ages obtained for the planation surface and uppermost terrace
suggest that the formation of the Sanmen gorge and the initiation of the through-going
eastward drainage of the Yellow River occurred between 3.63 and 1.24 Ma. Before
the start of gorge entrenchment, the products of erosion in the modern upper
catchment of the Yellow River were unable to reach the sea. The dramatic increase in
deposition rates in the Bohai Gulf (at the mouth of the modern Yellow River in the
East China Sea), ~1.0 Ma ago, thus resulted from the initiation of an integral
(enlarged) Yellow River catchment drainage through the Sanmen gorge; it does not

imply an increase in erosion rates at that time.
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1. Introduction

Many of the world’s largest rivers flow along structural lows and major rift
systems (Potter, 1978) and, meanwhile, have shaped the landscape over large areas. In
those regions that have been entrenched, the interaction between climate, uplift,
lithology, and base level have been fundamental controls on the evolution of fluvial
systems (Schumm et al., 2000; Veldkamp and van Dijke, 2000; Pan et al., 2003;
Bridgland and Westaway, 2008; Vandenberghe et al., 2011). Moreover, information
about tectonic activity and climatic change can be imprinted into sedimentary and
morphological fluvial archives (e.g., Bridgland, 2000; Stokes, 2008; Westaway, 2009;
Craddock et al., 2010; Bridgland et al., 2012; Bridgland and Westaway, 2014). The
development of large rivers is thus widely employed to determine the history of
structural, environmental, and topographical change during the Quaternary.

The formation of the Tibetan Plateau is generally thought to have been an
amplifier and driver for the environmental evolution of East Asia, strengthening the
East Asian monsoon and thus having an influence on precipitation and related erosion
rates (Li, 1991; Pan et al., 1995; Liu and Chen, 2000). Constraint on its uplift history
provides the basis for understanding the effects of high topography on climate and on
various earth surface processes (An et al., 2001).

The development of fluvial systems in East Asia has also been closely associated
with topographical evolution since the India—Eurasia collision (e.g., Powell and
Conaghan, 1973; Lin et al., 2001; Fan and Li, 2008). The eastward flow direction of
the largest rivers in China (e.g., the Yellow River and the Yangtze) is generally
attributed to the relative eastward decline of the macro-relief, resulting from the uplift
of the Tibetan Plateau (Miao et al., 2008; Craddock et al., 2010; Zheng et al., 2013).
Marine accumulation of terrigenous sediments derived from these large fluvial
systems may be assumed to have started in the Bohai Gulf immediately after the
formation of this drainage pattern (Zheng et al., 2004; Jiang et al., 2007). The
establishment of these eastward-flowing drainage systems provides a critical link
between upland erosion and the marine accumulation of terrigenous sediments (Nie et
al., 2015). Despite much attention having been paid to long-term fluvial landscape
development in East Asia, which is related to the uplift of the Tibetan Plateau during
the Quaternary, the formation age of the eastward drainage pattern in China is still
strongly debated (cf. Lin et al., 2001; Clark et al., 2004; Pan et al., 2005b; Clift, 2006;
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Zheng et al., 2007, 2013). It is the specific objective of this paper to reconstruct the
eastward drainage history of the Yellow River by dating its terraces in the critical
reach between its middle and lower catchments. The formation ages of terraces T4, T3
and T2 at Sanmenxia were determined previously by Pan et al. (2005a) as 0.86 Ma,
0.62 Ma, and 0.129 Ma, respectively, but no dating was available for the highest

terrace T5 and the planation level in the study region.

2. Regional geological and geomorphic setting

2.1. General position of the Ordos block, Fenwei graben and Xiaoshan mountains

The Ordos block is an upland massif located at the northeastern margin of the
Tibetan Plateau and bounded by graben systems. During the Mesozoic, this block was
a large basin with an area of ~320,000 km? (Zhu et al., 2008) and was filled with
terrigenous clastic sediments. Following the Indo-Asian collision (Molnar et al., 1993),
deformation progressively propagated from the collision zone to the northeastern
margin of the Tibetan Plateau (Tapponnier et al., 2001; Fig. 1, inset). Arc-shaped
thrust faults and strike-slip fault systems were thus generated between the Ordos
block and the Tibetan Plateau, leading to the formation, by extensional stress, of the
crescent-shaped Fenwei graben (Zhang et al., 1998, 2003; Huang et al., 2008; Liu et
al., 2013). Meanwhile, the Ordos block and the Qinling, Huashan, Luliang, and
Taihang (including the Xiaoshan) mountains were uplifted with respect to this
subsiding graben (AFSOM, 1988). In the middle reaches of the Yellow River, the
landscape is characterized by a topography of alternating depressions and rolling
uplands, consisting of the above-mentioned ranges. Apatite fission track data and
geomorphic chronology have indicated that this area was uplifted in the early
Miocene and was then planated by the late Neogene (Yuan et al., 2007; Pan et al.,
2012).

<Fig. 1 hereabout>

The Fenwei graben is a NE-SW trending, crescent-shaped subsided area
constrained by numerous normal and strike-slip faults, covering more than 20,000
km? (AFSOM, 1988: Fig. 1). Its basement is further intersected by internal
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ENE-trending normal faults, forming four sub-basins, the Weihe, Fenhe, Yuncheng,
and Lingbao basins (Fig. 1). The Fenwei graben is generally considered to have been
an extensional area that was continuously subsiding during the Cenozoic, a response
to the eastward extrusion of the Tibetan Plateau (Zhang et al., 1998, 2003); it has
simultaneously been filled by ~4000 m of fluvio-lacustrine deposits (AFSOM, 1988).
Based on previous investigation, these sediments dominate most of the graben,
implying the existence of a large lake, from Sanmenxia in the east, Baoji in the west,
the Qinling mountains in the south, and Yumenkou in the north (Liu, 2004; Fig. 1).
These fluvio-lacustrine sediments are defined as the Sanmen Formation, characterized
by undeformed, generally horizonal and parallel lithostratigraphy (AFSOM, 1988),
pointing to regular vertical subsidence.

<Fig. 2 hereabout>

Subsidence, extensional tectonics and uplift have remained vigorous and active
during the Quaternary in the area of the Fenwei graben. Fault scarps and triangular
facets that can be traced for hundreds of kilometers are readily observed along the
northern front of the Qinling, Huashan, and the southern front (Xiaoshan) of the
Taihang Mountains (Dong et al., 2011). Major earthquakes around this graben are
known from historical records (Zhang et al., 2003). The middle and lower reaches of
the Yellow River are separated by the Xiaoshan mountains. To cross this topographic
barrier the Yellow River has incised deeply into these mountains, creating the Sanmen
gorge, between Sanmenxia and Xiaolangdi (Fig. 2 and Fig. 3). The Sanmen gorge is
constrained by normal and strike-slip faults (Fig. 2), and is transected by numerous
inferred inner faults (Fig. 3). Many ground fissures associated with earthquakes are
exposed along these inferred faults within the gorge, indicating that uplift of the
Xiaoshan with respect to the Lingbao basin, to the northwest, and the North China
Plain (to the southeast) has never ceased (AFSOM, 1988).

<Fig. 3 hereabout>

The modern landscape in the vicinity of the Sanmen gorge is an uplifted and
rolling surface that is well preserved on resistant rocks in the higher parts of the area.
It represents a remnant of a planation surface that was cut through most of the
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pre-existing tectonic structures and the relief right across the Lingbao basin, the
Xiaoshan range, and the North China Plain (Fig. 4A). This geomorphic surface was
deformed strongly over the Xiaoshan (Fig. 4B), forming a convexity between the
Lingbao basin and the North China Plain (Fig. 2). In general, its altitude exhibits a

declining trend towards the east, falling below 400 m in the North China Plain.

<Fig. 4 hereabout>

2.2. The downstream part of the Yellow River

The Yellow River (Huanghe) originating from the northeastern margin of the
Tibetan Plateau and flowing eastwards across China, crosses numerous tectonic zones
and major active faults. The Xiaoshan mountain range represents the final barrier to
be crossed by the river before it flows across the North China Plain and finally
debouches, attaining a total length of 5464 km (Wang et al., 2001), with its huge
sediment load, into the Bohai Gulf (Saito et al., 2001; Fig. 1, inset). The North China
Plain, which was formed from the steady supply of sediments from the upper and
middle reaches of the Yellow River, has remained close to sea level throughout the
Quaternary (Yang and Chen, 1985), experiencing marine inundation during some
interglacial periods (Geng, 1981). Sedimentary cores from this plain were analyzed in
an attempt to identify the oldest fluvial sediments from the Yellow River, thereby
dating the initiation of its eastward flow (Liu et al., 1988). However, the river has a
long history of wandering in disparate courses across the North China Plain, resulting
in deposition at different times at different sites, which has led to estimates for the
date of eastward-drainage initiation that range from Early to Late Pleistocene (Xia et
al., 1993; Yu, 1999; Wu et al., 2000; Yang et al., 2001).

2.3. The evolution of the Fenwei graben and the Sanmen gorge

The Fenwei graben, situated upstream of the Sanmen gorge, was occupied,
before the formation of the Yellow River, by a lake that covered the Weihe, Fenhe,
Yuncheng, and Lingbao basins (Liu, 2004). The ages of the uppermost
fluvio-lacustrine sediments within these basins range from 1.85 Ma to 150 ka (He et
al., 1984; Yue et al., 1999; Ji et al., 2006), representing an imprecise chronological

7
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framework for the formation of the eastward drainage pattern of the Yellow River
through the Sanmen gorge. Furthermore, recent work using cosmogenic nuclide
dating, combined with provenance analysis of zircon and U-Pb age distributions,
suggests that the Sanmen gorge was initially entrenched, during the period from 1.5 to
1.3 Ma, by the eastward draining Weihe River, which is now the largest tributary of
the Yellow River (Kong et al., 2014). Comparative analysis of ostracod assemblages
(Lishania) from the fluvio-lacustrine sediments in the Fenwei graben and from the
fluvial sediments in the North China Plain suggests a close correlation between the
two areas after ~1.0 Ma, implying the existence of eastward drainage by that time
(Xue, 1996). Finally, at Mangshan, ~100 km downstream of the Sanmen gorge (Fig.
2), a dramatic increase in the accumulation rate of loess since the formation of
palaeosol S2 was suggested to result from a proximal contribution of silt blown from
the Yellow River floodplain, suggesting that eastward drainage had been formed at the
latest by c. 243 ka, which is the formation age of S2 (Jiang et al., 2007; Zheng et al.,
2007; Prins et al., 2009).

An important objective of this paper is to reconstruct the eastward drainage
history of the Yellow River within a geochronological framework. The initiation of
this eastward draining river has remained a highly controversial topic. Given that river
terraces, as former floodplains (Bull, 1990; Merritt et al., 1994), can provide
compelling evidence for determining drainage development (Stokes, 2008; Westaway
et al., 2009; Vandenberghe et al., 2011), the dating of such terraces along the Sanmen
gorge can provide important evidence (Pan et al., 2005a; Zheng et al., 2007; Kong et
al., 2014). Most of the terraces in the gorge are directly overlain by thick aeolian loess
covers, which can offer an excellent age control for the underlying terraces sediments
(e.g., Liu, 1985; Pan et al.,, 2009, 2012; Guo et al., 2012). The chronological
framework from these loess covers has been based on a combined approach of
magnetostratigraphy, pedostratigraphy, electron spin resonance (ESR), and
luminescence dating, and cosmogenic radionuclide geochronology (e.g., Cheng et al.,
2002; Pan et al., 2009; Craddock et al., 2010; Zhang et al., 2010; Perrineau et al.,
2011). From the constraint provided by the loess stratigraphy, the age of the highest
Yellow River terrace at the downstream end of the Sanmen gorge was determined at
1.2 Ma by Pan et al. (2005b). In contrast, the oldest terrace at the gorge inlet was
considered significantly younger, at only 0.8 Ma (Pan et al., 2005a). This temporal
mismatch may be attributed to incomplete age control from the loess covers in the

8



226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

gorge.

A series of well-preserved terraces was formed by the Yellow River in the
Sanmen gorge during its incision into the Xiaoshan. Here, detailed field investigation
was performed to establish a complete sequence of geomorphic surfaces. Next, a new
geochronology for the geomorphic archive is presented, based on the combined
approach of magnetostratigraphy, pedostratigraphy, and optically stimulated
luminescence (OSL) dating of the aeolian cover on the geomorphic surfaces. Finally,
this geochronology is used to constrain the formation age of the eastward-draining

Yellow River.

<Fig. 5 hereabout>

3. Method

3.1. Field research

Intermittent downcutting by the Yellow River, starting from the planation surface
and cutting into the bedrock of the Xiaoshan to form the Sanmen gorge, has given rise
to a series of terraces along the valley. Field observations suggest that these terrace
treads are generally disposed asymmetrically within the valley. To elucidate the
formation history of the Yellow River within this gorge, work has focused on five
geomorphic cross-sections, from Zhangbian to Kouma (Fig. 3). For each cross-section,
terraces below the planation surface were identified and their tread heights (top of
fluvial deposits) above river level determined, the characteristics of the fluvial
deposits were described, and the thickness of overlying aeolian sediments (loess and

Red Clay) was measured.

<Table 1 hereabout>

The five transect sites were selected as representative of the supposed relict
planation surface and of the suite of lower-level fluvial terraces. The transect at
Zhangbian is located within the Lingbao basin. The transects at Sanmenxia, Dongcun,
and Xiaolangdi are located, respectively, at the inlet of, within, and at the outlet of the
gorge, whereas the Kouma site is ~20 km downstream of the gorge (Fig. 3). Field
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measurements of terrace elevation and the thickness of overlying aeolian cover were
performed using a differential GPS system with an uncertainty of < 5 cm. According
to these results, combined with loess stratigraphy and geomorphic surface tracking,
terrace sequences at these sites were outlined (Fig. 5) and correlated (Table 1). It
appears that the altitude of the planation surface and the vertical separation between
high terrace treads and the present-day river level increase considerably at first and
then gradually decrease with downstream distance along the gorge (Fig. 6). This
topographical pattern corresponds with the convexity, mentioned above, thought to

relate to the active uplift of the Xiaoshan range.

<Fig. 6 hereabout>

3.2. Aeolian deposits capping the geomorphic surfaces

The aeolian sediments (Tertiary Red Clay and overlying Quaternary loess)
covering the planation surface and terrace treads provide valuable age estimates for
the underlying landforms. However, the aeolian covers are rather thin at Dongcun and
Xiaolangdi in comparison with those at Zhangbian, Sanmenxia, and Kouma, probably
because accumulation was less in the confined Sanmen gorge (Fig. 5). Thus the
Sanmenxia transect was selected for the analysis of magnetostratigraphy and
pedostratigraphy of the aeolian sequence.

With reference to the established timescale of the aeolian sedimentary sequence
on the Chinese Loess Plateau, enhanced by astronomical tuning and paleomagnetism,
the basal ages of aeolian cover on each terrace along the Sanmen gorge can be
determined. Readers are referred to Ding et al. (2002) for a detailed
chronostratigraphic framework of the Chinese loess. Thus these aeolian series, in
combination with their magnetostratigraphic and pedostratigraphic properties, provide
a geochronological framework for the terrace sequences in the five Yellow River
transects, as will now be described. The present study concentrates on the, hitherto

undated, aeolian deposits above the planation surface and terrace T5.

3.3. Magnetic susceptibility measurements

Magnetic susceptibility reflects the layering of loess and palaeosols (Soreghan et
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al., 1997) and thus can further confirm the identification of pedostratigraphic units
and aid correlation. Powder samples were taken at 0.05-m intervals from the aeolian
covers of the planation surface and uppermost terrace (T5). A total of 5650 samples
were air-dried in the laboratory and then gently ground. Measurements with a
Bartington MS2B magnetic susceptibility meter were used to obtain the mass

magnetic susceptibility (Fig. 7).

<Fig. 7 hereabout>

3.4. Paleomagnetism

Samples were taken from the 152-m and 130.5-m thick aeolian deposits
accumulated respectively on top of the planation surface and the uppermost terrace
(T5). A total of 441 oriented block samples were collected at 0.25-m intervals in the
Red Clay and at intervals of ~0.5-3.0 m in the loess. In the laboratory these samples
were cut into 2-cm® transects, producing three sets of paleomagnetic logs. All the
processed samples were thermally demagnetized in 15-17 steps at 50-30°C intervals
(between 50 and 680°C) with an MMTD-80 Thermal Demagnetizer. Remanent
magnetization and magnetic orientation were measured on a 2G-755R
Superconductiing Rock Magnetometer in the magnetically shielded room of the
Paleomagnetic Laboratory of the Key Laboratory of western China’s Environmental
System (MOE), Lanzhou University.

Two components are generally distinguished in the palaeomagnetic signal, by
contrasting directions and intensities. A low-temperature component (LTC) in roughly
the normal polarity direction is removed gradually by thermal treatment in the interval
100150 °C (but sometimes up to 200—-350 °C). This LTC is generally interpreted as a
secondary remanent magnetization characterized by a viscous superimposed direction.
Upon removal of the LTC, a high-temperature component (HTC) shows relatively
stable directions and linear decay in intensity toward the origin. This HTC is generally
interpreted as the primary magnetization acquired during deposition. The directions of
the HTC are calculated using the least-squares fitting technique (Kirschvink, 1980)

for selected demagnetization data points (minimum of three, but mostly 5-10).

4. Results
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4.1. The terrace succession

A well-preserved sequence of five strath terraces was identified between the
present river bed and the planation surface (Fig. 4C and D), within which the
uppermost terrace is newly recognized in comparison with the previous study by Pan
et al. (2005a). The term strath terrace is used here to describe an erosional terrace with
only a relatively thin gravel layer, isolated vertically from the gravels of other terraces.
In this terrace sequence, all treads are eroded into the Early Pleistocene lacustrine
Sanmen Formation (see Fig. 4E for sedimentary characteristics). The planation
surface, cut through pre-existing limestone, basin-fill sediments, and tectonic
structures, is overlain by 12.5-m-thick Red Clay and a 139.5 m thick loess sequence,
characterized by alternating loess (L) and palaeosol (S) units (Fig. 7). No indications
of erosional disconformity between the Red Clay and the loess have been observed.
Palaeosol complex S5, consisting of three sub-palaeosols, is the most prominent one
within the sequence on the Chinese Loess Plateau, and is distinguished by its great
thickness and dark color, being generally regarded as a marker layer (Liu, 1985). It
can be discerned by field observations to occur at a depth of 107.6-115.3 m in the
aeolian cover of the planation surface at Sanmenxia, which contains 32 palaeosol
units (Fig. 7). The loess deposits above the gravels of terraces T5, T4, T3, and T2 are
~130, 114, 64, and 30 m thick respectively (Fig. 7). From detailed field observations,
the loess stratigraphy on these four terraces can be divided, respectively, into fifteen,
nine, six, and three red palaeosol units, which can be readily correlated with the upper
palaeosol units (S14 to S1) on the planation surface. The basal palaeosol units of each
terrace can be shown to overlie the fluvial deposits without a significant hiatus. In the
case of the planation surface and terrace T5, these pedostratigraphic correlations,
based on field observations, have been further corroborated by patterns of magnetic
susceptibility variation (see below). The lowermost terrace has been OSL-dated to
12.7 + 1.2 ka (HZB-2; Fig. 5).

4.2. Magnetic susceptibility

Magnetic susceptibility reflects the distinction between loess (L) and palaeosols
(S), with higher values in palaeosols than in loess (e.g., Kukla et al., 1988; Maher and
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Thompson, 1991; Soreghan et al., 1997). The variation patterns of magnetic
susceptibility in the loess deposits on the planation surface and uppermost terrace (T5)
are closely consistent with field observations of pedostratigraphy (Fig. 7). For
palaeosol complex S5 in the two studied loess covers, the magnetic susceptibility
increases steeply and reaches its highest value in the middle part of this complex,
suggesting a prominently developed palaeosol unit. More specifically, large amplitude
fluctuations of magnetic susceptibility appear in this palaeosol complex, showing
three marked peaks that correspond well with the three subsidiary divisions of this
prominent S5 palaeosol. Using S5 as a marker horizon, magnetic susceptibility data
were used to divide the loess sequences on the planation surface and terrace T5,
respectively, into 32 (from S1 to S32, with the basal loess unit L33) and 15 (Sm-S14)
established palaeosol units. The magnetic susceptibility patterns from these two loess
covers are in good agreement with comparable records from the Chinese Loess
Plateau (e.g., Lu et al., 1999; Pan et al., 2012). Their high magnetic susceptibility
values match well with the light red palaeosol units, implying that the
pedostratigraphic divisions based on field observations, as described in this paper, are
reliable.

The Red Clay beneath the Quaternary loess was deposited immediately on top of
the planation surface. Its magnetic susceptibility gradually increases upwards,
reaching its highest value at the top of the unit. Further upwards, the values decrease
markedly in the overlying pedogenic carbonate nodule layer and then recover in the
transitional layer (TU) between Red Clay and the overlying Quaternary loess. This
pattern of magnetic susceptibility in the Red Clay obtained here concurs with
magnetic susceptibility records from late Pliocene Red Clay sections on the Chinese
Loess Plateau (Sun et al., 2006; Pan et al., 2011).

4.3. Paleomagnetism

Three sets of palaeomagnetic transects, collected from the aeolian covers of the
planation surface and terrace T5 at each section, show similar properties. Most
samples maintain strong remanent magnetization, with clear separation of
characteristic remanent magnetization (ChRM) directions (see Fig. 8 for the typical

thermal demagnetization diagrams).
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<Fig. 8 hereabout>

The pedostratigraphy and magnetic patterns of the aeolian covers on the
planation surface and uppermost terrace (T5) are illustrated in Fig. 7. The
magnetostratigraphic patterns from the two covers can be correlated with the
geomagnetic polarity timescale (GPTS) of Cande and Kent (1995).

In the 152.0-m thick aeolian deposits on the planation surface, both the
stratigraphic subdivision of the loess and the conformity between the Red Clay and
overlying loess deposits provide a reliable indication that the chronology of the
aeolian cover extends from the Pliocene to the late Pleistocene (Liu, 1985). Thus the
obtained magnetozones correlate typically with the polarity intervals from Brunhes to
Gauss in the geomagnetic polarity timescale. The Gauss normal-polarity chron occurs
between 0.5 and 11.5 m above the planation surface and includes two
reversed-polarity subchrons that pinpoint the basal age of aeolian deposits here to the
Kaena and Mammoth subchrons. The Gauss—Matuyama boundary occurs in the lower
part of TU, which is also the boundary between the Neogene Red Clay and
Quaternary loess (Liu, 1985; Ding et al., 1990). The Olduvai normal subchron,
spanning 38-30 m, occurs between S27 and L25. The Jaramillo normal subchron,
extending from 745 to 82.0 m, is registered between S11 and L10. The
Matuyama-Brunhes boundary is found at a depth of 98.0 m in L8. These
paleomagnetic polarity events identified in the stratigraphy on the planation surface
are in full agreement with the well-established loess and Red Clay
magnetostratigraphy on the Chinese Loess Plateau (cf. Kukla and An, 1989; Rutter et
al., 1991; Zhu et al., 1994, Ding et al., 1998; Pan et al., 2012). On the Loess Plateau,
since the sedimentation rate in the Red Clay (~1.5 cm/ky) was generally lower than
that in the Quaternary loess (~10 cm/ky) (e.g., Vandenberghe et al., 2004),
extrapolation of the prevailing accumulation rate of the Red Clay (here, ~1.1 cm/ky
within the Gauss chron) below the lower boundary of the Gauss normal polarity chron
is a more logical approach for dating the basal Red Clay, rather than using an
accumulation rate averaged over the entire aeolian sequence (Red Clay and loess).
This approach yields an estimated age of ~3.63 Ma for the onset of aeolian deposition
on the planation suface.

For the ~130 m thick loess cover stacked on the uppermost terrace (T5), the
Matuyama—Brunhes boundary occurs at a depth of 49.0 m and coincides with L8. The
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Jaramillo normal subchron, spanning from 18.0 to 28.5 m, is registered between S11
and L10. It is clear that the positions of these paleomagnetic polarity events may
readily be correlated with the magnetostratigraphy derived from the aeolian cover of
the planation surface. Extrapolation of the prevailing accumulation rate of the loess
deposits (~10.5 cm/ky) below the lower boundary of the Jaramillo normal subchron
produces an estimated age of ~1.24 Ma for the basal loess deposits lying on this

terrace.

5. Discussion

5.1. Age determination of the fluvial terraces within the Sanmen gorge

In most cases there is a gradual transition from terrace gravel to overbank
sediments and, finally, to primary (in situ) aeolian deposits (Vandenberghe et al.,
2012). Therefore, the basal age of the aeolian deposits immediately overlying the
planation surface and terrace treads can be roughly equated with the formation times
of the geomorphic surfaces (planation and fluvial terrace surfaces). Supplementary to
the previous dating of terraces T4, T3, and T2 by Pan et al. (2005a), to 860, 620, and
129 ka, respectively, the newly recognized planation surface and uppermost terrace
(T5) have now provided age estimates also (Fig. 7). Although the terrace called T5
here was previously recognized by Kong et al. (2014), its age was not determined
successfully by their cosmogenic radio nuclide (CRN) study, which may be linked to
the difficulty of getting reliable burial dates from river terrace deposits (Rixhon et al.,
2016). In comparison, the latter authors assigned an age of 1.3 Ma to the lower
sediments of terrace T4, which is older than the abandonment age of 860 ka obtained
by Pan et al (2005a). According to the magnetostratigraphic analyses of the basal parts
of the aeolian covers, the ages of the planation surface and terrace T5 are ~3.63 Ma
and ~1.24 Ma, respectively; the latter age is close to the 1.5 — 1.3 Ma suggested by
Kong et al. (2014) for the initiation of drainage (by the Weihe River) through the
Sanmen gorge.

On the basis of field investigation, the tread of the uppermost terrace (T5) at
Sanmenxia can be traced over an extensive area upstream and extending downstream
into the inner Sanmen gorge, and can be correlated tentatively (based on height above
modern river) with the uppermost terraces formed at Zhangbian, Dongcun, and
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Xiaolangdi (Fig. 6). This distribution pattern indicates that the uppermost terrace
below the planation surface is generally continuous, representing the initial fluvial
incision by the Yellow River within the gorge. In addition, the magnetostratigraphic
record from the uppermost terrace at Kouma, downstream of the Sanmen gorge, has
also been dated previously to ~1.2 Ma (Pan et al., 2005b). The temporal coincidence
of the uppermost terraces upstream and downstream of this gorge suggests that the
first phase of downcutting by the Yellow River from the planation surface to the level
of the uppermost terrace was prior to ~1.2 Ma (again in general agreement with the

previous conclusions of Kong et al. (2014)).

5.2. Evolution of the middle to lower Yellow River catchment from basin filling to

entrenchment

The magnetostratigraphic record from the aeolian cover of the planation surface
at Sanmenxia suggests that before 3.63 Ma the Fenwei graben (represented by the
Lingbao basin) had become progressively filled with the lacustrine sediments (Fig.
9Al). Geomorphic investigation along the Sanmen gorge (Fig. 5) indicates that at this
time the local relief was progressively lowered to basin-fill level, eventually forming
the planation surface (Fig. 9AIl) that extends across the Fenwei graben and the
surrounding mountain ranges (including the Xiaoshan) as was the case at the northern
Tibetan Plateau (Wang et al., 2012).

<Fig. 9 hereabout>

Elsewhere, the development of low-relief landscapes (‘planation surface’) has
been claimed as a reliable marker to indicate subsequent landscape rejuvenation,
uplift and deformation (e.g., Ollier and Pain, 2000; Clark et al., 2004; Peulvast and
Sales, 2004). Before and during the Pliocene, large parts of Europe, Africa, and Asia
were planated, all in areas that were unaffected by plate motions, thus leading to the
widespread development of low-relief landscapes (e.g., Cui et al., 1996; Danisik et al.,
2006; Coltorti et al., 2007; Wagner et al., 2011; Pan et al., 2012; Vandenberghe, 2016).
The comparable low-relief landscape or ‘planation surface’, recognized in and around
the Fenwei graben and the Xiaoshan has been significantly uplifted by plate tectonic
processes and subsequently dissected. The continuation of tectonic activity after the
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formation of the planation level during the late Pliocene and Quaternary can be
demonstrated. First, as is apparent from the geomorphic section at Sanmenxia (Fig. 5),
the downthrow of the hanging-walls along the normal faults bounding the Lingbao
basin (within the graben system of the Fenwei; Fig. 9B) disrupted the ‘planation
surface’, which itself became uplifted in the Xiaoshan area. Second, seismic data also
indicate that the normal faults bounding the Lingbao basin have remained active
during the Quaternary (Li et al., 2015). The evolution of this active basin was
probably independent of the rest of the southern Shanxi rift. As the Xiaoshan
mountains grew higher, the ancestral fluvial system that drained their eastern front
began to cut headward, toward the west (Wang et al., 2001).

The sedimentary record in the North Pacific indeed shows that dust deposition
increased quite rapidly, by an order of magnitude, at 3.6 Ma (Rea, et al., 1998), which
may have been associated with the uplift of the Tibetan Plateau and the cooling of the
northern hemisphere. Continuous aeolian deposition in the present study region also
began by this time, resulting in accumulation on the ‘planation surface’ (our basal
age). After this time, this inner sub-basin of the Fenwei graben, which previously
drained internally, became filled with fluvio-lacustrine sediments (the Sanmen
Formation, illustrated in Fig. 4E) with a paleolake eventually covering much of the
graben (Liu, 2004). This lake was then drained and the Sanmen gorge formed,
initiating external drainage and linkage to the Yellow River system.

We suggest that the remarkable transition of the Fenwei graben, from filling to
excavation (incision), was thus associated with the establishment of external drainage
and the formation of the Sanmen gorge. The Xiaoshan barrier may have been
breached by lake spillover as the ancestral fluvial system at its eastern front cut
headward towards the Lingbao basin (Fig. 9C I). Subsequently, following the
emptying of the lake, fluvial incision into the sediments of the Sanmen Formation
began (Fig. 9CII). The geomorphic evidence indeed suggests that this drainage
integration was associated with fluvial downcutting, from the ‘planation surface’
down to the level of the uppermost terrace (T5). The approximately synchronous
development of this terrace both within the Sanmen gorge and further downstream at
Kouma (see above), with dates of ~1.24 Ma and 1.2 Ma (respectively), indicates that
the modern Yellow River had been established by this time and subsequently became
entrenched (Fig. 9D). The formation of a river terrace staircase within the Fenwei
graben is notable, implying that the graben interior is uplifting (a requirement for
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terrace formation), albeit at a slower rate than the crust outside the faulted interior of
the system (cf. Gao et al., 2016).

The initial development of the Sanmen gorge was thus an important event, since
it marked the initiation of the eastward-flowing drainage of the Yellow River. Once
this gorge had begun to form, terrigenous sediments could be transported from the
interior of the Tibetan Plateau, in the upper reaches of the Yellow River, to the Bohai
Gulf. Although loess began to accumulate in the present study region at significant
rates by ~3.6 Ma, terrigenous sedimentation rates on the North China Plain and in the
Bohai Gulf did not show dramatic increases until ~1.0 Ma (Xiao et al., 2008; Yao et
al., 2010, 2012), in all probability in response to the formation of the Sanmen gorge.
As Nie et al. (2015) have suggested, the majority of the sediment liberated by the
dissection of the ‘planation surface’ from the middle and upper Yellow River basins
was probably stored on the Chinese Loess Plateau before the through-going Yellow
River drainage system was formed.

The formation of the Sanmen Gorge, which enabled through drainage from the
upper Yellow River to the Bohai Gulf, would appear to have been the last in a series
of linkage events joining inland basins. This progressive drainage linkage can now be
envisaged to have occurred in sequence from upstream to downstream (contra Molnar,
2004), perhaps by means of repeated basin overflow in response to progressive basin
filling coupled with increasing precipitation from the strengthening Asian Monsoon.
The occurrence of this final eastern completion of the through-flowing Yellow River
can also be demonstrated by the change in the type of zircon grains in the thick
perched sedimentary sequence at Liujiahou (close to our site at Sanmenxia) reported
by Kong et al. (2014), and called T5 by them. Zircon in the lower sediments here were
of more local origin, whereas those from a sample high in the sequence (like those
from later terrace sediments) were from upstream in the Yellow River, suggesting that
basins upstream had been joined to form a through-flowing system by the time these
uppermost sediments were deposited, just before incision by the newly-formed river

and the development of the lower terrace staircase.

5.3. Wider comparisons

Similar sequences of events, whereby ancestral lake basins were disrupted and
replaced by fluvial drainage, are also recognized in other continental interior regions
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worldwide. For example, the history of integration of the upper reaches of the modern
River Euphrates (in the eastern Anatolian Plateau) with the rest of its catchment,
starting in the Mid-Pleistocene and associated with the disruption of paleolake basins,
as investigated by Seyrek et al. (2008), Westaway et al. (2008), and Demir et al.
(2009). Regional uplift of the eastern Anatolian Plateau and active faulting both
played a part in this sequence of events. Another example, documented by Westaway
et al. (2009), was the integration of the modern Rio Grande River in the
central-southern USA. In that example the upper reaches of the ancestral river system
drained into a paleolake in the Rio Grande Rift, an actively-developing graben;
however, faster regional uplift following the Mid-Pleistocene Revolution resulted in
disruption of this lake basin and the initiation of fluvial entrenchment, marked by
dated river terraces, into its former interior. Numerous other examples of ‘inverted’
Late Cenozoic fluvio-lacustrine basins could be documented, including many reported
by earlier FLAG research (e.g., Matoshko et al., 2004; Bridgland and Westaway, 2014)
and in the present issue (Bridgland et al., 2016; Cunha et al., 2016; Maddy et al.,
2016).

Attempts have recently been made to integrate onshore datasets indicating rates
of erosion and offshore datasets indicating rates of deposition (e.g., Herman et al.,
2013; Herman and Champagnac, 2016). It has been argued on the basis of increases in
offshore sedimentation rates that accordingly terrestrial erosion rates increased (e.g.,
Zhang et al., 2001; Molnar, 2004). However, others have rejected the idea that erosion
rates have increased in the Late Cenozoic (e.g., Willenbring and von Blanckenburg,
2010; Sadler and Jerolmack, 2015; Willenbring and Jerolmack, 2016). It has been
shown here that the Yellow River and other major rivers only became integrated with
their present catchment geometries in the relatively recent geological past, such that,
beforehand, the products of erosion throughout much of these catchments were
trapped in inland depocentres and were thus unable to reach the sea. This has to be
considered as an important complicating factor in attempting comparison of global

datasets of Late Cenozoic onshore erosion and offshore deposition.

6. Conclusions

Downcutting by the Yellow River into the Xiaoshan range, below a planation
surface dated to ~3.63 Ma, has resulted in the formation of the Sanmen gorge. On the
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basis of detailed field investigation, a new and uppermost Yellow River terrace, T5,
has been recognized along the gorge. As a result, a sedimentary and geomorphic
archive of five terraces was formed, in addition to the above-mentioned planation
surface. Magnetostratigraphic records from the aeolian deposits accumulated on top of
these surfaces provide a geochronological framework for this archive. The ages of the
planation surface (P) and terraces T5, T4, T3, T2, and T1 have been determined at
~3.63 Ma, ~1.24 Ma, ~0.86 Ma, ~0.62 Ma, ~129 ka, and ~12 ka, respectively. Thus,
the formation ages of the planation surface and uppermost terrace suggest that this
gorge was entrenched primarily between 3.63 and 1.24 Ma. At the same time the
landscape of the Fenwei region switched from basin filling to excavation (‘basin
inversion’) enabling the formation of a series of terraces within the graben. Before the
start of entrenchment of the Sanmen gorge, the products of erosion in the modern
upper catchment of the Yellow River were ‘trapped’ inland and, therefore, unable to
reach the sea. The dramatic increase in deposition rates in the Bohai Gulf, at the
mouth of the modern Yellow River, at ~1.0 Ma, resulted from the integration of the
Yellow River catchment following the initiation of drainage through Sanmen gorge

and does not imply an increase in erosion rates at that time.
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Table Captions

Table 1. Fluvial terrace correlation between Sanmenxia and Kouma

Figure Captions

Fig. 1. Map of the Fenwei graben and its surroundings, showing faults (from AFSOM,
1998), rivers, topography, and the locations of the four sub-basins (the Weihe,
Lingbao, Yuncheng, and Fenhe basins). The locations of Figs 2 and 3 are also
indicated. The inset map shows the major fault systems, plate motions, Bohai Gulf,

and location within China.

Fig. 2. Maximum, mean, and minimum topography along a 50-km-wide swath along
the Sanmen gorge (see Fig. 1 for location). Active faults and the interpreted long

profile of the planation surface are also depicted (see also Fig. 4).

Fig. 3. Map of the study region showing topography (using the same data source as

Fig. 1), active faults, and field locatities (see Fig. 1 for location).

Fig. 4. Field photos of the Sanmen gorge and its entrance. (A) View of the planation
surface dominating the Xiaoshan along the Sanmen gorge, looking east from
34°51'09.36" N, 111°19'34.16"E. (B) The westward dip of the planation surface
(looking north from 34°46'03.27" N, 111°17'53.48"E), the result of deformation close
to the inlet of the Sanmen gorge. (C and D) Fluvial terrace staircase at Sanmenxia,
looking west (C) and south (D). Five terraces have been identified below the planation
surface, of which the uppermost (T5) is newly recognized. (E) Closeup view of the
sedimentary sequence forming terrace T2 at Sanmenxia (see (D) for location). The
fluvio-lacustrine Sanmen Formation, characterized by horizontally bedded mudstone,

siltstone, clay, conglomerate, and sandstone, crops out below the terrace gravel.

Fig. 5. Transverse profiles through the fluvial terrace staircases at the field localities
(Zhangbian, Sanmenxia, Dongcun, Xiaolangdi, and Kouma; see Fig. 3 for locations).
Note that the terrace staircases at Zhangbian, Sanmenxia and Dongcun are affected by

normal faulting.
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Fig. 6. Interpreted longitudinal profile of terrace levels along the Sanmen gorge, using
height data from Table 1. The normal faults that define the ends of the gorge are
depicted in Fig. 2 and 3.

Fig. 7. Magnetostratigraphy and pedostratigraphy of the aeolian deposits overlying
the fluvial terraces and planation surface at Sanmenxia. These TL dates for T2 and
interpreted chrons (black for normal geomagnetic polarity, white for reverse) for
terraces T4, T3, and T2 are all from Pan et al. (2005a). For the newly recognized
terrace T5 and the planation surface, paleomagnetic data from the overlying ~130-m-
and 152-m-thick aeolian deposits are used to obtain age interpretations (of ~1.24 Ma
and 3.63 Ma, respectively), using the Cande and Kent (1995) geomagnetic polarity
timescale. However, these data are displayed here without filtering for noise. The
magnetic susceptibility values are higher in the palaeosol units than those in the

neighboring loess layers.

Fig. 8. A selection of the data from Fig. 7, illustrating the thermal demagnetization
process used to identify the primary components of rock magnetization that indicate
the polarity of the Earth’s magnetic field at the time of deposition. For each figure part,
the left-hand panel shows the horizontal (solid symbols) and vertical (open symbols)
components of rock magnetization, whereas the right-hand panel shows how the
strength of magnetization decreases with increasing temperature. (A) Sample PR-10.0
from the 10.0-m thickness of the aeolian section on the planation surface, a sample of
Carbonate nodules. After a low-temperature overprint is removed, this sample is seen
to be magnetized upward and southward, indicating reverse polarity. (B) Sample
PR-0.5 from 0.5-m thickness of the aeolian section on the planation surface, a sample
of Red Clay. After a low-temperature overprint is removed, this sample is seen to be
magnetized downward and northward, indicating normal polarity. (C) Sample PL-69.0
from 69.0-m thickness of the aeolian section on the planation surface, a sample of
loess. After a substantial overprint is removed, this sample is seen to be magnetized
upward and southward, indicating reverse polarity. (D) Sample PL-109.0 from
109.0-m thickness of the aeolian section on the planation surface, a sample of loess.
This sample is seen to be magnetized downward and northward, indicating normal

polarity. (E) Sample T5-33.0 from 33.0-m thickness of the loess section on terrace T5.
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This sample is seen to be magnetized downward and westward, indicating ambiguous
polarity. (F) Sample T5-28.0 from 28.0-m thickness of the loess section on terrace T5.
This sample is seen to be magnetized downward and northward, indicating normal

polarity.

Fig. 9. Schematic diagram illustrating landscape evolution within the Fenwei graben.
(A) The initial downfaulting, erosion, and filling of the Fenwei graben. (I)
Development, in the Early Pliocene, of the graben as a result of extensional tectonism.
(IT) Planation, circa 3.6 Ma (according to the magnetostratigraphic data), during
infilling of the graben, marked by emplacement of the lower part of the Sanmen
Formation. (B) Uplift and dissection of the planation surface after ~3.6 Ma. At this
time the extension switched from the initial set of normal faults to a newer set in the
hanging-walls of the initial set, resulting in narrowing of the graben. (C) Erosion, fill,
and excavation of this narrower graben. (I) Erosion and fill when the narrower graben
was occupied by an isolated fluvio-lacustrine system, during deposition of the upper
part of the Sanmen Formation in the Early Pleistocene. (IT) Initial entrenchment of the
Yellow River into the Sanmen Formation circa 1.2 Ma. At this time the former lake
basin was disrupted and fluvial drainage first developed from west to east across the
Xiaoshan, leading to the formation of the Sanmen gorge and incision into the Sanmen
Formation. (D) Incision and terrace formation by the Yellow River at Sanmenxia since

the late Early Pleistocene, creating the present fluvial terrace staircase.
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Abstract

The upper-middle Yellow River flows through the Fenwei graben, a structure
resulting from extensional tectonism that was formed and repeatedly extended during
the Cenozoic. The drainage system within this graben was formerly isolated from the
lower reaches of the Yellow River system by the Xiaoshan mountains, an actively
growing ~NW--SE trending range. The modern course of the Yellow River takes it
through this range along the Sanmen gorge, the formation of which was of great
significance in that it initiated through-going drainage between the upper—middle and
lower reaches of the system. The timing of this event, which was clearly a criticial
point in the evolution of the Yellow River, can be established by dating the terraces in
the gorge. Intermittent deepening of this gorge by the Yellow River from a high-level
planation surface capping the mountain range has resulted in the formation of five
terraces. Magnetostratigraphic records from aeolian deposits accumulated on these
surfaces provide a geochronological sequence for this geomorphic archive, in which
the ages of the planation surface and of terraces T5, T4, T3, T2, and T1 have been
determined as ~3.63 Ma, ~1.24 Ma, ~0.86 Ma, ~0.62 Ma, ~129 ka, and ~12 ka,
respectively.

Under the constraint of this chronological framework, a model for landscape
evolution is proposed here. Uplift of the inner Fenwei graben and of the surrounding
mountain ranges led to dissection of the 3.63 Ma old planation surface in conjunction
with the formation of the Sanmen gorge. Drainage of the lake previously occupying
the basin would have promoted incision into the fluvio-lacustrine graben sediments;
indeed, gorge formation through the Xiaoshan may have been initiated or intensified
by lake overflow. The ages obtained for the planation surface and uppermost terrace
suggest that the formation of the Sanmen gorge and the initiation of the through-going
eastward drainage of the Yellow River occurred between 3.63 and 1.24 Ma. Before
the start of gorge entrenchment, the products of erosion in the modern upper
catchment of the Yellow River were unable to reach the sea. The dramatic increase in
deposition rates in the Bohai Gulf (at the mouth of the modern Yellow River in the
East China Sea), ~1.0 Ma ago, thus resulted from the initiation of an integral
(enlarged) Yellow River catchment drainage through the Sanmen gorge; it does not

imply an increase in erosion rates at that time.
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1. Introduction

Many of the world’s largest rivers flow along structural lows and major rift
systems (Potter, 1978) and, meanwhile, have shaped the landscape over large areas. In
those regions that have been entrenched, the interaction between climate, uplift,
lithology, and base level have been fundamental controls on the evolution of fluvial
systems (Schumm et al., 2000; Veldkamp and van Dijke, 2000; Pan et al., 2003;
Bridgland and Westaway, 2008; Vandenberghe et al., 2011). Moreover, information
about tectonic activity and climatic change can be imprinted into sedimentary and
morphological fluvial archives (e.g., Bridgland, 2000; Stokes, 2008; Westaway, 2009;
Craddock et al., 2010; Bridgland et al., 2012; Bridgland and Westaway, 2014). The

development of large rivers is thus widely employed to determine the history of

The formation of the Tibetan Plateau is generally thought to have been an<

amplifier and driver for the environmental evolution of East Asia, strengthening the

East Asian monsoon and thus having an influence on precipitation and related erosion
rates (Li, 1991; Pan et al., 1995; Liu and Chen, 2000). Constraint on its uplift history

provides the basis for understanding the effects of high topography on climate and on

various earth surface processes (An et al., 2001).

T11 The signifi f fluvial . . . ian
evolution

Fhe development of fluvial systems in East Asia has also been closely associated
with topographical evolution since the India—Eurasia collision (e.g., Powell and
Conaghan, 1973; Lin et al., 2001; Fan and Li, 2008). The eastward flow direction of
the largest rivers in China (e.g., the Yellow River and the Yangtze) is generally
attributed to the relative eastward decline of the macro-relief, resulting from the uplift
of the Tibetan Plateau (Miao et al., 2008; Craddock et al., 2010; Zheng et al., 2013).
Marine accumulation of terrigenous sediments derived from these large fluvial

systems may be assumed to have started in the Bohai Gulf immediately after the
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formation of this drainage pattern (Zheng et al., 2004; Jiang et al., 2007). Fhese

establishment of these eastward-flowing drainage systems-thus provides a critical link

between upland erosion and the marine accumulation of terrigenous sediments (Nie et
al., 2015). Despite much attention having been paid to long-term fluvial landscape
development in East Asia, which is related to the uplift of the Tibetan Plateau during
the Quaternary—(see-belows, the formation age of the eastward drainage pattern in
China is still strongly debated (cf. Lin et al., 2001; Clark et al., 2004; Pan et al., 2005b;
Clift, 2006; Zheng et al., 2007, 2013). It is the specific objective of this paper to

reconstruct the eastward drainage history of the Yellow River by dating its terraces in

the critical reach between its middle and lower catchments. The formation ages of

terraces T4, T3 and T2 at Sanmenxia were determined previously by Pan et al. (2005a)

as 0.86 Ma, 0.62 Ma, and 0.129 Ma, respectively, but no dating was available for the

highest terrace T5 and the planation level in the study region.

A:2. Regional geological and geomorphic setting

[Formatted: Font: Bold

2.1. General position of the Ordos block, Fenwei graben and Xiaoshan mountains
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| The Ordos block is an upland massif located at the northeastern margin of the

| Tibetan Plateau; and bounded by graben systems. During the Mesozoic, this block
was a large basin with an area of ~320,000 km? (Zhu et al., 2008) and was filled with
terrigenous clastic sediments. Following the Indo-Asian collision (Molnar et al., 1993),
deformation progressively propagated from the collision zone to the northeastern
margin of the Tibetan Plateau (Tapponnier et al., 2001; Fig. 1, inset). Arc-shaped
thrust faults and strike-slip fault systems were thus generated between the Ordos
block and the Tibetan Plateau, leading to the formation, by extensional stress, of the
crescentS-shaped Fenwei graben (Zhang et al., 1998, 2003; Huang et al., 2008; Liu et
al., 2013). Meanwhile, the Ordos block and the Qinling, Huashan, Luliang, and
Taihang (including the Xiaoshan) mountains were uplifted with respect to this
subsiding graben (AFSOM, 1988). In the middle reaches of the Yellow River, the
landscape is characterized by a topography of alternating depressions and rolling
uplands, consisting of the above-mentioned ranges. Apatite fission track data and
geomorphic chronology have indicated that this area was uplifted in the early
Miocene and was then planated by the late Neogene (Yuan et al., 2007; Pan et al.,
2012).

<Fig. 1 hereabout>

The Fenwei graben is a NE-SW trending, crescent-shaped subsided area
constrained by numerous normal and strike-slip faults, covering more than 20,000
km® (AFSOM, 1988; Fig. 1). Its basement is further intersected by internal
ENE-trending normal faults, forming four sub-basins, the Weihe, Fenhe, Yuncheng,
and Lingbao basins (Fig. 1). The Fenwei graben is generally considered to have been
an extensional area that was continuously subsiding during the Cenozoic, a response
to the eastward extrusion of the Tibetan Plateau (Zhang et al., 1998, 2003); it has
simultaneously been filled by ~4000 m of fluvio-lacustrine deposits (AFSOM, 1988).
Based on previous investigation, these sediments dominate most of the graben,
implying the existence of a large lake, from Sanmenxia in the east, Baoji in the west,
the Qinling mountains in the south, and Yumenkou in the north (Liu, 2004; Fig. 1).
These fluvio-lacustrine sediments are defined as the Sanmen Formation, characterized

by undeformed, generally horizonal and parallel lithostratigraphy (AFSOM, 1988),
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pointing to regular vertical subsidence.

<Fig. 2 hereabout>

Subsidence, extensional tectonics and uplift have remained vigorous and active
during the Quaternary in the area of the Fenwei graben. Fault scarps and triangular
facets that can be traced for hundreds of kilometers are readily observed along the
northern front of the Qinling, Huashan, and the southern front (Xiaoshan) of the
Taihang Mountains (Dong et al., 2011). Major earthquakes around this graben are

known from historical records (Zhang et al., 2003). The middle and lower reaches of

the Yellow River are separated by the Xiaoshan mountains. To cross this topographic

barrier the Yellow River has incised deeply into these mountains, creating the Sanmen

gorge, between Sanmenxia and Xiaolangdi (Fig. 2 and Fig. 3). The Sanmen gorge;

'elAl‘l. alow Rive arca aTal .n-kl--n_'-e- a N no

o v o c v - c - g

the—graben—with—river—system—further—dewnstream); is constrained by normal and

strike-slip faults (Fig. 2), and is transected by numerous inferred inner faults (Fig. 3).
Many ground fissures associated with earthquakes are exposed along these inferred
faults within the gorge, indicating that uplift of the Xiaoshan with respect to the
Lingbao basin, to the northwest, and the North China Plain (to the southeast) has
never ceased (AFSOM, 1988).

<Fig. 3 hereabout>

The modern landscape in the vicinity of the Sanmen gorge is an uplifted and
rolling surface that is well preserved on resistant rocks in the higher parts of the area.
It represents a remnant of a planation surface that was cut through most of the
pre-existing tectonic structures and the relief right across the Lingbao basin, the
Xiaoshan range, and the North China Plain (Fig. 4A). This geomorphic surface was
deformed strongly over the Xiaoshan (Fig. 4B), forming a convexity between the
Lingbao basin and the North China Plain (Fig. 2). In general, its altitude exhibits a
declining trend towards the east, falling belowreaching-tess-than 400 m in the North
China Plain.

<Fig. 4 hereabout>
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21.23. The downstream part of the Yellow River¥YelowRiver—catchment-and—its
lati ith the <

Here—wefocus—upeon-Tthe Yellow River (Huanghe)—ene—of-thelargestin-the
world—which originatinges from the northeastern margin of the Tibetan Plateau and

flowings eastwards across China, crossesing numerous tectonic zones and major

active faults. a

{Saito-et-al—2004)--The Xiaoshan mountain range represents the final barrier to be
crossed by the river before it flows across the North China Plain and finally
debouches, attaining a total length of 5464 km (Wang et al., 2001), with its huge

sediment load, into the Bohai Gulf (Saito et al., 2001; Fhistarge—fluvial-system

ini - —The North China is Pplain,
which was formed from the steady supply of sediments from the upper and middle
reaches of the Yellow River.—H has remained close to sea level throughout the
Quaternary (Yang and Chen, 1985), experiencing marine inundation during some
interglacial periods (Geng, 1981). Sedimentary cores from this plain were analyzed in
an attempt to identify the oldest fluvial sediments from the Yellow River, thereby
dating the initiation of its eastward flow (Liu et al., 1988). However, the river has a
long history of wandering in disparate courses across the North China Plain, resulting
in deposition at different times at different sites, which has led to estimates for the
date of eastward-drainage initiation that range from Early to Late Pleistocene (Xia et
al., 1993; Yu, 1999; Wu et al., 2000; Yang et al., 2001).
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21.34. The evolution of theYelew Riverand-itsrelation-with-the Fenwei graben_and

the Sanmen gorge

coincides—with-Tthe extensional-Fenwei graben, situated upstream of the Sanmen
gorge,strueture; was occupied, before the formation of the Yellow River, by a lake that
covered the Weihe, Fenhe, Yuncheng, and Lingbao basins (Liu, 2004). According-to

Zhang—et-al;—2016)—-The ages of the uppermost fluvio-lacustrine sediments within
these basins range from 1.85 Ma to 150 ka (He et al., 1984; Yue et al., 1999; Ji et al.,
2006), representing an—semewhat imprecise chronological framework for the

formation of the eastward drainage pattern of the Yellow River through the Sanmen

gorge. Furthermore, recent work using cosmogenic nuclide dating, combined with
provenance analysis of zircon and U-Pb age distributions, suggests that the Sanmen
gorge was initially entrenched, during the period from 1.5 to 1.3 Ma, by the eastward
draining Weihe River, which is now the largest tributary of the Yellow River (Kong et
al., 2014). Comparative analysis of ostracod assemblages (Lishania) from the
fluvio-lacustrine sediments in the Fenwei graben and from the fluvial sediments in the
North China Plain suggests a close correlation between the two areas after ~1.0 Ma,
implying the existence of eastward drainage by that time (Xue, 1996). Finally,-teess
stratigraphy at Mangshan, ~100 km downstream of the Sanmen gorge (Fig. 2),-shews
a dramatic increase in the—teess accumulation rate of loess since the formation of
palaeosol S2—(Prins—et—al;—2009) wasFhis—inerease—is suggested to result from a
proximal contribution of silt blown from the Yellow River floodplain,—further
suggesting that eastward drainage had been formed at the latest by least-c.by 243 ka,
which is the formation age of S2 (Jiang et al., 2007; Zheng et al., 2007; Prins et al.,

2009)the-age-of-palasesol-S2.

-

An_important objective of this paper is to reconstruct the eastward drainage
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history of the Yellow River within a geochronological framework.tr-generak-the The
‘ initiation of thise eastward draining r¥eHow—River has remained a highly
controversial topic. Given that river terraces, as former floodplains (Bull, 1990;
Merritt et al., 1994), can provide compelling evidence for determining drainage
development (Stokes, 2008; Westaway et al., 2009; Vandenberghe et al., 2011), the
dating of such terraces along the Sanmen gorge can provide important evidence (Pan
et al., 2005a; Zheng et al., 2007; Kong et al., 2014). MHere;most of the terraces in the
‘ gorge are directly overlain by thick aeolian loess covers, which can offer an excellent
age control for the underlying terraces sediments (e.g., Liu, 1985; Pan et al., 2009,
2012; Guo et al., 2012). The chronological framework from these loess covers has
been based on a combined approach of magnetostratigraphy, pedostratigraphy,
electron spin resonance (ESR), and luminescence dating, and cosmogenic
radionuclide geochronology (e.g., Cheng et al., 2002; Pan et al., 2009; Craddock et al.,
2010; Zhang et al., 2010; Perrineau et al., 2011). From the constraint provided by the
loess stratigraphy, the age of the highest Yellow River terrace at the downstream end
of the Sanmen gorge was determined at 1.2 Ma by Pan et al. (2005b). In contrast, the
oldest terrace at the gorge inlet was considered significantly younger, at only 0.8 Ma

(Pan et al., 2005a). This temporal mismatch may be attributed to incomplete age

control from the loess covers in the gorge.

well-preserved terraces was formed by the Yellow River in the Sanmen gorge during
its incision into the Xiaoshan. Here, detailed field investigation was performed to
establish a complete sequence of geomorphic surfaces. Next, a new geochronology for
the geomorphic archive is presented, based on the combined approach of
magnetostratigraphy, pedostratigraphy, and optically stimulated luminescence (OSL)
dating of the aeolian cover on the geomorphic surfaces. Finally, this geochronology is

used to constrain the formation age of the eastward-draining Yellow River.
<Fig. 5 hereabout>
| 32. Method

| 32.1. Field research
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Intermittent downcutting by the Yellow River, starting from the planation surface
and cutting into the bedrock of the Xiaoshan to form the Sanmen gorge, has given rise
to a series of terraces along the valley. Field observations suggest that these terrace
treads are generally disposed asymmetrically within the valley. To elucidate the
formation history of the Yellow River within this gorge, work has focused on five
geomorphic cross-sections, from Zhangbian to Kouma (Fig. 3). For each cross-section,
terraces below the planation surface were identified and their tread heights (top of
fluvial deposits) above river level determined, the characteristics of the fluvial
deposits were described, and the thickness of overlying aeolian sediments (loess and

Red Clay) was measured.

<Table 1 hereabout>

The five transect sites were selected as representative of the supposed relict
planation surface and of the suite of lower-level fluvial terraces. The transect at
Zhangbian is located within the Lingbao basin. These transects at Sanmenxia,
Dongcun, and Xiaolangdi are located, respectively, at the inlet of, within, and at the
outlet of the gorge, whereas the Kouma site is ~20 km downstream of the gorge (Fig.
3). Field measurements of terrace elevation and the thickness of overlying aeolian
cover were performed using a differential GPS system with an uncertainty of <5 cm.
According to these results, combined with loess stratigraphy and geomorphic surface
tracking, terrace sequences at these sites were outlined (Fig. 5) and correlated (Table
1). It appears that the altitude of the planation surface and the vertical separations
between high terrace treads and the present-day river level increases considerably at
first and then gradually decreases with downstream distance along the gorge (Fig. 6).
This topographical pattern corresponds with the convexity, mentioned above, thought

to relate to the active uplift of the Xiaoshan range.

<Fig. 6 hereabout>

32.2. Aeolian deposits capping the geomorphic surfaces

The aeolian sediments (Tertiary Red Clay and overlying Quaternary loess)

11
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covering the planation surface and terrace treads provide valuable age estimates for
the underlying landforms. However, the aeolian covers are rather thin at Dongcun and
Xiaolangdi in comparison with those at Zhangbian, Sanmenxia, and Kouma, probably
because accumulation was less in the confined Sanmen gorge (Fig. 5). Thus the
Sanmenxia transect was selected for the analysis of magnetostratigraphy and;
pedostratigraphy;-and-OSL-geochronology of the aeolian sequence.

With reference to the established timescale of the aeolian sedimentary sequence
on the Chinese Loess Plateau, enhanced by astronomical tuning and paleomagnetism,
the basal ages of aeolian cover on each terrace along the Sanmen gorge can be
determined. Readers arecan—be referred to Ding et al. (2002) for a detailed
chronostratigraphic framework of the Chinese loess. Thuserefore; these aeolian series,
in combination with their magnetostratigraphic and pedostratigraphic properties,
provide a geochronological framework for the terrace sequences in the five Yellow

River transects, as will now be described. The present study concentrates on the,

hitherto undated, aeolian deposits above the planation surface and terrace T5.Since-the

32.3. Magnetic susceptibility measurements

Magnetic susceptibility reflects the layering of loess and palaeosols (Soreghan et
al., 1997) and thus can further confirm the identification of pedostratigraphic units
and aid correlation. Powder samples were taken at 0.05-m intervals from the aeolian
covers of the planation surface and uppermost terrace (T5). A total of 5650 samples
were air-dried in the laboratory and then gently ground. Measurements with a
Bartington MS2B magnetic susceptibility meter were used to obtain the mass

magnetic susceptibility (Fig. 7).

<Fig. 7 hereabout>

32.4. Paleomagnetism
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Samples were taken from the 152-m and 130.5-m thick aeolian deposits
accumulated respectively on top of the planation surface and the uppermost terrace
(T5). A total of 441 oriented block samples were collected at 0.25-m intervals in the
Red Clay and at intervals of ~0.5-3.0 m in the loess. In the laboratory these samples
were cut into 2-cm® transects, producing three sets of paleomagnetic logs. All the
processed samples were thermally demagnetized in 15-17 steps at 50-30°C intervals
(between 50 and 680°C) with an MMTD-80 Thermal Demagnetizer. Remanent
magnetization and magnetic orientation were measured on a 2G-755R
Superconductiing Rock Magnetometer in the magnetically shielded room of the
Paleomagnetic Laboratory of the Key Laboratory of western China’s Environmental
System (MOE), Lanzhou University.

Two components are generally distinguished in the palaeomagnetic signal, by
contrasting directions and intensities. A low-temperature component (LTC) in roughly
the normal polarity direction is removed gradually by thermal treatment in the interval
100-150 °C (but sometimes up to 200-350 °C). This LTC is generally interpreted as a
secondary remanent magnetization characterized by a viscous superimposed direction.
Upon removal of the LTC, a high-temperature component (HTC) shows relatively
stable directions and linear decay in intensity toward the origin. This HTC is generally
interpreted as the primary magnetization acquired during deposition. The directions of
the HTC are calculated using the least-squares fitting technique (Kirschvink, 1980)

for selected demagnetization data points (minimum of three, but mostly 5-10).

43. Results
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43.1. The terrace succession

A well-preserved sequence of five strath terraces was identified between the
present river bed and the planation surface (Fig. 4C and D), within which the
uppermost terrace is—a newly recognized-terrace in comparison with the previous
study by Pan et al. (2005a). The term strath terrace is used here to describe an
erosional terrace with only a relatively thin gravel layer, isolated vertically from the
gravels of other terraces. In this terrace sequence, all treads are eroded into the Early
Pleistocene lacustrine Sanmen Formation (see Fig. 4E for sedimentary characteristics).
The planation surface, cut through pre-existing limestone, basin-fill sediments, and
tectonic structures, is overlain by 12.5-m-thick Red Clay and a 139.5 m thick loess
sequence, characterized by alternating loess (L) and palaeosol (S) units (Fig. 7). No
indications of erosional disconformity between the Red Clay and the loess have been
observed. Palaeosol complex S5, consisting of three sub-palaeosols, is the most
prominent one within the sequence on the Chinese Loess Plateau, and is distinguished
by its great thickness and dark color, being generally regarded as a marker layer (Liu,
1985). It can be discerned by field observations to occur at a depth of 107.6-115.3 m
in the aeolian cover of the planation surface at Sanmenxia, which contains 32
palaeosol units (Fig. 7). Onthe-basis-ef this-markerlayerthe loessstratigraphy-abeve
Hrlosurmsc—rae —he—dbhddedtnte22 salepeselunisfrea-S22 oS0 The loess
deposits above the gravels of terraces T5, T4, T3, and T2 are ~130, 114, 64, and 30 m

thick respectively (Fig. 7). From detailed field observations, the loess stratigraphy on

these four terraces can be divided, respectively, into fifteen, nine, six, and three red
palaeosol units, which can be readily correlated with the upper palaeosol units (S14 to
S1) on the planation surface. The basal palaeosol units of each terrace can be shown
to overlie the fluvial deposits without a significant hiatus. In the case of the planation
surface and terrace T5, these pedostratigraphic correlations, based on field
observations, have been further corroborated by patterns of magnetic susceptibility

variation_—and-by-OSl-geechronclegy-(see below)._The lowermost terrace has been
OSL-dated to 12.7 + 1.2 ka (HZB-2; Fig. 5).

43.2. Magnetic susceptibility-and-OSk-ages

As-noted-above-Mmagnetic susceptibility reflects the distinction between loess
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et al., 1988; Maher and Thompson, 1991; Soreghan et al., 1997). The variation

patterns of magnetic susceptibility in the loess deposits on the planation surface and
uppermost terrace (T5) are closely consistent with field observations of
pedostratigraphy (Fig. 7). For palaeosol complex S5 in the two studied loess covers,
the magnetic susceptibility increases steeply and reaches its highest value in the
middle part of this complex, suggesting a prominently developed palaeosol unit. More
specifically, large amplitude fluctuations of magnetic susceptibility appear in this
palaeosol complex, showing three marked peaks that correspond well with the three
subsidiary divisions of this prominent S5 palaeosol. Using S5 as a marker horizon,
magnetic susceptibility data were used to divide the loess sequences on the planation
surface and terrace T5, respectively, into 32 (from S1 to S32, with the basal loess unit
L33) and 15 (Sm-S14) established palaeosol units. The magnetic susceptibility
patterns from these two loess covers are in good agreement with comparable records
from the Chinese Loess Plateau (e.g., Lu et al., 1999; Pan et al., 2012). Their high
magnetic susceptibility values match well with the light red palaeosol units, implying
that the pedostratigraphic divisions based on field observations, as described in this
paper, are reliable.

The Red Clay beneath the Quaternary loess whas depositedaceumulated
immediately on top of the planation surface. Its magnetic susceptibility gradually
increases upwards, reaching its highest value at the top of the unit. Further upwards,
the values decrease markedly in the overlying pedogenic carbonate nodule layer and
then recover in the transitional layer (TU) between Red Clay and the overlying
Quaternary loess. This pattern of magnetic susceptibility in the Red Clay obtained

here concurs with magnetic susceptibility records from late Pliocene Red Clay

sections on the Chinese Loess Plateau (Sun et al., 2006; Pan et al., 2011).
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43.3. Paleomagnetism

Three sets of palaecomagnetic transects, collected from the aeolian covers of the
planation surface and terrace T5 at each section, show similar properties. Most
samples maintain strong remanent magnetization, with clear separation of
characteristic remanent magnetization (ChRM) directions (see Fig. 8 for the typical

thermal demagnetization diagrams).

<Fig. 8 hereabout>

The pedostratigraphy and magnetic patterns of the aeolian covers on the
planation surface and uppermost terrace (T5) are illustrated in Fig. 7. The
magnetostratigraphic patterns from the two covers can be correlated with the
geomagnetic polarity timescale (GPTS) of Cande and Kent (1995).

In the 152.0-m thick aeolian deposits on the planation surface, both the
stratigraphic subdivision of the loess and the conformity between the Red Clay and
overlying loess deposits provide a reliable indication that the chronology of the
aeolian cover extends from the Pliocene to the late Pleistocene (Liu, 1985). Thus the
obtained magnetozones correlate typically with the polarity intervals from Brunhes to
Gauss in the geomagnetic polarity timescale. The Gauss normal-polarity chron occurs
between 0.5 and 11.5 m above the planation surface and includes two
reversed-polarity subchrons that pinpoint the basal age of aeolian deposits here to the
Kaena and Mammoth subchrons. The Gauss—Matuyama boundary occurs in the lower
part of TU, which is also the boundary between the Neogene Red Clay and
Quaternary loess (Liu, 1985; Ding et al., 1990). The Olduvai normal subchron,
spanning 38-30 m, occurs between S27 and L25. The Jaramillo normal subchron,
extending from 74.5 to 82.0 m, is registered between S11 and L10. The
Matuyama-Brunhes boundary is found at a depth of 98.0 m in L8. These
paleomagnetic polarity events identified in the stratigraphy on the planation surface
are in full agreement with the well-established loess and Red Clay
magnetostratigraphy on the Chinese Loess Plateau (cf. Kukla and An, 1989; Rutter et
al., 1991; Zhu et al., 1994; Ding et al., 1998; Pan et al., 2012). On the Loess Plateau,
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since the sedimentation rate in the Red Clay (~1.5 cm/ky) was generally lower than
that in the Quaternary loess (~10 cm/ky) (e.g., Vandenberghe et al., 2004),
extrapolation of the prevailing accumulation rate of the Red Clay (here, ~1.1 cm/ky
within the Gauss chron) below the lower boundary of the Gauss normal polarity chron
is a more logical approach for dating the basal Red Clay, rather than using an
accumulation rate averaged over the entire aeolian sequence (Red Clay and loess).
This approach yields an estimated age of ~3.63 Ma for the onset of aeolian deposition
on the planation suface.

For the ~130 m thick loess cover stacked on the uppermost terrace (T5), the
Matuyama—Brunhes boundary occurs at a depth of 49.0 m and coincides with L8. The
Jaramillo normal subchron, spanning from 18.0 to 28.5 m, is registered between S11
and L10. It is clear that the positions of these paleomagnetic polarity events may
readily be correlated with the magnetostratigraphy derived from the aeolian cover of
the planation surface. Extrapolation of the prevailing accumulation rate of the loess
deposits (~10.5 cm/ky) below the lower boundary of the Jaramillo normal subchron
produces an estimated age of ~1.24 Ma for the basal loess deposits lying on this

terrace.

54. Discussion

54.1. Age determination of the fluvial terraces within the Sanmen gorge

additien—lin most cases there is a gradual transition from terrace gravel to overbank

sediments and, finally, to primary (in situ) aeolian deposits (Vandenberghe et al.,
2012). Therefore, the basal age of the aeolian deposits immediately overlying the

planation surface and terrace treads can be roughly equated with the formation times

of the geomorphic surfaces (planation and fluvial terrace surfaces). Supplementary to
the previous dating oftr-the-case-of-the-sequence-in-the-research-area; terraces T4, T3,
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533 | respectively, t—Fhe newly recognized planation surface and uppermost terrace (T5)

532 ‘ and T2-wereprevioushydated by Pan et al. (2005a), to —t6-860, 620, and 129 Ka,
534  have now provided age estimates also (Fig. 7). Although the terrace called T5 here
535 was previously recognized by Kong et al. (2014), its age was not determined
536  successfully by their cosmogenic radio nuclide (CRN) study, which may be linked to
537 | the difficulty of getting reliable burial dates from river terrace deposits_(Rixhon et al.
538 ‘ 2016). In comparison, the latter authors assigned an age of 1.3 Ma to the lower
539  sediments of terrace T4, which is older than the abandonment age of 860 ka obtained
540 by Pan et al (2005a). According to the magnetostratigraphic analyses of the basal parts
541  of the aeolian covers, the ages of the planation surface and terrace T5 are ~3.63 Ma
542 | and ~1.24 Ma, respectively; the latter age is close to the 1.5 — -1.3 Ma suggested by
543  Kong et al. (2014) for the initiation of drainage (by the Weihe River) through the

544 | Sanmen gorge.

545 [Formatted: Indent: First line: 2 ch

546

547 ——O0n the basis of field investigation, the tread of the uppermost terrace (T5) at

548  Sanmenxia can be traced over an extensive area upstream and extending downstream
549 into the inner Sanmen gorge, and can be correlated tentatively (based on height above
550 modern river) with the uppermost terraces formed at Zhangbian, Dongcun, and
551 | Xiaolangdi (Fig. 6). This distributional pattern indicates that the uppermost terrace
552  below the planation surface is generally continuous, representing the initial fluvial
553 incision by the Yellow River within the gorge. In addition, the magnetostratigraphic
554  record from the uppermost terrace at Kouma, downstream of the Sanmen gorge, has
555  also been dated previously to ~1.2 Ma (Pan et al., 2005b). The temporal coincidence
556  of the uppermost terraces upstream and downstream of this gorge suggests that the
557  first phase of downcutting by the Yellow River from the planation surface to the level
558  of the uppermost terrace was prior to ~1.2 Ma (again in general agreement with the
559  previous conclusions of Kong et al. (2014)).

560

561 | 54.2. Evolution of the middle to lower Yellow River catchment fromFhaviaHandseape

562 | evolutionby-the-Yellew Riverfrom basin filling to entrenchmentexeavation
563

564 The magnetostratigraphic record from the aeolian cover of the planation surface

565 at Sanmenxia suggests that before 3.63 Ma the Fenwei graben (represented by the
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Lingbao basin) had become progressively filled with the lacustrine sediments (Fig.
9Al). Geomorphic investigation along the Sanmen gorge (Fig. 5) indicates that at this
time the local relief was progressively lowered to basin-fill level, eventually forming
the planation surface (Fig. 9AIl) that extends across the Fenwei graben and the
surrounding mountain ranges (including the Xiaoshan) as was the case at the northern
Tibetan Plateau (Wang et al., 2012).

<Fig. 9 hereabout>

Elsewhere, the development of low-relief landscapes (‘planation surface’) has
been claimed as a reliable marker to indicate subsequent landscape rejuvenation,
uplift and deformation (e.g., Ollier and Pain, 2000; Clark et al., 2004; Peulvast and
Sales, 2004). Before and during the Pliocene, large parts of Europe, Africa, and Asia
were planated, all in areas that were unaffected by plate motions, thus leading to the
widespread development of low-relief landscapes (e.g., Cui et al., 1996; Danisik et al.,
2006; Coltorti et al., 2007; Wagner et al., 2011; Pan et al., 2012; Vandenberghe, 2016).
The comparable low-relief landscape or ‘planation surface’, recognized in and around
the Fenwei graben and the Xiaoshan has been significantly uplifted_by plate tectonic

processes and subsequently—and dissected.—Fhis—is—a—result—we—suggest—of plate

A
O oo o

Asian-menseen-{see-abeve). The continuation of tectonic activity after the formation

of the planation level during the late Pliocene and Quaternary can be demonstrated.

First, as is apparent from the geomorphic section at Sanmenxia (Fig. 5), the

downthrow of the hanging-walls along the-indicates-that normal faults bounding the
Lingbao basin (within the-elder graben system of the Fenwei; Fig. 9B)-were-active

~3.63—Ma—the—downthrow—in—their—hanging-waks disrupted the—elder ‘planation

surface’, which itself became uplifted in the Xiaoshan area. Second, seismic data

alsoanalysis indicates that the normal faults bounding the Lingbao basin have
remained active during the Quaternary (Li et al., 2015). The in—this—case,—the
subseguent-evolution of this active basin was probably independent of the rest of the
southern Shanxi rift. As the Xiaoshan mountains grew higher, the ancestral fluvial
system that drained theirits eastern front_—began to cut headward, toward the west
(Wang et al., 2001).

The sedimentary record in the North Pacific indeed shows that dust deposition
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increased quite rapidly, by an order of magnitude, at 3.6 Ma (Rea, et al., 1998), which
may have been associated with the uplift of the Tibetan Plateau and the cooling of the
northern hemisphere. Continuous aeolian deposition in the present study region also
began by this time, resulting in accumulation on the ‘planation surface’ (our basal
age). After this time, this inner sub-basin of the Fenwei graben, which previously
drained internally, became filled with fluvio-lacustrine sediments (the Sanmen
Formation, illustrated in Fig. 4E) with a paleolake eventually covering much of the
graben (Liu, 2004). This lake was then drained and the Sanmen gorge formed,
initiating external drainage and linkage to the Yellow River system.

We suggest that the remarkable transition of the Fenwei graben, from filling to

excavation (incision), was thus associated with the establishment of external drainage

and the formation of the Sanmen gorge.-Ourdata{Fig—9CH-imphy-that-gorge-incision

spillover as the ancestral fluvial system at its eastern front cut headward towards the
Lingbao basin_(Fig. 9C I). Subsequently, following the emptying of the lake, fluvial
incision into the sediments of the Sanmen Formation began (Fig. 9CII). The
geomorphic evidence indeed suggests that this drainage integration was associated
with fluvial downcutting, from the ‘planation surface’ down to the level of the
uppermost terrace (T5). The approximately synchronous development of this terrace
both within the Sanmen gorge and further downstream at Kouma (see above), with
dates of ~1.24 Ma and 1.2 Ma (respectively), indicates that the modern Yellow River
had been established by this time_and- sSubsequently became entrenchedment-by-the
“fellowPlverprocressivelycrentod the oresentSanmen—corge (Fig. 9D). The

formation of a river terrace staircase within the Fenwei graben is notable, implying

that the graben interior is uplifting (a requirement for terrace formation), albeit at a

slower rate than the crust outside the faulted interior of the system (cf. Gao et al.,

2016).

The initial development of the Sanmen gorge was thus an important event, since

it marked the initiation of the eastward-flowing drainage of the Yellow River. Once
this gorge had begun to form, terrigenous sediments could be transported from the
interior of the Tibetan Plateau, in the upper reaches of the Yellow River, to the Bohai

Gulf. Althoughs-atready-reted; loess began to accumulate in the present study region
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at significant rates by ~3.6 Ma,(Rea-et-al—1998)Hewever, terrigenous sedimentation

rates on the North China Plain and in the Bohai Gulf did not show dramatic increases
until ~1.0 Ma (Xiao et al., 2008; Yao et al., 2010, 2012), in all probability in response
to the formation of the Sanmen gorge. As Nie et al. (2015) have suggested, the
majority of the sediment liberated by the dissection of the ‘planation surface’ from the

middle and upper Yellow River basins was probably stored on the Chinese Loess

Plateau before the through-going Yellow River drainage system was formed.

The formation of the Sanmen Gorge, which enabled through drainage from the

upper Yellow River to the Bohai Gulf, would appear to have been the lastfinal in a
series of linkage events joining inland basins. This progressive drainage linkage can
now be envisaged to have occurred in sequence from upstream to downstream (contra
Molnar, 2004), perhaps by means of repeated basin overflow in response to
progressive basin filling coupled with increasing precipitation from the strengthening
Asian Monsoon. The occurrence of this final eastern completion of the
through-flowing Yellow River can also be demonstrated by the change in the type of

zircons grains in the thick perched sedimentary sequence at Liujiahou (close to our
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site at Sanmenxia) reported by Kong et al. (2014), and called T5 by them. Zircon in
the lower sediments here were of more local origin, whereas those from a sample high
in the sequence (like those from later terrace sediments) were from upstream in the
Yellow River, suggesting that basins upstream had been joined to form a
through-flowing system by the time these uppermost sediments were deposited, just
before incision by the newly-formed river and the development of the lower terrace

staircase.

54.3. Wider comparisons

Similar sequences of events, whereby ancestral lake basins were disrupted and

replaced by fluvial drainage, are also recognized in other continental interior regions

worldwide. For example, the history of integration of the upper reaches of the modern

River Euphrates (in the eastern Anatolian Plateau) with the rest of its catchment,

starting in the Mid-Pleistocene and associated with the disruption of paleolake basins,

as investigated by Seyrek et al. (2008), Westaway et al. (2008), and Demir et al.

(2009). Regional uplift of the eastern Anatolian Plateau and active faulting both

played a part in this sequence of events. Another example, documented by Westaway

et al. (2009), was the integration of the modern Rio Grande River in the

central-southern USA. In that example the upper reaches of the ancestral river system

drained into a paleolake in the Rio Grande Rift, an actively-developing graben;

however, faster regional uplift following the Mid-Pleistocene Revolution resulted in

disruption of this lake basin and the initiation of fluvial entrenchment, marked by

dated river terraces, into its former interior. Numerous other examples of ‘inverted’

Late Cenozoic fluvio-lacustrine basins could be documented, including many reported
by earlier FLAG research (e.g., Matoshko et al., 2004; Bridgland and Westaway, 2014)

and in the present issue (Bridgland et al., 2016; Cunha et al., 2016; Maddy et al.,
2016).

Attempts have recently been made to integrate onshore datasets indicating rates

of erosion and offshore datasets indicating rates of deposition (e.g., Herman et al.,
2013; Herman and Champagnac, 2016). It has been argued on the basis of increases in
offshore sedimentation rates that accordingly terrestrial erosion rates increased (e.g.,
Zhang et al., 2001; Molnar, 2004). However, others have rejected the idea that erosion

rates have increased in the Late Cenozoic (e.g., Willenbring and von Blanckenburg,
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2010; Sadler and Jerolmack, 2015; Willenbring and Jerolmack, 2016). It has been
shown here that the Yellow River and other major rivers only became integrated with
their present catchment geometries in the relatively recent geological past, such that,
beforehand, the products of erosion throughout much of these catchments were
trapped in inland depocentresers and were thus unable to reach the sea. This has to be

considered as an important complicating factor in attempting comparison of global

datasets of Late Cenozoic onshore erosion and offshore deposition.

65. Conclusions

Downcutting by the Yellow River into the Xiaoshan range, below a planation
surface dated to ~3.63 Ma, has resulted in the formation of the Sanmen gorge. On the
basis of detailed field investigation, a new and uppermost Yellow River terrace, T5,
has been recognized along the gorge. As a result, a sedimentary and geomorphic
archive of five terraces was formed, in addition to the above-mentioned planation
surface. Magnetostratigraphic records from the aeolian deposits accumulated on top of
these surfaces provide a geochronological framework for this archive. The ages of the
planation surface (P) and terraces T5, T4, T3, T2, and T1 have beenwere determined
at ~3.63 Ma, ~1.24 Ma, ~0.86 Ma, ~0.62 Ma, ~129 ka, and ~12 ka, respectively. Thus,
the formation ages of the planation surface and uppermost terrace suggest that this
gorge was entrenched primarily between 3.63 and 1.24 Ma. At the same time the
landscape of the Fenwei region switched from basin filling to excavation_(‘basin

inversion’) enabling the formation of a series of terraces within the graben.; which
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could-be-termed—basin-inversion’—Before the start of entrenchment of the Sanmen
gorge, the products of erosion in the modern upper catchment of the Yellow River
were ‘trapped’ inland and, therefore, unable to reach the sea. The dramatic increase in
deposition rates in the Bohai Gulf, at the mouth of the modern Yellow River, at ~1.0
Ma, resulted from the integration of the Yellow River catchment following the
initiation of drainage through Sanmen gorge and does not imply an increase in erosion
rates at that time.
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Table Captions

Table 1. Fluvial terrace correlation between Sanmenxia and Kouma

lo.2_ Onticallvstirmulated lumi :

Figure Captions

Fig. 1. Map of the Fenwei graben and its surroundings, showing faults (from AFSOM,
1998), rivers, topography, and the locations of the four sub-basins (the Weihe,
Lingbao, Yuncheng, and Fenhe basins). The locations of Figs 2 and 3 are also
indicated. The inset map shows the major fault systems, plate motions, Bohai Gulf,

and location within China.

Fig. 2. Maximum, mean, and minimum topography along a 50-km-wide swath along
the Sanmen gorge (see Fig. 1 for location). Active faults and the interpreted long

profile of the planation surface are also depicted (see also Fig. 4).

Fig. 3. Map of the study region showing topography (using the same data source as

Fig. 1), active faults, and field locatities (see Fig. 1 for location).

Fig. 4. Field photos of the Sanmen gorge and its entrance. (A) View of the planation
surface dominating the Xiaoshan along the Sanmen gorge, looking east from
34°51'09.36” N, 111°19'34.16"E. (B) The westward dip of the planation surface
(looking north from 34°46'03.27” N, 111°17'53.48"E), the result of deformation close
to the inlet of the Sanmen gorge. (C and D) Fluvial terrace staircase at Sanmenxia,
looking west (C) and south (D). Five terraces have been identified below the planation
surface, of which the uppermost (T5) is newly recognized. (E) Closeup view of the
sedimentary sequence forming terrace T2 at Sanmenxia (see (D) for location). The
fluvio-lacustrine Sanmen Formation, characterized by horizontally bedded mudstone,

siltstone, clay, conglomerate, and sandstone, crops out below the terrace gravel.

Fig. 5. Transverse profiles through the fluvial terrace staircases at the field localities

(Zhangbian, Sanmenxia, Dongcun, Xiaolangdi, and Kouma; see Fig. 3 for locations).
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Note that the terrace staircases at Zhangbian, Sanmenxia and Dongcun are affected by

normal faulting.

Fig. 6. Interpreted longitudinal profile of terrace levels along the Sanmen gorge, using
height data from Table 1. The normal faults that define the ends of the gorge are
depicted in Fig. 2 and 3.

Fig. 7. Magnetostratigraphy and pedostratigraphy of the aeolian deposits overlying
the fluvial terraces and planation surface at Sanmenxia. These TL dates for T2 and
interpreted chrons (black for normal geomagnetic polarity, white for reverse) for
terraces T4, T3, and T2 are all from Pan et al. (2005a). For the newly recognized
terrace T5 and the planation surface, paleomagnetic data from the overlying ~130-m-
and 152-m-thick aeolian deposits are used to obtain age interpretations (of ~1.24 Ma
and 3.63 Ma, respectively), using the Cande and Kent (1995) geomagnetic polarity
timescale. However, these data are displayed here without filtering for noise. The
magnetic susceptibility values are higher in the palaeosol units than those in the

neighboring loess layers.

Fig. 8. A selection of the data from Fig. 7, illustrating the thermal demagnetization
process used to identify the primary components of rock magnetization that indicate
the polarity of the Earth’s magnetic field at the time of deposition. For each figure part,
the left-hand panel shows the horizontal (solid symbols) and vertical (open symbols)
components of rock magnetization, whereas the right-hand panel shows how the
strength of magnetization decreases with increasing temperature. (A) Sample PR-10.0
from the 10.0-m thickness of the aeolian section on the planation surface, a sample of
Carbonate nodules. After a low-temperature overprint is removed, this sample is seen
to be magnetized upward and southward, indicating reverse polarity. (B) Sample
PR-0.5 from 0.5-m thickness of the aeolian section on the planation surface, a sample
of Red Clay. After a low-temperature overprint is removed, this sample is seen to be
magnetized downward and northward, indicating normal polarity. (C) Sample PL-69.0
from 69.0-m thickness of the aeolian section on the planation surface, a sample of
loess. After a substantial overprint is removed, this sample is seen to be magnetized
upward and southward, indicating reverse polarity. (D) Sample PL-109.0 from

109.0-m thickness of the aeolian section on the planation surface, a sample of loess.

42



1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338

This sample is seen to be magnetized downward and northward, indicating normal
polarity. (E) Sample T5-33.0 from 33.0-m thickness of the loess section on terrace T5.
This sample is seen to be magnetized downward and westward, indicating ambiguous
polarity. (F) Sample T5-28.0 from 28.0-m thickness of the loess section on terrace T5.
This sample is seen to be magnetized downward and northward, indicating normal

polarity.

Fig. 9. Schematic diagram illustrating landscape evolution within the Fenwei graben.
(A) The initial downfaulting, erosion, and filling of the Fenwei graben. (I)
Development, in the Early Pliocene, of the graben as a result of extensional tectonism.
(IT) Planation, circa 3.6 Ma (according to the magnetostratigraphic data), during
infilling of the graben, marked by emplacement of the lower part of the Sanmen
Formation. (B) Uplift and dissection of the planation surface after ~3.6 Ma. At this
time the extension switched from the initial set of normal faults to a newer set in the
hanging-walls of the initial set, resulting in narrowing of the graben. (C) Erosion, fill,
and excavation of this narrower graben. (I) Erosion and fill when the narrower graben
was occupied by an isolated fluvio-lacustrine system, during deposition of the upper
part of the Sanmen Formation in the Early Pleistocene. (IT) Initial entrenchment of the
Yellow River into the Sanmen Formation circa 1.2 Ma. At this time the former lake
basin was disrupted and fluvial drainage first developed from west to east across the
Xiaoshan, leading to the formation of the Sanmen gorge and incision into the Sanmen
Formation. (D) Incision and terrace formation by the Yellow River at Sanmenxia since

the late Early Pleistocene, creating the present fluvial terrace staircase.
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Table 1

Table 1: Fluvial terrace correlation between Sanmenxia and Kouma

Site Terrace 1 Terrace 2 Terrace 3 Terrace 4 Terrace 5 Planation surface
Name Co-ordinates Ho (M) H(m) h(m) H(m) h(m) H(m) h(m) H(m) h(m) H(m) h(m) H (m)
Zhangbian 34°42'51"N, 111°01'13"E 307.0 3170 1.0 NO NO 338.0 3.0 381.7 1.0 3954 0 520.0
Sanmenxia 34°48'06"N, 111°14'25"E 306.6 3172 O 3255 2.0 338.0 4.0 3821 2.0 3941 2.0 557.8
Dongcun 34°50'46"N, 111°34'07"E 249.5 2619 O 270.3 3.9 3005 2.3 325.0 0.6 427.0 04 647.0
Xiaolangdi 34°55'15"N, 112°23'58"E 133.8 1423 3.1 NO NO 1935 3.9 2299 36 291.7 5.8 381.4
Kouma 34°49'20"N, 112°46'18"E 89.8 99.8 0 NO NO 1150 O NO NO 1450 O 200.0

For each site, H, denotes the height of the Yellow River above sea level. For each river terrace and for the planation surface, H denotes height above sea level and h denotes
the thickness of fluvial sediments (h=0 denoting sites where the terrace surface is cut into bedrock). NO denotes river terraces that are not observed at particular sites.
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Figure 7
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Figure 9
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*Highlights (for review)

Research Highlights

We reconstructed a 3.6 Ma sequence based on the planation surface and terraces
along the Sanmen gorge.

The landscape evolution from basin filling to excavation was outlined under the
constraint of this chronology.

The present-day Sanmen gorge was formed by westward capturing the paleolake
within the Fenwei graben.

Gorge formation may have been initiated by lake overflow during the period
3.63-1.24 Ma.

The dramatic increase in deposition rates in the Bohai Gulf resulted from the
establishment of an integral Yellow River catchment.



*Response to Reviewers

Dear authors,

I reviewed the re-revised version of your manuscript submitted as part of the FLAG special issue
in QSR. Despite some improvements, the key issues raised in my last review remain :

-concerning the structure : the « methods » section still include data, especially in section 2.2.
Similarly some essential information which should appear early in the manuscript is only exposed
in the discussion. This especially concerns the existing age control (lines)

-actually, the state of the art related to the previous geochronological interpretation (your section
1.4, which should also include section 1.5 since both deal with the same topic) must be improved,
especially 1) by including all the chronological evidences, 2) by underlining the unconsistencies,
and 3) by explaining that your aim is to try to provide a more consistent reconstruction. Otherwise
we are left with the feeling that this paper does not bring new information !! So | strongly advice
you to rewrite carefully this section, which is according to me one of the most important of the
manuscript.

® \We are grateful to the referee for valuable comments and constructive suggestions. The
structure of this manuscript has been revised completely following the comments by the
reviewer. The section mentioned by the referee has been rewrite to make a good expression.

-the text is at several places redundant (this is underlined by your use of « see below », or «
abovementioned »), and this makes it more confusing. Please check the ms to remove all useless
repetitions. | also advice you not to develop too much some parts that does not directly relate to
the aim of your study, for example the OSL dating of the youngest terraces does not appears to be
really significant...

® Reply: Yes according to the comment by the reviewer, our manuscript has been reconstructed
and these useless repetitions has also been removed. Now it seems to be compendious and
clear.

- despite not being native speaker | think a check of the language is really necessary ! this could be
easily done by some of the co-authors

® Reply: As co-authors of our manuscript, Prof. David Bridgland and Jef VVandenberghe have
done this work.

Some more specific comments (but to be considered as well) :

-sctions 1.1 and 1.2 to be merged : actually it is difficult to deal with the significance of fluvial
archives without having provided a general overview of the morphostructural context.

-the hiatus between the =1.24 Ma age for the gorge formation and the 1 Ma age for the
deposition must be explained in a less allusive way than done in the cover letter and lines

Actually 250 ka is quite a long time...And if you want to explain this by dating uncertainty, please
provide all uncertainties throughout the manuscript (I strongly advice you to do so)

® Reply: The paleomagnetic dating does not provide a exact uncertainty, despite a statistical
error within this method. This inaccuracy can reach 240 ka in comparison with a long time



scale of 1 Ma. In addition, we have no data to discuss the chronological discrepancy.
Therefore, we have added a symbol of ‘circa’ at the front of the age to express a approximate
relationship.

-1.120 vs 1.131 : crescent of S shaped ?

® Reply: This has been revised into ‘crescent-shape’.

-1.177 : please rephrase beginning of section.

® Reply: Yes, it has been revised.

-1.181-185 : sentence not clear

® Reply: It has been removed.

-1.192 : length of the Yellow river to be provided earlier

® Reply: The construct of this manuscript has been revised. here is suitable to provide the
information of the Yellow River.

-1.210 : distribution of sediments : too allusive
-sections 1.4 and 1.5 to be merged (see above)

® Reply: It has been removed. The sections 1.4 and 1.5 have been modified according to the
referee’s comment.

-1.250 : incomplete age control : too allusive

® Reply: Yes, this should be attributed to incomplete age control, because previous work by
Pan et al. (2005a) did not find the uppermost terrace.

-1.283 : these -> the
-section 2.2 to be placed elsewhere, it is not methods

® Reply: They has been revised based on the suggestion of this referee.

-1.315-316 : please be consistent to use either ka or Ma...

® Reply: It has been revised.

-1.323 : aid correlation : how ?

® Reply: Based on the pattern of magnetic susceptibility.



-1.357 : formation age

® Reply: It was removed.

-1.381 : it would be helpful to have the Loess plateau located on a map...

® Reply: The object of this paper is not concerned with the distribution of the loess within
China. Anyone who want to know about the information of the Chinese loess plateau can go
to the reference of Liu (1985). This literature has been listed in the reference of our paper. In
addition, so much information was superposed on the map, providing the extent of the loess
plateau will make a confused expression.

-1.414-413 : not clear

® Reply: This is a clear expression. The loess stratigraphy can be correlated on the basis of the
magnetic susceptibility pattern.

-1.419-426 : better focus on the Red clau before the loess as they are older ?

® Reply: This is just a description of magnetic susceptibility pattern in the result section.

-1.433-434 too allusive, remove or explain.

® Reply: It has been removed.

-section 3.3 : please to not mix depths and elevation above reference levels (eg 1.456/463)

® Reply: We never mix, this is thickness.

-1.482 : cm/ky

® Reply: It has revised.

-1.502/504 : TS5 is not new if it has been recognized earlier...

® Reply: In comparison with the work by Pan et al. (2005a), the terrace T5 is newly recognized.
Although, this terrace may be identified by Kong et al. (2014), the age determination is not
successful. Therefore, our paper still define T5 as a newly recognized terrace.

-1.517 : height above river : is it reliable ? please discuss this to justify your choice.

® Reply: Fluvial terrace is the remnant of previous river bed. If the terrace is not affected by
tectonic activity, the same terrace maybe have a approximate height above river. Therefore



the height of one terrace above river bed is a important evidence for terrace correlation.
Taking account of the height error, we have to say ‘tentative correlation’.

-1.566-567 please provide evidences

® Reply: The evidence for the continuous aeolian deposition in the present study region has
been provided early in this manuscript.

-1.622 : reference to Molnar too allusive.

® Reply: No, we have described our result early, and then made a comparison with Molnar
(2004).

-1.639-644 too allusive

® Reply: No, we have made a clear expression.

1.650 and after : this does not look a very original conclusion, bette remove this section...

® Reply: Removed.

-1.672 : some of the ages you indicate do not derive from your research !

® Reply: Providing a complete chronological framework for the terrace sequence is helpful for
readers.

I hope you'll be able to take this comments into consideration (and especially the main ones
exposed at the beginning of this review), to prepare the definitive version of the manuscript. best
wishes, Stéphane Cordier

Dear Cordier, many thanks for your help. We have got much suggestion and help for David and
Jef. Based on their revision and suggestion, | have made a thorough modification to the construct
of this manuscript.



