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    Abstract
The Luo River is located in the southern part of the Chinese Loess Plateau and the northern 
part of the Weihe Basin, in Central China. In the basin it flows proximal to the site of the 
Luyang Wetland core, which is an important archive of climate change over the past 1 Myr 
in this region. In this chapter, the contribution of the Luo River to the sedimentary record is 
analyzed by reconstructing the evolution of this river during the Middle to Late Pleistocene. 
It is argued that an alluvial fan of the Luo River has contributed to the sedimentary archive 
until approximately 200-240 ka. From this moment onwards, the fan became incised and 
terraces began to form. The formation of a new alluvial fan further downstream led to the 
disconnection of the Luo River from the Luyang Wetland core site. We propose that this 
series of events was caused by the displacement of an intra-basinal fault and the resultant 
faulting-forced folding, which caused increased relative subsidence, and thus increased 
sedimentation rates at the core site. Therefore, a complete sediment record in the ‘Luyang 
Wetland’ was preserved, despite the disconnection from the Luo River.

Based on: Rits, D.S., Van Balen, R.T., Prins, M.A., Zheng, H.B. (2017) “Evolution of the alluvial 
fans of the Luo River in the Weihe Basin, central China, controlled by faulting and climate change - A 
reevaluation of the paleogeographical setting of Dali Man site” Quaternary Science Reviews in press 1-13.

5
Evolution of the alluvial fans of 

the Luo River in the Weihe Basin, 
controlled by faulting and  

climate change
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The chronology of the fans and terraces was established using existing age control (U-series, 
ESR, OSL, pIRIR290 and magnetic susceptibility correlation), and through correlation of the 
loess-paleosol cover to marine isotope stages. Based on sedimentological characteristics of 
the fluvial sequence, we suggest that incision of the Luo River occurred in two steps. Small 
incisions took place at transitions to interglacials and the main incision phases occur at the 
transition from an interglacial to glacial climate.

Due to the incision, basal parts of the oldest Luo River alluvial fan are exposed, and it is 
in one of these exposures that the famous Dali Man skull was retrieved. This study shows 
that the Dali Man did not live on a river terrace as previously thought, but on an aggrading 
alluvial fan, during wet, glacial conditions.

5.1 Introduction
The Weihe Basin is a large intracontinental rift basin in Central China, which borders the 
Chinese Loess Plateau (CLP) to the south (Fig. 5.1). The Luo River flows into the basin after 
draining the CLP. In the northern part of the basin, the river flows proximal to the subdued 
Luyang Wetland, where a deep core was drilled (LYH-1) (Fig. 5.1). Given its proximity, the 
river is likely to have played a significant role in the sedimentation at the core site. However, 
currently this river does not contribute sediments to the wetland, because of its incised 
position. The incision of the river exposed the fluvial gravel sequence in which the famous 
Dali Man fossils were discovered (e.g. Xiao et al., 2002). The Dali Man is an important 
archeological finding for reconstructions of the evolution of modern Homo Sapiens. Multiple 
age constraints place the age of the Dali Man gravel unit between 432 and 167 ka (Yin et al., 
2001; 2002; 2011; Xiao et al., 2002; Bahain, 2015; Sun et al., 2015) (Fig. 5.2). 

Core LYH-1, drilled to reconstruct climate change and its impact on environmental conditions, 
is located at approximately 25 km from the Dali Man site (Fig. 5.1). Existing knowledge on 
climate variability in this region was derived from extensive analyses on the loess records 
of the CLP (e.g. An, 2000; An et al., 2001; Lu et al., 2004; Yang and Ding, 2008; Sun et 
al., 2010; 2011). These studies have shown that the regional climatic variability is largely 
controlled by the variation in the East Asian Monsoon (EAM). High accumulation rates of 
loess occurred during glacial periods as a result of enhanced East Asian Winter Monsoon 
(EAWM) activity, whereas intensified soil formation takes place during interglacials when 
the East Asian Summer Monsoon (EASM) brings large amounts of moisture to the region 
(Porter, 2001; Roe, 2009). 

The loess-paleosol sequence on the CLP (and its surroundings) is well-dated through 
correlation of magnetic susceptibility and grain size records with orbitally-tuned marine 
records (e.g. Heslop et al., 2000, Porter, 2001). Loess layers (labelled L1, L2, etc) correlate 
with even numbered isotope stage (glacials) and paleosol layers (labelled S1, S2, etc) with 
odd-numbered stages (interglacials). According to Porter et al. (1992), accumulation of eolian 
deposits in Central China was so persistent that new terraces were almost instantaneously 
covered by loess. By knowing the age of basal loess layers on the terrace deposits, the timing 
of terrace abandonment and river incision can be inferred. 
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Figure 5.1 - (a) Location of the Weihe Basin. The basin is subject to influences from the East Asian Winter Monsoon 
(EAWM; blue arrow) and the East Asian Summer Monsoon (EASM; red arrow) (b) Digital Elevation Map of the Weihe 
Basin and its surroundings. The Luo River enters the basin from the north after draining the CLP. Red lines indicate 
faults; KGF = Kouzhen-Guanshan Fault, BPF = Beishan Piedmont Fault, HSF = Hancheng Fault, HPF = Huashan 
Piedmont Fault and LPF = Lishan Piedmont Fault. The white dashed squares indicate the main area of focus in this 
study and the outlines of Figure 4a; (c) Cross profile in the northern part of the Weihe Basin, containing core LYH-1. 
(d) Cross profile slightly further to the East, containing the Luo River and the Dali Horst.

Figure 5.2 - Existing age control 
for the Dali Man gravel unit. ESR 
dating was performed on shells. 
U-series dating was performed on 
tooth enamel or tooth dentine. ESR-
U-series dating was performed on 
tooth enamel. TT-OSL dating was 
performed on quartz grains and 
pIRIR290 dating was performed on 
K-felspar. Dating by correlation 
using magnetic susceptibility was 
applied on the loess-paleosol 
cover.
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In chapter 3, we have shown that the sediments in core LYH-1 reflect rapid alternations 
between alluvial, lacustrine, and eolian environments. Although tectonics plays an important 
role in creating accumulation space at the coring site in the ‘Luyang Wetland’, the variation 
in the core sediments is largely controlled by climatic variations. Increased sedimentation 
rates of predominantly reworked loess occur during glacials, probably because during these 
time intervals the loess in the CLP (the source of the core sediments) is relatively weakly 
protected by vegetation/soil cover. Interglacial periods are characterized by the deposition of 
relative thick lacustrine carbonate layers and diminished clastic influx.

This previous work focused on the interpretation of the sediment infill in the Luyang 
Wetland core site and concluded that the deposits are mainly formed by distal alluvial fan 
sedimentation (chapter 3). This study focusses on the Middle to Late Pleistocene evolution 
of the Luo River in the Weihe Basin, near the findspot of the well-dated Dali Man fossils 
(Xiao et al., 2002). The main objectives of this chapter are (1) to determine the relationship 
between the evolution of the Luo River and the sedimentation in the Luyang Wetland area; 
(2) to understand the cause and timing of the apparent disconnection between the Luo River 
and the Luyang Wetland core site; and (3) to infer a mechanism explaining why a relative 
complete sedimentary archive (core LYH-1) occurs in proximity to a deeply incised river. 
Through an understanding of the dynamics of the Luo River, a proper reevaluation of the Dali 
Man’s paleo-environment can take place.

5.2 Setting 
The Weihe Basin is a large elongated rift basin located on the southern margin of the stable 
Ordos Block, which is part of the North China Block (NCB). It is enclosed by the Central 
Loess Plateau (CLP) to the north and the Qinling Mountains to the south (Fig. 5.1b). The 
extension of the basin started approximately during the Eocene, as an indirect result of the 
collision between the Indian and Eurasian plates (Peltzer and Tapponnier, 1988). The large 
scale crustal extension of the Weihe Basin (and other basins around the Ordos Block) is 
caused by strike-slip faulting (Zhang et al., 1995). Historical records of frequently occurring 
earthquakes provide evidence of active faulting (Lin et al., 2015). Normal faulting in the 
northern part of the Weihe Basin has an estimated average slip rate of 0.5-1.1 mm/year over 
the last 1 My (Lin et al., 2015). Cross profiles in the northern Weihe Basin (Fig. 5.1c; d) 
and a three dimensional view of this area (Fig. 5.3) show how the normal faults affect the 
present-day topography of the northern Weihe Basin. The surface of the Weihe Basin has an 
asymmetrical shape and is lower towards its southern borders, which is not only related to 
the bounding faults, but also due to large scale alluvial sedimentation in the north (Rao et al., 
2014; Lin et al., 2015) and incision of the Wei River in the south. 

The Luo River originates from the northern part of the CLP and has a total length of 680 km. 
It flows across the CLP in a SSE direction and enters the Weihe Basin to join the Wei River 
just upstream of its confluence with the Yellow River (Fig. 5.1). In the CLP the river erodes 
loess deposits and Precambrium metamorphic basement rocks of the Ordos Block. The river 
flows across numerous faults, among which is the Beishan Piedmont Fault, which separates 
the Ordos Block from the Weihe Basin. Here, the Luo River shortly flows to the southwest in 
the direction of the Luyang Wetland area, the core site located on the northern flanks of the 
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Figure 5.3 - The morphology 
of the northern Weihe Basin is 
controlled by intrabasinal listric 
normal faults and related 
folding structures. Core LYH-
1 is located in one of the 
synclines. The Dali Man 
skull was discovered in 
the fluvial sequence of 
the Luo River near the 
Dali Horst. The fault 
that marks the southern 
margin of the Luyang 
Wetland area also 
created a knickpoint in 
the Luo River. Fault  
and fold structures  
are modified after  
Wang (1987) and  
Lin et al. (2015).

Figure 5.4 - Median grain size 
(MGS) of the sediments in core 
LYH-1 (left) with the litho- facies 
model of the core on the right 
side. The facies represent: 1) 
eolian, 2) fluvial flood, 3) lacustrine 
suspension, 4) playa and 5) soil 
deposits. Note the change at 
200e240 ka towards coarser MGS, 
associated to the reappearance of 
energetic flood deposits (Facies 2).
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Weihe Basin. At its most proximal location, the Luo River is separated from the coring site 
by approximately 20-25 km distance (Fig. 5.1b). 

The 1 Myr sedimentary sequence in core LYH-1 reflects a distal alluvial fan setting where 
fluvial inundation, shallow playa lakes and eolian deposition alternate in pace with changes 
in climate (chapter 4). Floods, reconstructed on the basis of grain size and geochemical 
parameters, show a period of decreased inundation lasting until approximately 200-240 ka 
(chapters 3, 4). After this period, energetic flood deposits reoccur and median grain size as 
well as sedimentation rates increased drastically (Fig. 5.4).

5.3 Methods

5.3.1 Field surveys and morphological mapping 
We have studied the area where the Luo River flows across the Weihe Basin to its confluence 
with the Wei River, stretching a length of almost 100 km. Mapping of morphological units 
belonging to the Luo River was carried out through field surveys and topographic analyses. 
The mapping of morphological units related to the Luo River was based on a 30 m grid 
‘Shuttle Radar Topographic Missions’ (SRTM) Digital Elevation Model (DEM; Fig. 5.5).

5.3.2 Chronology
The chronology of the morphological units in the study area is established through the loess-
paleosol deposits covering the fluvial sequences in the terraces. Additional age constraints 
are derived from the unit in which the skull of the Dali Man was discovered.  The Dali Man 
gravels were extensively dated and a summary of these results are presented in Figure 5.2. 
During the field surveys, several complete shells (Lamprotula s.l.) and teeth were discovered 
and collected for U-series dating, providing additional age constraints (Table 5.1). U and Th 
isotope measurements were carried out at the Nanjing Normal University, on a Neptune Multi-
Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS). After cleaning and 
weighting, the shells were dissolved in 7N HNO3 in a Teflon beaker containing a known 
quantity of a 229Th-233U-236U triple spike. The sample-spike mixture was heated overnight 
to equilibrate. U and Th were then separated from each other as well as from other cations 
by passing the sample solution through a U-TEVA resin column according to Douville et al. 
(2010). The U and Th fractions were then dried and diluted in a mixture of 0.1N HNO3 and 
0.01N HF for analysis. U was measured statically by 233U, 235U, 236U and 238U on Faraday 
cups and 234U on a secondary electron multiplier (SEM). Th was analyzed with 230Th and 
229Th alternately on the SEM and 232Th on a Faraday cup. The U isotopic ratios of the HU-1 
standard were measured before and after every U and Th isotopic measurements. Mass 
fractionation was corrected by comparing the measured 238U/235U to the value of 137.766 
for the HU-1 standard (Cheng et al., 2013) and to the value of 137.818 for natural samples 
(Hiess et al., 2012) with an exponential law. The mass fractionation for U and Th are assumed 
to be equivalent. The SEM to Faraday cup yield was assessed by the δ234U measured in the 
HU-1 standard. Hydride interferences and machine abundance sensitivity were evaluated 
daily before sample measurements using in-house standards of U and Th solutions.
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Figure 5.5 - (a) DEM of the study area. (b) Extent of an alluvial fan, which accumulated south 
from an intrabasinal fault. (c) Interpretation of the lateral positions of the terraces and alluvial fans 
in the northern Weihe Basin, shown on a slope map. Red stars indicate the field survey location. 
The black dashed lines indicate the position of cross-profiles (Fig. 5.7). The letters used for these 
profiles (u, m, d) indicate the LRu, LRm and LRd sites. The arrows in the northwest indicate the 
position of gullies.

Sample 238U (ppm) 232Th (ppb)
230Th/238U 
(activity)

230Th/232Th 
(activity)

230Th age (ka 
BP)†

Minimum corrected 
age (ka BP)‡

AF1 (LRu) 
(shell) 

0.1939 ± 
0.000

0.1146 ± 
0.000

2.2906 ± 
0.005

11,839.2276 
± 17.089

227.9922 ± 
1.49 227.9872 ± 1.49

AF1 (LRm) 
(teeth)

120.7037 ± 
0.720

1.4897 ± 
0.007

1.9835 ± 
0.013

490,515.5997 
± 1466.678

354.7531 ± 
11.54 354.7530 ± 11.54

AF2 (LRu) 
(shell)

0.3680 ± 
0.000

2.9839 ± 
0.004

1.5582 ± 
0.002

586.9355 ± 
0.469

135.9721 ± 
0.44 135.8772 ± 0.44

Table 5.1 – U and Th concentrations, activity ratios, and derived age estimates of fossil shells and teeth 
within alluvial fans of the Luo River*

*Estimated ages must be considered as minimum ages. 
† 230Th ages were calculated with decay constants of λ230 = 9.1705 x 10-6/yr and λ234 = 2.82206 x 10 -6/yr. 
‡ Corrected ages were calculated with assumption of the initial 230Th/232Th atomic ratio of 4.4 ± 2.2 x 10  -6, a value for a 
material at secular equilibrium, with the bulk earth 232Th/238U value of 3.8 and with an arbitrarily assumed error of 50%.
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Figure 5.6 - The modern river profile of the 
Luo River from its entrance to the Weihe Basin 
to the Yellow River floodplain. On top of the 
profile, AF1, AF2 and T1 are projected. Based 
on the DEM (Fig. 5.5), the terrace and fans 
can be mapped continuously. South (right in 
the figure) from the intrabasinal fault, AF1 is 
buried beneath AF2 at unknown depth. The 
arrows indicate the locations of cross sections 
(Fig. 5.7) and field surveys (Figs. 5.9 - 5.11).
The arrows in the northwest indicate the 
position of gullies.

Figure 5.7 - Cross-profiles over the Luo River in the northern Weihe Basin (see Fig. 5c for locations) (a) Cross profile 
over alluvial sequence in the center of the Weihe Basin (b) Cross- section at the LRu site. (c) Cross-section at the 
LRm site, with an extension towards the Luyang Wetland area. (d) Cross-section at the LRd site.
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5.4 Results from field surveys and U-series dating
In the study area, the Luo River has a large bend, flowing along a fault-controlled topographic 
barrier (Dali Horst) (Fig. 5.1; 5.3; 5.5). The concave longitudinal river profile is shown in 
Figure. 5.6. Over most of its course in the basin, the river has a relative gentle gradient and 
only a small increase in gradient occurs at approximately 30 km from the confluence with 
the Wei River. This might indicate recent incision of the Yellow and Wei Rivers, lowering the 
base level of the Luo River. Outcrops were studied close to the entrance of the Luo River into 
the Weihe Basin (LRu), close to the Luyang Wetland core site (LRm), and further towards the 
center of the basin (LRd) (Fig. 5.5c).

Using the DEM (Fig. 5.5), topographic cross-sections (Fig. 5.7) and field surveys, we could 
distinguish one terrace level (T1) and two alluvial fan surfaces (AF1, AF2). The fan surfaces 
are at an incised position in the valley in the most upstream part of the Luo River course; i.e. 
there they are terraces. They can morphologically be correlated to alluvial fan surfaces in 
downstream directions. At section LRu (Fig. 5.7b), T1, AF2 and AF1 are respectively at 24 
m, 53 m and 78 m above the current river. At LRm (Fig. 5.7c), the altitude of T1 and AF2 are 
8 m and 24 m respectively above the current river. Based on the morphology, cross-profile 
interpretation (Fig. 5.7c) and field surveys (see below), we argue that AF1 is at 62 m above 
the river on the eastern shoulder of the valley, and at 42 m at the western valley shoulder. 
Here, at LRm, AF1 forms the upper surface. It can be continued to the coring site, where it 
also corresponds to the upper surface. The altitude decreases in this direction, indicating that 
sediment transport took place towards the Luyang Wetland area during activity of alluvial 
fan AF1.

5.4.1 Alluvial Fan 1 (AF1)
Remnants of AF1 are present in the upstream part of the Luo River, and close to the ‘Luyang 
Wetland’ (Fig. 5.5c). To the south of the wetland, AF1 shows a distinct morphological step 
(Figs. 5.5a; 5.8), which is probably created by a faulting-forced fold (Lin et al., 2015). On 
the alluvial fan surface a wind gap is present (Fig. 5.8), which likely represents an overflow 
channel through which runoff from the paleo-Luo River flowed towards the core site in the 
Luyang Wetland. The wind gap has a topographic gradient in the direction of the wetland 
area.

At the LRu site, an unconformity occurs in which deposits of AF1 overly deep-reddish Early 
Pleistocene loess sediments (Fig. 5.9a). Here the fluvial sequence of AF1 has a thickness of 
approximately 45 m. At the base of the sequence, a 3 m thick horizontal conglomerate bed 
is present (Fig. 5.9b), which is mainly composed of well-rounded quartzite cobbles with 
an average diameter of 40-50 cm and a large quantity of shell fragments, belonging to the 
family of Uniodae (fresh water shells). Complete shells of Uniodae were used for additional 
uranium series dating (Table 5.1), yielding a minimum age of 228 ka BP. The conglomerate 
bed is overlain by thinly bedded silty sand deposits of approximately 42 m thickness. This 
sequence is regularly interrupted by fluvial reworked soil layers. At approximately 6 m from 
the base, a 1 m greenish grey silt deposit with a weakly developed thin soil layer on top 
occurs (Fig. 5.9c). This probably indicates standing water and (partly) reduced conditions at 
times of deposition, and can be explained by overbank flooding, resulting in pools of water 
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on a floodplain. The formation of weakly developed soils could have taken place during 
periods when the active channel is at a more distal position, resulting in drier conditions, 
which promotes pedogenic alteration. The fluvial deposits on top of the reddish loess deposits 
point to a quickly changing environment with fluctuating water levels, in agreement with 
alluvial sedimentation on a fan.

At the location closest to the Luyang Wetland-core (site LRm), AF1 is very well exposed at 
the eastern side of the river. This exposure is also the location in which the fossil Dali Man 
skull was discovered in 1978 (Xiao et al., 2002). Here, the entire sequence of AF1 is 47.7 m 
thick, being composed of a fluvial base with an eolian cover. The base of AF1 contains gravel 
lenses in a sandy matrix. The lenses have a maximal thickness of 0.5 m and are composed 
of well-rounded pebbles with an average diameter of 5-10 cm. Within this unit, numerous 
mammal fossils, consisting of bones and teeth, are present. U-series dating on the teeth 
yielded an estimated minimal age of 350 ka BP (Table 5.1). On top of this gravelly unit, there 
is a 19 m thick sequence of coarse crossbedded sand, often containing charcoal fragments 
and an abundance of snail fragments (Fig. 5.9d). Paleo-flow directions obtained from cross-
bedding in thin, lens-shaped channel deposits (Fig. 5.9e) were dominantly towards the SE. 
However, whilst the dominant flow direction was to the SE, indications of paleo-flow to the 
south and even north could also be inferred. Towards the top, the sediments become finer and 
are dominated by horizontal bedded sandy silt with variation in sand content (Fig. 5.9f). In an 
axial view in the wall, a 1.5 to 2-meter thick channel deposit was exposed (Fig. 5.9g). Based on 
crossbedding structures, a SE flow direction was determined. The sedimentary characteristics 
of the entire fluvial sequence agrees with an alluvial fan depositional environment (Fisher et 
al., 2007; North and Davidson, 2012).

The fluvial deposits are covered by a loess-paleosol sequence of at least 14.7 m thickness, 
which contains two paleosol units (Fig. 5.9h). The transition of the fluvial sequence to the 
eolian sequence is very gentle, as the lower paleosol unit is characterised by a basal succession 
of 2.5 m of relative thin reddish-brown soils, interbedded with horizontally layered fluvial 
silts. The overlying 1.6 m thick succession of this paleosol unit is composed of a continuous 
and mature soil, developed in fine silts, lacking fluvial structures. In turn, this paleosol unit 
is overlain by a 5 m thick loess unit, a 2.2 m thick paleosol unit and a loess unit of at least 
3.4 m thickness.

 5.4.2 Alluvial Fan 2 (AF2)
Upstream from the fault-fold lineament (Fig. 5.5; 5.8), alluvial fan AF2 has a maximum 
width of 5 km, and is incised in AF1 (i.e. like a terrace) (Fig. 5.5; 5.7). The incision created 
a flat morphology without channel remnants. Therefore, the fluvial channels must have been 
shallow and wide, which we interpret as terrace formation by a braided river system. To the 

Figure 5.9 - Fluvial sequences of AF1. (a) The highest fluvial sequence at the LRu site, resting unconformably on 
old, reddish eolian deposits. (b) At the base of the fluvial deposit there is a 3 m thick gravel layer that marks the 
boundary with the eolian sediments. (c) Laminated silty sand tops the gravel bed with irregular spots of greenish grey 
sands, indicative for ponding water. (d) Eolian cover on the AF2 deposits at LRm, containing L1, S1, L2 and a partly 
reworked S2. (e) Laminated silt and sand beds. (f) An axial view of channel fill deposits, containing clay pebbles and 
indications of turbulent flow. (g) Thinly bedded and crossbedded sand make up most of the underlying fluvial infill. 
(h) Laminated sand. (i) Charcoal fragments and snail fragments in sandy deposits. The upper sand bed is slightly 
inclined.
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Figure 5.10 - Fluvial sequences of AF2 (a) The fan at the LRu site is characterized by a gravel layer at its base. (b) 
the fan is mainly composed of crossbedded and laminated silty sand. (c) Thinly laminated silt makes up the terrace 
of AF2 at the LRm site. The fluvial deposits are covered by a fluvial reworked paleosol S1 and a non-reworked loess 
layer L1. (d) the LRd site, with the quarry in the background. (e) The terrace at the LRd site is mainly composed of 
cross-bedded sand, which contains abundant snail fragments. (f) A sharp contact between coarse sand with thinly 
laminated silt on top of it. (g) A two-meter-tall crevasse structure, observed in a cross section suggesting that the 
flood occurred parallel to the current flow direction of the river.

Figure 5.11 - Fluvial deposits of T1. (a) A terrace remnant is present at LRu, consisting of a thin gravel bed. (b) At the 
LRm site, the terrace lies on top of two thin soils of unknown age. It contains a small gravel layer at the top.
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south of the fault-fold lineament, AF2 forms the upper surface. It has a conical shape, which 
spreads out evenly towards the center of the Weihe Basin (Fig. 5.5a; b). Here AF2 covers 
AF1, but the incision of the Luo River exposes parts of sediments of AF1 along its banks.

At LRu, on the western side of the river valley, deposits of AF2 are exposed. Like the older 
alluvial fan (AF1, on the other side of the river), deposits of AF2 lie unconformably over Early 
Pleistocene reddish loess deposits. The base of AF2 is approximately 22 m above the river. 
The basal deposits consist of conglomerates composed of well-rounded, up to 40 cm thick 
quartzite pebbles (Fig. 5.10a). These are overlain by extensive cross-bedded and horizontally 
bedded sand and silty sand (Fig. 5.10b) with an abundance of gastropod fragments. Uranium 
series dating on fossil shells indicates that the sedimentary sequence of AF2 is at least 136 
ka BP (Table 5.1).

At the LRm site, the fan is composed of thinly bedded silt at its base and an overlying, 2 m 
thick, weakly developed and slightly fluvial disturbed paleosol (S1) (Fig. 5.10c). The top is 
marked by a 2 m thick silty loess unit. 

A quarry exposes the content of AF2 at the LRd site (Fig. 5.10d). Here, the fan is composed 
of medium coarse sand with crossbedding and an abundance of gastropod fragments (Fig. 
5.10e), but lacking any pebbles. There is an abrupt transition from coarse sand to thinly 
laminated silt (Fig. 5.10f), which might be indicative for differences in energetic conditions 
and proximity of the main river. In the same quarry, in a north-south cross-section, an oval 
shaped sand deposit enclosed by laminated silt was observed (Fig. 5.10g). The sand deposit 
contains many cross-bedding structures and an abundance of both gastropod and charcoal 
fragments. The sharp erosive bottom contact, including the matrix and cover of fluvial 
reworked loess suggests that this sand deposit represents a former crevasse channel, encased 
in- and covered by floodplain sediments. The crevasse channel is parallel to the current river 
course and indicates a past avulsion of a braided channel. This fits well in the alluvial fan 
setting in which fluvial channels can relative easily shift laterally (Nichols and Fisher, 2007).

5.4.3 Terrace 1 (T1)
Terrace T1 is present all along the course of the Luo River, from the northern boundary of 
the rift basin to the floodplain of the Yellow and Wei Rivers (Fig. 5.5c). T1 is poorly exposed 
at LRu. A 10-15 cm thick layer of gravel and coarse sand is present at an elevation of 11 m 
above the river (Fig. 5.11a). This probably represents a remnant of the terrace, because it can 
be correlated to the downstream exposure of the terrace at LRm, based on its altitude (Fig. 
5.5).

At the LRm site, the terrace is exposed directly adjacent to the river. It is composed of thinly 
laminated silt containing a gravel bed near the top. The terrace sequence lies on top of two 
layers of poorly developed soils of unknown age in the middle part of the exposed section 
(Fig. 5.11b). Importantly, in contrast to the alluvial fans, described above, this younger 
terrace lacks an eolian cover.
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5.5 Discussion

5.5.1 Middle to Late Pleistocene evolution of the Luo River
Our analyses showed that two alluvial fan surfaces (AF1; AF2) and one terrace (T1) 
characterize the fluvial evolution of the Luo River during the Middle to Late Pleistocene. In 
general, incision of fluvial systems can be caused by local base-level lowering, for example 
due to sea/lake-level drop, tectonic uplift, drainage capture, etc. (e.g. Bull, 1990; Maddy et 
al., 2001). We propose that in this case, fault displacement is the reason for the abandonment 
and incision of the oldest fan, and formation of the youngest fan, because at the surface, the 
two fans are separated by a fault-fold lineament (Figs. 5.5; 5.8). Prior to this displacement, 
one large alluvial fan aggraded into the northern Weihe Basin and delivered sediment to the 
core site (AF1; Fig. 5.12a). After the proposed fault movement the Luo River’s contribution 
to the sedimentation in the Luyang Wetland area stopped (Fig. 5.12b).

The timing of the incision of the Luo River can be constrained by using age constraints of the 
Dali Man gravel unit (Fig. 5.2; Table 5.1) in combination with the overlying loess-paleosol 
sequence. Figure 5.2 shows that there exists a wide age range for the Dali Man gravel unit. 
Whilst the study of Yin et al. (2001) has a relatively young minimum age (167.5 ka), more 
recent studies suggest a much older minimum age and argue that the Dali Man gravel unit 
corresponds to MIS 8 (Yin et al., 2002; 2011; Xiao et al., 2002; Bahain, 2015; Sun et al., 2015). 
These findings suggest that the eolian cover (consisting of two soils and two loess layers; 
Fig. 5.7h) on top of the alluvial deposits correspond to S2 (MIS 7), L2 (MIS 6), S1 (MIS 
5) and L1 (MIS 2-4). This is confirmed by a recent study, which dated the entire sequence 
by TT-OSL and pIRIR290, including the loess-paleosol units (Sun et al., 2015). This study 
concluded that the two paleosol layers have an age that corresponds to S1 and S2, while the 
top of the underlying fluvial sequence has an age of 248.6 ± 14.8 ka. This provides important 
information to infer the timing of the incision of the Luo River. The basal paleosol complex 
on top of AF1 belongs to S2. Most of this paleosol complex is fluvial reworked (the paleosol 
layer is interbedded with fluvial silts; Fig. 5.7h) while the overlying loess (L2) is composed 
of homogeneous silt without sedimentary structures. Therefore, the incision occurred in two 
steps. Following an initial incision at the glacial to interglacial transition from MIS 8 to 7, 
the Luo River would still have occasionally flooded the terrace. Consequently, S2 is formed 
in a floodplain setting of the Luo River. Therefore, we suggest that the main incision of the 
Luo River occurred at the transition from interglacial MIS 7 to glacial MIS 6, after which the 
river was unable to reach the terrace, which led to the deposition of a primary (non-reworked) 
loess layer (L2). 

In a similar way, the timing of incision of AF2 (Fig. 5.12c) can be determined. This alluvial 
fan is overlain by only one fluvial reworked soil layer. Since the older AF1 is overlain by 
S2 and S1, the paleosol layer on top of the younger AF2 can only be S1. This indicates that 
during the formation of S1, the Luo River could still reach the terrace at times of flooding. 
Therefore the main incision of AF2 must have occurred at the transition to the last glacial 
period.

The lack of eolian cover on T1 suggests that the floodplain belonging to this terrace was 
abandoned recently, at the transition towards the Holocene interglacial (Fig. 5.12d).



95

C
lim

ate and tectonic influence on alluvial dynam
ics in the W

eihe Basin, C
entral C

hina

Our findings have important implications on the living habitat of the Dali Man. The Dali Man 
is considered to be of great significance to the origin of the modern Homo sapiens (Xiao et 
al., 2002). In this respect, it is important to understand the local environment in which the 
Dali Man lived. Previously, it has been assumed that that the Dali Man lived on a terrace of 
a moderately sized river (e.g. Xiao et al., 2002; Yin et al., 2011; Sun et al., 2015), however, 
our analysis would contradict this assumption. According to our analysis, the Dali Man lived 
on a large alluvial fan, characterized by multiple shallow channels with a morphological 
connection to the Luyang Wetland area (25 km to the west from the excavation site). 
According to correlative facies in the Luyang Wetland core, climate in this time interval was 
wet, because the wetland witnessed extensive ponding (chapter 3). This finding is important 
for example for inferring the food gathering strategy of the Dali Man and his adaption to the 
local environment.

Figure 5.12 - Landscape development of the northern Weihe Basin (a) Aggradation of a large alluvial fan before  
MIS 7. (b) Incision into the fan at the end of MIS 7, separating the Luo River from the Luyang Wetland area and 
diverting its course to the South. (c) The next incisional event occurred at the transition from MIS 5 to MIS 4. Wet 
conditions of the wetland prevailed. (d) Current situation with small ponding in the ‘Luyang Wetland’ and minor 
incision of the Luo River as a result of downcutting by the Yellow and Wei Rivers.
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5.5.2 Tectonics and the relation to sedimentation at the Luyang 
Wetland area
In the upstream part of the Luo River, the AF1 fan is directed towards the south. The Dali 
Horst (Fig. 5.1d) redirects the progradation of the AF1 fan towards the southwest. This is 
also illustrated by the grain size distribution of the AF1 fan at different locations along the 
longitudinal profile of the Luo River. At the LRu site, a 3 m massive conglomerate bed of 40-
50 cm pebbles is present at the base of the sequence, which indicates a proximal setting of the 
AF1 fan, while such a conglomerate bed is absent at the LRm site. Here, the AF1 fan mainly 
contains gravel lenses with pebbles of 5-10 cm in a cross-bedded sandy matrix. This indicates 
a more medial to distal setting of the LRm site (Fisher et al., 2007; Nichols and Fisher, 
2007; North and Davidson, 2012), with sediments becoming progressively finer toward 
the southwest. This is in agreement with the fine grain size of the correlative sedimentary 
sequence in core LYH-1 (chapter 3). However, once AF1 became incised, presumably at 
the beginning of MIS 7, the contribution of the Luo River fan to the supply of sediment 
in the ‘Luyang Wetland’ diminished. We therefore consider that the overflow channel (Fig. 
5.8) dates from MIS 7 and would have served as the last connection between the ‘Luyang 
Wetland’ and the Luo River. Starting from MIS 6, the Luo River incised deeper and the core 
site became completely disconnected from the river (see above).

The timing of the initial incision of the Luo River (at the transition from MIS 8 to MIS 7) 
coincides with a transition to more frequent and powerful fluvial inundation and increased 
sedimentation rates in the Luyang Wetland core (chapter 3). According to our interpretations, 
the contribution stopped completely at the beginning of MIS 6, while in the wetland we 
observe increased amounts of flood deposits (chapter 3). Therefore, there appears to be a 
contradiction between the sedimentary infill in the core site and the influence of the Luo 
River. The apparent contradiction can be explained by tectonic vertical motions in the 
northern Weihe Basin:

The Beishan Piedmont Fault (BPF) forms the northern boundary of the Weihe Basin. This 
fault is the main detachment fault, which reactivated several other WSW-ENE trending 
listric normal faults (Lin et al., 2015), among which the fault that might have resulted in 
the abandonment and dissection of AF1. These listric faults create fault-induced folding 
with a resulting wave-form morphology (Fig. 5.3). The anticlines form natural barriers that 
act as sills, preventing water and sediments to escape, while the synclines focus sediment 
influx (Burbank et al., 1996). The Luyang Wetland area is in one of the synclinal elongated 
depressions (Fig. 5.3). Without the folding, sediments would simply have washed down 
towards the center of the Weihe Basin (chapter 3). Due to the WSW-ENE orientation of the 
folds, sediments derived from northerly sources would dominate, as also indicated by the 
gully systems to the north of the wetland (Fig. 5.5c).

That no older Luo River fans and/or terraces are preserved in the landscape could indicate 
that there was a lack of tectonic activity in this area over a substantial period of time prior 
to MIS 7/6. Based on the results from analyses on core LYH-1 (chapters 3, 4), it was also 
proposed that before ~200-240 ka BP, tectonics in this area were relatively stable. The 
micropaleontological record showed evidence of a phase of aridity, while the sedimentary 
record shows minimal influences of flood events (Fig. 5.4). This could only be explained 
by decreased relative tectonic subsidence, which caused the Luo River to build a relative 
extensive alluvial fan (AF1).
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Several other studies have highlighted a tectonic change in the late Middle  Pleistocene  (Gao 
et al., 2008; Hu et al., 2012; 2016; Qiu et al., 2014). For example, Hu et al. (2012) investigated 
a series of Yellow River terraces in the eastern Weihe Basin at the Emei Platform. They 
concluded that at 240 ka, a transition from aggradational terraces to incisional terraces of 
the Yellow River was caused by a change in the tectonic regime, which resulted in renewed 
incision. The normal faults in that area can be laterally extrapolated to our study area, which 
makes it plausible that the observed incision of the Luo River fan (AF1) results from the 
same tectonic event.

5.5.3 Climatic influences on incision of the Luo River
The partly fluvial reworked S2 paleosol directly on top of AF1 alluvial sediments indicates 
that during much of MIS 7 the Luo River could occasionally flood the fan surface, reworking 
the soil, probably during peak discharges. A minimal incision combined with lateral 
migration of the river channels during most of MIS 7 can explain the distinct sequence of 
fluvial reworked soils, interbedded by fresh laminated silt beds. The fan became abandoned 
and deeply incised at the transition of interglacial MIS 7 to glacial MIS 6, given that the 
L2 loess layer (corresponding to MIS 6) on top of AF1 shows no sign of fluvial reworking. 
The incision of AF2 was also initiated towards the transition to a glacial (MIS 4), as AF2 is 
overlain by a partly fluvial reworked S1 paleosol layer. T1 is too young to infer the relative 
importance of climatic transitions. 

Thus, in our study, the most pronounced incision events occur at interglacial to glacial 
transitions. In a recent detailed study in an upstream tributary of the Yellow River, Wang et 
al., (2015) also show incision at the transition to glacial periods. However, several studies 
in the vicinity of the Weihe Basin concluded that dissection is predominantly taking place at 
transitions to interglacials (Gao et al., 2008; Pan et al., 2010; Hu et al., 2012; 2016).  These 
studies analyzed long-term incision of rivers in uplifting areas, while we studied alluvial fan 
aggradation in an intramontane lowland. As argued by Vandenberghe (2008), the effect of an 
incision caused by transitions to interglacials might be (partly) masked and undetectable in 
the fluvial record. The energetic and lateral extensive braided river systems during the glacials 
will cover and partly remove the incisional scar made during the interglacial (especially in 
lowland areas). The morphology in the northern Weihe Basin is also relatively flat and similar 
mechanisms could explain the missing morphological steps at the transition to interglacial 
periods. The most recent incision of the Luo River (at the transition to the Holocene) is 
preserved because presently no glacial braided river system has developed which could have 
removed it.

An alternative explanation for the difference in timing of the main incision event (glacial 
to interglacial, or interglacial to glacial) might be caused by the susceptibility of the fan to 
erosion. It has been demonstrated that the susceptibility of alluvial fan deposits to erosion 
plays an important role in vertical dissection of fan systems (Wagreich and Strauss, 2005). 
The Luo River drains a substantial portion of the CLP and therefore the fan is partly composed 
of reworked loess. This lithology is extremely vulnerable to erosion when there is no soil 
cover to protect it. During glacial times, when lower mean annual temperatures occurred in 
combination with reduced moisture supply, the fan’s vegetation cover diminished, leading to 
increased vulnerability to vertical dissection. Similar effects of vegetation on erosion by the 
Luo River have been reported in the upstream channels in the CLP (Zhu et al., 2004).
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5.6 Conclusions
This study analyzed and reconstructed the evolution of the Luo River and its relation to the 
‘Luyang Wetland’ in the northern part of the Weihe Basin. Based on topographic mapping 
and field surveys, two alluvial fans (AF1, AF2) and a more recent river terrace (T1) were 
distinguished. 

Existing age constraints of the Dali Man gravel unit (with additional U-series dating of fossil 
shells and teeth), combined with the correlation of the eolian blanket with the marine isotope 
stages yielded the chronology of the fluvial sequences. Up until MIS 7, the Luyang Wetland 
area was the distal part of AF1 and as such, the Luo River contributed to the sedimentary 
archive of the core drilled in the wetland. At approximately 240-200 ka, the fan became 
abandoned due to the incision of the river, resulting in upstream terrace formation and the 
construction of a younger alluvial fan (AF2) further downstream. This event resulted in the 
disconnection of the river from the Luyang Wetland core site.  

The fan evolution was caused by the combined effect of tectonics and climate change. Faulting 
which led to the abandonment of the oldest fan, by inducing incision of the Luo River, also 
led to the creation of a new fan further downstream. In addition, WSW-ENE running listric 
normal faults created faulting-induced folding in the basin which resulted in increased 
relative subsidence in the Luyang Wetland area and hence an increased sedimentation rate at 
the core site. The timing of incision episodes corresponds to glacial-interglacial transitions. 
The fans are covered by fluvial reworked paleosols, which were formed during interglacial 
periods. This indicates that the river could still reach the fan surface at times of flooding 
during these periods. Therefore, because the loess layers (correlating to glacials) on top of 
the reworked soils show no signs of reworking, the most pronounced incision occurred at the 
transition into a glacial. The deeper incision at interglacial-glacial transitions is probably the 
effect of climate on precipitation and vegetation cover.

The location of the Dali Man excavation site was exposed due to incision of the Luo River 
in to the deposits of the oldest fan (AF1). Whilst the environment the Dali Man inhabited has 
generally been believed to be a terrace of a moderately large Luo River, this study shows that 
he actually lived on a large alluvial fan system in a relatively wet glacial period.
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