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A B S T R A C T

The Qinling Mountains (QLM) form the climatic boundary between the temperate north and subtropical south of
China. Many important Paleolithic archaeological sites located on fluvial terraces in this area have been reported
in recent decades. Abundant artifacts have been excavated in silt layers overlying fluvial gravels and coarse
sands. These silt layers have thus far been interpreted as aeolian deposits. However, in principle they could also
represent (in part) fluvial (floodplain) deposits, especially near the base of fine-grained sequences.
Reconstruction of fluvial terrace formation is crucial for the correct interpretation of the environment of hominin
occupation. In this paper, two sediment sequences from two Paleolithic sites, located on different terrace levels
of the Hanjiang River in the Hanzhong basin, are studied mainly using grain-size and grain-shape analyses. In
addition, grain-size distributions have been unraveled by applying end-member modelling to distinguish dif-
ferent sedimentary environments. The results show that three different units can be discriminated in each
section. The lower unit, consisting of gravelly sand mixed with fine silt, is interpreted as shallow-channel-fill
sediment deposited during the start of the transition from a channel to a floodplain environment. The middle
unit comprises a fine-grained, gradually fining-upward sequence, representative a floodplain environment. At its
base, it reflects a high-energy floodplain situation; at its top, the sequence is interpreted as a low-energy
floodplain environment with aeolian input (settling in static water). The third, uppermost unit consists of aeolian
loess interbedded with paleosol(s) and sediments that are interpreted as the results of episodic surface runoff.
The gradual transition between the 3 units and the gradual fining upward trend of the middle unit indicates that
there is no considerable age gap (no hiatus) between the fluvial- and aeolian sedimentary environments. Stone
artifacts have been found in all 3 units, with difference abundance, indicating that both the aeolian and
floodplain depositional environments provided favorable living conditions. For the floodplain environment, the
resources of water and raw materials (fluvial gravels) for tool making may have offered fundamental resources
for hominin settlement.

1. Introduction

The Qinling Mountains (QLM) form the climatic boundary between
the temperate north and subtropical south of China (Fig. 1). In the last
few decades, numerous lithic artifacts, such as handaxes and spheroids,
and some rare hominin remains, such as the Yunxian man (Li and Etler,
1992), have been found and excavated in the intermontane basins of

the QLM (Wang and Lu, 2016; Lu et al., 2017). These basins include the
Hanzhong basin (Yan, 1980; Lu et al., 2006; Sun et al., 2012; Wang
et al., 2014b; Xia et al., 2018), the Ankang basin, the Yunxian basin
(Guo et al., 2013; Sun et al., 2016; Li and Li, 2017; Li et al., 2018b), and
the Luonan basin (Lu et al., 2007, 2011) (Fig. 1A). In addition, stone
tools have recently been reported and dated at ~2.1Ma, at the
Shangchen site in the Weihe basin in central China (see location in
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Fig. 1. (A) Digital Elevation Model (DEM) map of central China with artifact-bearing basins, including the Hanzhong basin, the Ankang basin, the Yunxian basin, and
the Luonan basin. The Shangchen site (Zhu et al., 2018) is highlighted with a yellow triangle. The inset map shows the Qinling Mountains (QLM) which form the
climatic boundary between the temperate north and subtropical south of China. The locations of the study area and the major hominin sites in China, including
Nihewan and Yuanmou, are indicated. (B) DEM map of the Hanzhong basin bounded by the QLM in the north and the Daba Mountains in the south. The red dots
indicate the locations of the two studied sites – the Fanba site in Yangxian County (YFB), the Longgangsi site on the fourth terrace (LGS4) – and the additional sites
discussed in the text: the Longgang Bridge site (LGDQ), the Longting site (LT), the Liufeng site (LF), and the Jinxing site (JX). (C) Photograph of the terrace sequence
in the Hanzhong basin (looking south), including YFB site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 1A, ~200 km NE of the Hanzhong basin) (Zhu et al., 2018). Due to
favorable paleo-environmental conditions, these intermontane basins of
the QLM may have been of vital importance for the migration of ho-
minins during the Pleistocene (Beverly et al., 2015), linking the major
hominin sites in China, including the Nihewan basin in the north and
the Yuanmou basin in the south (Sun et al., 2017) (Fig. 1A).

In our study area, the artifacts were excavated from fine silty, yel-
lowish and brownish sediments. These deposits are intensively weath-
ered, and show a massive or quite uniform structure (no bedding), as
well as parting along vertical structures. For these reasons, the artifact-
bearing sediments were interpreted as aeolian loess deposits in many
cases (Liu, 1985; Pye, 1995; Lu et al., 2007; Sprafke and Obreht, 2016;
Guo, 2017), similar to many Paleolithic archaeological sites in Europe
(Einwögerer et al., 2006; Sinitsyn and Hoffecker, 2006; Boguckyj et al.,
2009) and other places in China (Li and Etler, 1992; Wang et al., 2005;
Lu et al., 2011; Guo et al., 2013; Li et al., 2014; Yu et al., 2017). Ac-
cording to Gribchenko (2006), the sites in the QLM can be considered as
part of the “loessic Paleolithic” (Ranov, 1995), or the “Loessic
Geoarchaeological Belt” and/or “Loess Lithic Industry” (Liu, 1999;
Yang et al., 2005). This implies that hominins lived in such environ-
ments during periods of relatively cold and dry conditions (loess ac-
cumulation) as well as during relatively warm and humid intervals
(paleosol formation) (Liu, 1985; Madeyska, 2002; Guo et al., 2013; Zhu
et al., 2018). However, the fine-grained, loess-like sediments in the
QLM accumulated on fluvial terraces, directly on top of fluvial gravel
and sand (Sun et al., 2012, 2017; Li et al., 2014; Mao et al., 2017).
Therefore, they could also (partly) have formed as fluvial (floodplain)
deposits, especially near the base of the fine-grained sequences. A
gradual transition from a fluvial (channel and floodplain) to aeolian
loess accumulation on the morphological terrace surface might in
principle have occurred at any particular location. Alternatively, the
whole sequence of these fine-grained silty sediments might be inter-
preted as aeolian loess, and the abrupt environmental change, from
fluvial channel (gravel and sand) to aeolian dust deposition, might in-
dicate a sediment hiatus (age gap). An abrupt versus a gradual transi-
tion would have fundamental implications for the time-continuity of
the sections and for the paleo-environmental reconstructions of the
hominin presence/occupation.

In this study, we mainly use grain-size and -shape characteristics to
reconstruct the paleo-environments. Grain-size distribution (GSD) is a
widely used proxy to infer sediment sources and transport and de-
position processes (Liu et al., 2018; Vandenberghe et al., 2018), and
thus to determine paleo-environments (Omara et al., 1974; An et al.,
1991; Sun et al., 2001b; Gong et al., 2005; Vandenberghe, 2013;
Vandenberghe et al., 2018; Wang et al., 2015a) and paleo- climatic
conditions (Lu and An, 1998; Ding et al., 2002; Sun et al., 2004; Újvári
et al., 2016; Liu et al., 2018). End-member-modelling is a technique to
unmix the grain size data (Weltje, 1997; Prins and Weltje, 1999; Weltje
and Prins, 2003, 2007; Prins et al., 2007; Van Hateren et al., 2017). It
has been used to distinguish fluvial and aeolian sedimentary compo-
nents (e.g. Rits et al., 2016). Grain shape has recently been applied to
the discrimination of loess transported by different wind strengths and/
or under various climate conditions (Tysmans et al., 2009), to distin-
guish aeolian from non-aeolian contributions (Shang et al., 2017), and
to differentiate alluvial and lakeshore sediments (Li et al., 2015). These
studies indicate that grain shape is a powerful tool in the reconstruction
of paleo-sedimentary environments, provenance, and erosion- and
transport processes (Li et al., 2015).

The main objective of this work is to determine the depositional
environments of the artifact-bearing sediment sequences on two fluvial
terraces of the Hanjiang River in the Hanzhong basin, the main question
being whether the hominins lived in a fluvial floodplain environment,
on a river terrace surface on which aeolian dust was accumulating, or a
combination of the two.

2. Setting and studied archaeological sites

The Hanzhong basin is located between the QLM in the north and
the Daba Mountains in the south (Fig. 1B). The QLM separates cold and
(semi-) arid northwestern China from warm and humid southeastern
China (Fig. 1A). The QLM and the Daba Mountains are Paleozoic to
Mesozoic orogenic belts. Rapid uplift of the region occurred during the
Cenozoic (the late Miocene - Quaternary) due to crustal extension.
Uplift has continued during the early Pleistocene to Holocene time in-
terval (Meng and Zhang, 2000; Meng, 2017). The average altitude of
the QLM is in the range of 1500–3000m (Fig. 1A). The main peak (Mt.
Taibai) has an elevation of 3767m. The lowest elevation in the inter-
montane basins is ~100–200m. The length of the QLM from west to
east is approximately 800 km, and from north to south it is
~100–200 km.

The Hanzhong basin is the largest fault-related intermontane de-
pression in the catchment of the upper Hanjiang River (Hu and Ma,
2011). The Hanjiang River, which drains this basin, is the longest tri-
butary of the Yangtze (Fig. 1A). The Hanzhong basin has an elongated
shape (W–E oriented, a similar direction as the modern Hanjiang
River). A series of west–east trending faults bound the basin, e.g. the
Mianlue fault in the north, the Qingchuan fault, the Chaba–Lin'ansi
fault and the Liangshan south margin fault in the west, and the South-
edge fault (Li et al., 2007; Zheng et al., 2016) (Fig. 1B). These faults are
part of the northeastern section of the Longmenshan fault zone (Yang
and Ma, 1987; Hu and Ma, 2011; Wang et al., 2013). The altitude of the
Hanzhong basin is 400–800m; its total area is ~2700 km2 (Fig. 1B).
The mean annual temperature and precipitation vary around 14–16 °C
and 800–900mm (Chen et al., 2007), respectively.

Five terraces have developed along the Hanjiang River. Their alti-
tudes are about 3–5 (T1), 10–15 (T2), 30–40 (T3), 60–70 (T4) and
80–90 (T5) m above the present floodplain level (Yang and Ma, 1987;
Wang and Lu, 2014) (Fig. 1C). They have been dated using paleo-
magnetic stratigraphy, luminescence dating, and soil stratigraphy of the
silty, fine-grained deposits in the upper part of the terrace sequences,
which overly the coarse-grained fluvial deposits (Sun et al., 2012,
2017). The age of the fifth terrace is estimated at ~1.2Ma, the fourth at
~0.7Ma, the third at ~0.6Ma, and the second at 0.1–0.2Ma (Sun et al.,
2012, 2017). Abundant lithic artifacts have been found in several se-
dimentary layers on all terraces, except the lowest terrace (T1), which
may indicate continuous early human occupation since the Middle
Pleistocene (~1.2Ma) (Wang and Lu, 2014; Wang et al., 2014b).

We studied two sedimentary sequences. The first section, at Fanba,
is located in Yangxian county (YFB, 485m altitude, N 33°12′45.8″, E
107°27′28.3″, Fig. 1B), on the second terrace (T2), on the northern bank
of the Hanjiang River. An archaeological excavation was carried out in
2016 at this site (Fig. 2A); its results are still being processed. The
second section, Longgangsi-T4 (LGS4, 570m altitude, N 33°04′12.2″, E
106°57′33.9″, Fig. 1B), is located on the fourth terrace (T4), on the
southern bank of the Hanjiang River. This site corresponds to Locality 3
at the Longgangsi site of Xia et al. (2018). The Longgangsi site belongs
to a group of Paleolithic archaeological sites that were explored for the
first time in the early 1950s (Huang and Qi, 1987), which also includes
the Hejialiang (T2) and Yaochangwan (T3) sites (Sun et al., 2012; Wang
et al., 2014b). The archaeological excavation at LGS4 was carried out in
2014. It covered an area of 36m2 (Fig. 2C) and yielded in total 4441
stone artifacts, dominated by flakes (n=1179, 27%), chunks
(n=1636, 37%) and chips (n=1489, 34%) (Xia et al., 2018). The
majority of artifacts (n=4406, 99%) have been collected from the
upper 5m, whereas the other pieces (n=35, 1%) were obtained from
the lowermost 8m of the sequence (Fig. 3) (Xia et al., 2018).

3. Material and methods

One hundred and seven samples from the YFB section (Fig. 2B) and
81 samples from the LGS4 section (Fig. 2D) were taken at 10 cm
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resolution for grain-size and grain-shape analyses. The basal 5 m of
LGS4 was not sampled because of collapse of the section. Twelve
samples from four additional sites were also analyzed for grain size and
grain shape. These additional sites were selected because they exposed
clear sedimentary structures which can be linked to specific deposi-
tional (sub-) environments (e.g. channel, floodplain and aeolian). They
are used for comparison with the YFB and LGS4 sediment sequences.

3.1. Grain-size analyses

GSDs (range 0.02–2000 μm with 100 size classes) were measured
using a Malvern Mastersizer-2000 laser diffraction particle-size ana-
lyzer at Nanjing University. About 0.5–2 g of bulk sediment was oxi-
dized with 10% hydrogen peroxide (H2O2) to remove organic compo-
nents. Subsequently, to dissolve carbonates including nodules
completely, 10% hydrochloric acid (HCl) was added and heated to
boiling point. Next, the beaker was filled with deionized water and left
standing overnight. Finally, 10ml 0.05mol/l sodium hexametapho-
sphate ((NaPO3)6) was added as a dispersing agent prior to 10min of
ultrasonic dispersion (Lu and An, 1997; Zhang et al., 2008). The GSDs
were analyzed using the GRADISTAT Program (Blott and Pye, 2001).
End-member modelling of all grain-size data from samples taken from
the Hanzhong basin has been executed with the algorithm AnalySize-
1.1.2 (Paterson and Heslop, 2015).

3.2. Grain-shape analyses

Grain shapes from 16 samples (Table S1) were analyzed by dy-
namic-image analysis using a Sympatec Qicpic instrument at the Vrije
University Amsterdam. These samples include four floodplain samples
(LGDQ-2, and JX-2, 4, 5), and one loess sample (LF-1), which are likely
to represent the primary sediment environments in this study. The re-
maining 11 samples are from the YFB sequence (the red dots in Fig. 3B
highlight the location of the samples for grain shape). The pretreatment
was similar to the grain-size analyses except for the 10min ultrasonic
dispersion. The Qicpic setup applied in this study allows the analysis of
several million particles within the 2–500 μm size range during 3min
measuring time (Shang et al., 2017).

The results provide information of grain shape and size. Here, the

grain shape is characterized by calculating the aspect ratio values
(ARs). In this case, the aspect ratio is the ratio of the minimal to
maximal Feret's diameter. The aspect ratio ranges from 0 to 1, corre-
sponding to a grain shape ranging from extremely flat or elongated to
perfectly symmetrical (Li et al., 2015; Shang et al., 2017). In this study,
the ARs of particles with a mean Feret's diameter between 15.6 and
62.5 μm were selected for analyses, because the shape of particles<
15.6 μm are not accurately measured by the Qicpic camera
(2 μm×2 μm pixel size; Shang et al., 2017), and because of the highly
variable mean ARs in the size range > 62.5 μm, probably caused by
the limited number of measured grains (Tysmans et al., 2006; Shang
et al., 2017). In addition, we calculated the weighted average aspect
ratio (WAAR) from 15.6 to 31.3 μm vs. WAAR from 31.3 to 62.5 μm,
based on the corresponding volume frequency for the different size
class. We choose 31.3 μm as the boundary because it is close to the
transition between coarse silt and very coarse silt (31 μm).

4. Results

4.1. Lithostratigraphy

The basal part of the YFB section consists of a sandy gravel layer
(Figs. 2B and 3A), and is covered by grey–green (2.5GY 5/2,
1040–1070 cm) and red–brown (5YR 4/4, 990–1040 cm) silty sand
with abundant mica. From 830 to 990 cm, the sequence is composed of
red–brown (5YR 4/4) sandy silt with an undulating pale grey (7.5GY 5/
2) clay layer with erosive surface at the depth of 890 cm (Fig. 2B). This
is overlain by a red–brown (5YR 4/4) silt layer at 410–830 cm with
abundant black FeeMn films, white calcium carbonate nodules, and
grey–green (2.5GY 5/2) vertical structures. In this layer a fine quartz
gravel clast (about 5mm×3mm×2mm) was found at 800 cm depth.
The 300–410 cm interval consists of yellow–brown (5YR 5/6) silt with
abundant black FeeMn nodules, white calcium carbonate nodules and a
quartz granule (about 3mm×3mm×2mm) at 320 cm in depth. The
uppermost 300 cm of the sequence is composed of red–brown (5YR 4/
4) silt with black FeeMn films and nodules, and white calcium carbo-
nate nodules. The sizes of all the FeeMn nodules mentioned above are
smaller than 1mm.

The LGS4 section (Figs. 2C and 3C) is 13 m thick. The base of the

Fig. 2. (A) Paleolithic archaeological site YFB. (B)
The lower part of the YFB section with sandy gravels
at the bottom and trough erosion near the base. (C)
Paleolithic archaeological site LGS4 with artifacts
(red flags represent the location of the artifacts). (D)
Sedimentological sampling of section LGS4. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 3. (A) The lithology of the YFB section. (B) Mean grain size record of the YFB section. Red dots highlight the grain-shape samples. (C) The lithology in the LGS4
section. (D) Mean grain size record of the LGS4 section. (E) Stone artifacts density (the number of stone tools per m3) and some photographs of the artifacts (modified
from Xia et al. (2018)) in the LGS4 section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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terrace sequence was not exposed. In the lower part, from 1300 to
860 cm, it consists of dark brown (7.5YR 5/7) silt with abundant black
FeeMn films, pale grey vertical structures and a loose and porous
texture. At the depth of 730–860 cm, the sediments consist of dark
brown (7.5YR 5.5/6) silt with black FeeMn nodules and pale grey
vertical structures in cracks. Pale grey and yellow (10YR 6/3) silt is
present from 680 to 730 cm. At the depth of 590–680 cm, the deposits
are composed of brown (7.5YR 4/6) silt with abundant black FeeMn
films, and a loose and porous texture. The overlying layer consists of
brownish (7.5YR5/6) silt with abundant FeeMn nodules at the depth of
500–590 cm. At the depth of 230–500 cm, the sediments consist of dark
brown (7.5YR 5/4) silt with FeeMn films and nodules, a loose and
porous texture and unconformity surfaces in pale grey clay. A yellowish
red (5YR 5/6) silt layer with ~5 cm sized calcium carbonate nodules is
present at 150–230 cm depth. This layer is overlain by a dark orange
(7.5YR 6/4) silt layer (80–150 cm) with evidence of strong pedogenesis,
containing plant root cracks filled with black FeeMn films, and sparse
black FeeMn nodules. The upper three layers consist of silt with black
FeeMn films, with a loose and porous texture. They show slight dif-
ferences in colour with yellowish brown silts (5YR 4/4) at 60–80 cm,
reddish silts (7.5YR 7/4) at 40–60 cm and brown silts (7.5YR 4/6) at
0–40 cm.

The lithostratigraphy of the four additional sites for comparison are
as follows:

Site 1, the Longgang Bridge site (LGDQ, N 33°5′13.4″, E
107°57′40.8″) in Hanzhong city, is on the first terrace (T1) of the
Hanjiang River (see location in Fig. 1B). From base to top, the sediment
sequence (Fig. 4A) is composed of a> 2m thick gravel sheet with well-
rounded, imbricated gravels, a ~1.6m thick sand and silt layer with
horizontal bedding, trough cross bedding and ripples (channel sample
LGDQ-1), and a ~1m thick laminated clay and silt layer (overbank
sediment, sample LGDQ-2).

Site 2, the Longting section (LT, N 33°12′49.6″, E 107°40′0.8″), is
located on the second terrace (T2) of the Hanjiang in the eastern part of
the basin (Fig. 1B). The sediment sequence (Fig. 4B) consists of ~3m
thick loessic silty deposits (sample LT-1), which show an erosional
upper boundary with an overlying paleosol, a ~3.5m thick reddish
paleosol layer (sample LT-2) and a ~5m thick loess layer, from the base
to the top.

Site 3, the Liufeng section (LF, N 33°9′5.5″, E 106°45′16.6″) is si-
tuated in the nearly westernmost tip of the Hanzhong basin, on terrace
T2 of the Hanjiang (Fig. 1B). The sediment sequence is composed of a
yellowish silty layer (loess) of about 0.5 m thickness (sample LF-2)
between two brown silty layers (paleosols, sample LF-1) (Fig. 4C).

Site 4, the Jinxing site (JX, N 33°5′55.5″, E 107°17′18.2″) is located
on the third terrace (T3) in the central part of the basin (Fig. 1B). The
sediment sequence is approximately 14m thick (the base is not ex-
posed) and comprises 5 units from the top to base (Fig. 5A).

(5) A ~3m thick sandy gravel layer with interbedded soil and silt,

Fig. 4. (A) The LGDQ section is (from base to top) composed of well-rounded gravels with imbrication and/or sheet structure (channel deposits, Gcm), sand and silt
with horizontal bedding, trough cross bedding and ripples (high energy floodplain, St and/or Sh; sample LGDQ-1), and laminated clay and silt layer (low energy
floodplain, Fm; sample LGDQ-2). (B) The LT section includes (from base to top) loess deposits (sample LT-1) with distinct trough bedding, a reddish paleosol layer
(LT-2) and another loess layer. (C) The LF section consists of a yellowish loess layer (sample LF-2) intercalated between two brownish paleosol layers (sample LF-1).

Fig. 5. (A) The JX section has a thickness of 14m and is comprised of (from
base to top): (1) Sandy gravel channel fill with trough and planar cross bedding
(St/Sp). Sample JX-2 is obtained from a flood sand sheet and JX-3 from a sandy
gravel channel deposit; (2) Soil and silty clay with coarse sand (floodplain); (3)
Grey and brown silt layers with horizontal bedding in 10–15 cm intervals
(floodplain, sample JX-1); (4) Brown paleosol with a massive structure; (5)
Sandy gravel layer overlain by silts, showing channel scour (channel, Sm/Sp).
(B) The uppermost part of the JX site. Sample JX-4, JX-5 and JX-6 are from a
clay pool (the left dashed circle), a silt layer and a shallow secondary channel
fill from floodplain environment (sand lens, the dashed circle on the right),
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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showing channel scour.
(4) A ~2.5m brown soil with clay and silt grain size and a massive

structure.
(3) A ~3m thick unit composed of grey and brown silt layers with

horizontal bedding at a 10–15 cm thickness interval (floodplain, sample
JX-1).

(2) A ~3m thick unit consisting of a combination of silty clay and
coarse sand (low volume; floodplain).

(1) A> 2.5m thick sandy gravel channel fill with trough and planar
cross bedding; Samples JX-2 and JX-3 from this unit were obtained
from flood sand sheet and sandy gravel channel deposits, respectively.

The uppermost part of the JX sequence shown in Fig. 5B includes a
clay deposit (still-water sediment, sample JX-4), a silt layer (overbank
sediment, sample JX-5) and a shallow secondary sand channel deposit
(sand lens, sample JX-6) from a floodplain environment.

4.2. Grain size characteristics of the YFB site

Based on field observations (Fig. 3) and the GSDs (Fig. S1), three
main units can be distinguished in the YFB sequence.

4.2.1. Unit 1 (1070 to 950 cm depth)
Samples in this unit are characterized by bimodal GSDs with a high

proportion of sand-sized particles (Fig. 7B8). Samples from YFB-1030 to
YFB-990 (Fig. S1Y26) are dominated by sand (on average ~68% of the
volume), and are characterized by very poorly sorted and coarse-
skewed GSDs. These GSDs comprise two clearly defined dominant
modes: the coarser and main mode is leptokurtic with a modal size in
the range 400–700 μm, whereas the finer mode illustrates a platykurtic
distribution with a modal size of 30–75 μm. Samples from YFB-1070 to
YFB-1040 and samples from YFB-980 to YFB-960 (Figs. S1Y27 and
S1Y25, respectively) are characterized by an average sand content of
~38%.

4.2.2. Unit 2 (950 to 700 cm depth)
The GSDs in this unit are (very) poorly sorted and also show two

modes, but the particle size is in general finer than Unit 1 (Fig. 7B). The
coarser of the two modes is mesokurtic with a modal size of
200–500 μm and the finer one is mesokurtic to leptokurtic with a modal
size of 13–34 μm. These samples have a mean grain size of 10–38 μm
and are thus classified as medium to very coarse silt. Importantly, the
percentage of sand gradually decreases upwards from ~39% to 2.5%
(Fig. 7B5–7) and the silt content increases upwards from 56% to 91%,
while the clay fraction maintains relatively stable, varying between 5%
and 11%.

4.2.3. Unit 3 (700 to 0 cm depth)
The samples from the upper unit (Fig. 7B1–4) are medium to coarse

silts, with an average composition of 86% silt, 8% clay and 6% sand.
The GSDs are poorly sorted and again two modes can be distinguished.
The coarse mode is leptokurtic with a modal size of 22–40 μm, and the
fine mode is platykurtic with a modal size of 4–8 μm. The mean grain
size is approximately 10–18 μm. Additionally, the GSDs of samples YFB-
70, 100–150, 270–500, and 540 show a minor tail between ~200 μm
and 600 μm, which accounts for< 2% (Fig. S1).

Moreover, within most of the GSDs, subordinary asymmetric modes
are visible, usually at 4–8 μm and 0.6–0.9 μm.

4.3. Grain size characteristics of the LGS4 site

The overall character of the GSDs at LGS4 is similar to YFB (Fig. S2),
although the mean grain size tends to be finer than at the YFB site
(Fig. 3D and B, respectively).

4.3.1. Unit 1 (below 790 cm depth)
Two significant modes can be recognized in the lowest part

(Fig. 7D7). Sample LGS4-800 has a bimodal GSD, consisting of a lep-
tokurtic and dominant mode of 300 μm, and a platykurtic and sec-
ondary mode of 21 μm. The GSD of sample LGS4-810 (Fig. S2L20) is
similar to the GSDs of samples YFB-1040 to YFB-1060. Accordingly, the
depositional environment could be the same as for Unit 1 at the YFB
site.

4.3.2. Unit 2 (790 to 550 cm depth)
Sample LGS4-790 (Fig. 7D6) is composed of very coarse silt. Com-

pared to LGS4-800, it is characterized by a higher content of the fine
fraction (mode at ~40 μm) and a lower content of the coarse fraction
(mode at 240 μm). This resembles sample YFB-900 in the lower part of
Unit 2 at YFB (Fig. S1Y23). Similarly, the samples with a low content of
coarse fraction can be correlated with the sediments from the upper
part of Unit 2 at the YFB site. Thus, the sediments in the depth interval
from 550 to 790 cm are interpreted as representing a depositional en-
vironment similar to those of Unit 2 at YFB.

4.3.3. Unit 3 (550 to 0 cm depth)
Sediments from the upper 5.5 m consist of medium silt with on

average 86% silt, 10% clay and 4% sand, and a mean grain size of
8–16 μm. The GSDs are poorly sorted and are unimodal with a modal
size of 10–38 μm (Fig. 7D1–4). Again, a very coarse tail with grain size
up to 600 μm is present occasionally in Unit 3, but it contributes< 2%
of the volume. Altogether these sediments resemble Unit 3 at YFB.

4.4. End-member modelling

The GSDs of all samples can be adequately described as mixtures of
5 end members (EMs) (Fig. 6A and B), as the r2 statistics show that the
five-end-member model can explain on average 99% of the total var-
iance in the dataset. Applying more end members does not improve the
result significantly. The GSDs of the 5 EMs are shown in Fig. 6C with
EM1 being the coarsest and EM5 the finest. The unimodal and very
coarse-skewed GSD of EM1 has a modal size of 600 μm, representing
coarse sand. EM2 shows a bimodal distribution with modes at 150 μm
and 13 μm. EM3 is mainly composed of coarse silt with a modal size at
38 μm. The relatively symmetrical and mesokurtic distribution of EM4
has a modal size of 15 μm, representing medium silt. Consisting dom-
inantly of fine silt, EM5 displays a fine-skewed and mesokurtic GSD
with a modal size of 6 μm.

The cumulative proportional contributions of the 5 EMs in the YFB
and LGS4 sites are shown in Fig. 7A and C, respectively. Several bulk
grain-size distributions are shown together with the contributing EM
distributions (scaled to their proportional contribution to the bulk
distribution) for illustration (Fig. 7B and D). EM1 and EM2 contribute
dominantly to Unit 1, of which the contribution even reaches over 75%
at the depth of 990–1030 cm at the YFB site and 800 cm at the LGS4
site. For Unit 2, the contribution of EM1 ranges from 8% to 1% and the
contribution of EM2 decreases gradually upward from ~52% to 0% at
the YFB site; the contribution of EM1 ranges from 3% to 0% and the
contribution of EM2 decreases gradually upward from ~53% to 0% in
the LGS4 section. The total volume of EM1 and EM2 exhibits a tendency
to gradually decrease upward from ~56% to 0%, both at the YFB and
LGS4 sites. EM1 and EM2 have relatively low percentages in Unit 2 of
LGS4 compared to Unit 2 of YFB. Correspondingly, the percentage of
EM4 and EM5 increases upward from 20% to average 60% in Unit 2 of
YFB and from 10% to average 50% in Unit 2 of LGS4. At both sites, Unit
3 is dominated by EM4 and EM5, with average contributions of over
60% (Fig. 7B2 and D2). However, EM2 in Unit 3 is present in a series of
spikes (coarse events), reaching levels up to 20%, especially between
350–500 and 70–150 cm at YFB. Similarly, end-member distributions of
sediments of the 0–360 and 400–460 cm depth intervals of LGS4 have
spikes of the coarse EM2, contributing up to 6%. As for the contribu-
tions of EM3, they fluctuate in the range 11–60% in Unit 2 and 0–60%
in Unit 3.
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4.5. Grain shape characteristics of the YFB site

In total eleven samples were chosen from the YFB sequence for grain
shape analyses (Fig. 3B). For particles in the 16–63 μm size fraction in
Unit 2, the ARs decrease from 0.700 to 0.538 as grain size increases
(Fig. 8B and more details shown in Table S1). Sample YFB-900 from the
basal part of Unit 2 displays a size-aspect ratio range which is sig-
nificantly lower (0.691–0.504) than in the upper samples. Apart from
sample YFB-900, the grain-shape distributions of samples from the
upper part of this unit are marginally higher or equal compared with
those from the lower part (Fig. 8B).

In contrast, for particles in the same size range, the ARs from Unit 3
range between 0.707 and 0.562. Again, they decrease with increasing
grain size (Fig. 8A and more details shown in Table S1). The grain-
shape distributions in the 16–63 μm size range are almost identical for
all samples from Unit 3.

4.6. Grain-size and -shape characteristics of known depositional
environments

Based on sedimentary indications for paleo-environmental inter-
pretations (e.g. bedding), the 14 samples collected from the LT, LF, JX
and LGDQ sites can be grouped into three main sedimentary

environments (Fig. 9). The first group of sediment samples is of aeolian
origin (Fig. 9A). The GSDs of LT-1 and LT-2 are unimodal, poorly
sorted, and with a mode at 15–19 μm and a mean grain size of 11 μm.
Sample LT-1 also contains a very small tail of coarse particles with
size> 100 μm (0.7%), potentially related to temporary overland flow/
surface runoff (see below) (Fig. 4B). This coarse component is not
visible in sample LT-2. Samples LF-1 and LF-2 are also characterized by
poorly-sorted GSDs with a mode at 30 μm and a shoulder at 6 μm.
Sample LF-1 with a mean size 13 μm is slightly coarser than LF-2 with a
mean size of 10 μm.

The second group of samples shows the variety of lithofacies char-
acteristic for an alluvial floodplain environment (Fig. 9B). Sample
LGDQ-2 is composed of fine sand with an admixture of silt and clay; its
size distribution is very poorly sorted, coarse-skewed and it has a modal
size of 150 μm (Fig. 9B). This sample is interpreted as reflecting a
proximal, high-energy floodplain setting (e.g. proximal channel levee).
Sample JX-1 is composed of fine to very coarse silt, and its well sorted
GSD has a modal size of 34 μm (Fig. 9B). This sample has been collected
from a clearly defined silt layer (Fig. 5A) and reflects an ‘intermediate
energy’ floodplain setting (e.g. distal channel levee). Taken from a flood
sand sheet (e.g. crevasse splay), sample JX-2 shows a very poorly sorted
and strongly bimodal GSD with modes at 670 μm and 30 μm (Fig. 9B).
The remaining two samples (JX-4 and 5) (Fig. 5B) consist of dominantly
fine–medium silt, together with a low fraction of sand and clay, which
can be considered as a typical low-energy, distal floodplain and/or
fluvio-lacustrine setting. The GSD of JX-4, originating from a fluvio-
lacustrine setting on a floodplain, is poorly sorted, fine-skewed and
mesokurtic with a modal size of 9 μm (Fig. 9B). JX-5, from a silt layer
on a floodplain, is characterized by a fine modal size (19 μm) with a
coarse tail (modal size at 355 μm but lower than 1%) (Fig. 9B).

The third group of samples represents typical fluvial channel de-
posits. Sample LGDQ-1, JX-3 and JX-6 display poorly sorted, typical
bimodal GSDs with a leptokurtic mode at ~500 μm and another broadly
centered around 20–80 μm (Fig. 9C).

Selected samples for grain-shape analyses include four floodplain
samples (LGDQ-2, and JX-2, 4, 5), and one loess sample (LF-1), which
likely represent the potential sedimentary environments in this study
(Fig. 8C and more details in Table S1). All samples show decreasing ARs
with increasing grain size. However, the size–shape trend of the aeolian
sample appears to differ slightly from the fluvial samples (Fig. 8C). For
the aeolian sediments (sample LF-1), the ARs decreases from 0.703 to
0.565 with an increase in grain size from 16 μm to 63 μm, whereas
grains from the floodplain deposits, are characterized by ARs which
range from 0.663–0.507 in sample LGDQ-2, 0.694–0.528 in sample JX-
2, 0.705–0.567 in sample JX-4 and 0.701–0.563 in sample JX-5, re-
spectively (Fig. 8C).

5. Discussion

5.1. Comparison of the modelled end members with sediments from known
depositional environments

EM1 can be correlated well with GSDs of samples LGDQ-1, JX-3 and
the modern fluvial sands at Xifeng (Sun et al., 2001a), which are in-
terpreted as shallow sandy channel and/or point bar deposits
(Fig. 10A). The GSD of EM2 is comparable to those samples originating
from high-energy active floodplains, e.g. LGDQ-2 and JX-2. The dif-
ferent modal sizes shown in the GSDs are possibly caused by various
hydrodynamic conditions, with a higher content of coarse fraction re-
presenting higher energetic conditions. When the transporting energy
becomes weaker, the volume of coarse fraction would likely reduce
from JX-2 to LGDQ-2 (Fig. 10B). EM3 shows quite similar GSDs to
sample JX-1, taken from a horizontal silt layer (Fig. 10C), which could
have been formed by settling of aeolian silt in static water in a flood-
plain environment (Wang et al., 2018). EM4 is comparable to LT-1,
consisting of aeolian silt (Fig. 10D). EM5, resembling LF-1, is

Fig. 6. End-member-modelling results. (A) Mean coefficient of determination
(mean r2) as a function of the numbers of end members. Five end members
explain on average 99% of the observed variance. (B) Coefficient of determi-
nation (r2) statistics for each size class for end member models with two to eight
end-members. (C) The grain size distributions (GSDs) of the modelled end
members of the five-end-member model representing coarse sand (EM1, modal
size 598 μm, mean size 601 μm), very fine sand (EM2, bimodal distribution with
modal size 150 μm and 13 μm, mean size 66 μm), coarse silt (EM3, modal size
38 μm, mean size 23 μm), medium silt (EM4, modal size 15 μm, mean size
12 μm), and fine silt/clayey silt (EM5, modal size 6 μm, mean size 7 μm).
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interpreted as soil formed in loess (Fig. 10E). In addition, EM4 and EM5
can be regarded as loess sediments in the fine-silt and clay fractions
(sediment type 1.c by Vandenberghe (2013)).

5.2. Depositional environment of the sediment units

Unit 1 at the base of the two sections contains abundant mica
(Fig. 3A), which implies a fluvial or alluvial environment; as these platy
minerals are rare in aeolian sediments they might therefore have been
transported by flowing water (Rits et al., 2016). For sediments from the
depth range of 990–1030 cm in the YFB section and at 800 cm depth in
the LGS4 section, the GSDs show a noticeably leptokurtic mode within
the medium to coarse sand range (EM1). In addition, EM2 is far more
dominant in other samples of this unit (Fig. 7). Accordingly, these se-
diments resemble the channel or flood sand samples LGDQ-1, JX-3, and
JX-6 and, in principle, they reflect a relatively high-energy environment
on the floodplain, e.g. a shallow secondary channel. The silty intervals,
composed of EM2 and EM3, could be interpreted as the result of settling

of fine particles in standing water of abandoned pools following a peak-
flow event (Vandenberghe, 2013).

Additional indications for the depositional environment of Unit 1
are provided by the results of grain-shape analyses. Fig. 11 illustrates
the weight average of aspect ratio (WAAR) from 15.6 to 31.3 μm versus
that from 31.3 to 62.5 μm. Sample LGDQ-2, from a high-energy flood-
plain, shows a low AR, i.e. a relatively flat or elongated grain shape
(Figs. 8C and 11). Since the GSDs of EM2 and LGDQ-2 are comparable
(Fig. 10B), it seems that LGDQ-2 might represent similar sediment
sources and transportation processes as Unit 1 (or the lowest part of
Unit 2) to an extent.

Altogether, we conclude that Unit 1 was formed during transition
from a shallow channel to a high-energy floodplain environment, e.g. a
point bar.

Unit 2 at the YFB site has a small (decimeter scale) trough at the
base (Fig. 2B) and occasional millimeter-sized quartz gravel, implying
low- to moderate-energy fluvial conditions. The GSDs in this unit (Figs.
S1 and S2) are similar to those of samples LGDQ-2, JX-2, 4 and 5

Fig. 7. Stratigraphic distribution of the end members (cumulative proportions) in sections YFB and LSG4. (A) The proportional EM contributions in section YFB. (B)
GSDs of selected samples and the scaled contributions of the 5 EMs in YFB. (C) The proportional EM contributions in section LGS4. (D) GSDs of selected samples and
the scaled contributions of the 5 EMs in LGS4. Note the red arrows in figures C and D highlighting the coarse mode of the grain-size distributions mentioned in the
text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 9B), indicating various floodplain environments.
Unit 2 at the YFB and LGS4 sites presents a clear fining-upward

trend, with diminishing proportion of the sand subgroup (EM1 and
EM2) and increasing contribution of silt grains (EM3, EM4 and EM5)
from base to top. This could be attributed to a gradual reduction of the
fluvial contribution (EM1 and EM2) and a continuous relative increase
in the aeolian input (EM3, EM4 and EM5) (Fig. 7), which further re-
presents a gradual transition from high-energy to low-energy hydro-
dynamic conditions.

For particles in the 26–44 μm size range, the ARs of sample JX-2 and
LT-1′ (we use code LT-1′ to represent sample LT-1 in fluvial-influenced
sediments (after Shang et al., 2017) to avoid confusion with our study
sample LT-1) are as low as those from other samples mixed with more
aeolian components (Fig. 8C). Samples YFB-900 and JX-2 display si-
milar lower aspect-ratio distributions, suggesting they can be linked
together.

Meanwhile, the WAARs of sediments in Unit 2 how an upward in-
crease, which means their grain shapes are more and more symmetrical

at depths from 900 to 760 cm in YFB (Fig. 11). Thus, they can be dis-
tinguished from the high-energy floodplain sample LGDQ-2 (Fig. 11).
Deposits from Unit 2 depict similar shape features to floodplain samples
(JX-2 and JX-4: obviously lower energy, compared to LGDQ-2)
(Fig. 11). This implies that sediments in Unit 2 have been deposited in
similar environments, where aeolian fine grains have settled in standing
water or depressions on a low-energy floodplain environment. As for
sample JX-5, the AR in the range of 0.701–0.563 may indicate more
aeolian dust settling in a relatively low-energy floodplain environment
(Fig. 8C).

Thus Unit 2 can be regarded as the transitional and gradual pro-
gression from a fluvial environment to an aeolian sedimentary en-
vironment.

Unit 3 has GSDs with typical unimodal peaks in the (very) coarse silt
size class (EM-3). These GSDs resemble the type 1.b.3 aeolian loess
(Vandenberghe, 2013), the aeolian sediments from Dadiwan in the
western Chinese Loess Plateau (CLP) (Liu et al., 2018), and from the
Yuncheng basin in the eastern CLP (Huang et al., 2007). The char-
acteristics of sediments in Unit 3 are also quite similar to those of
aeolian sediments in the study area, e.g. LT (Fig. 9A).

The mean grain sizes in the upper 2 units, Unit 2 and Unit 3, are
almost identical (medium to very coarse silt size class at YFB and
medium to coarse silt at LGS4, Fig. 3B and D) and the sedimentary units
are too similar to distinguish in the field (Fig. 3A and C). However, with
the end-member-modelling and grain-shape results, Unit 3 can be dis-
tinguished from Unit 2. Dominated by EM4 and EM5, Unit 3 contains
more fine particles of probable aeolian origin than Unit 2.

Aeolian samples from the CLP (HX-L1-1b and HX-S1-a shown in
Fig. 8C; after Shang et al., 2017) display aspect-ratio distributions
identical with those of samples LF-1, JX-4 and JX-5, which indicates
they could represent a similar sedimentary environment. Moreover, the

0.50

Fig. 8. Grain shape (average aspect ratio) distributions of samples from Unit 3
(A) and Unit 2 (B) of the YFB site. (C) Comparison of the grain shape (average
aspect ratio) distributions of the samples from the known depositional en-
vironments to a few typical samples from the Central Loess Plateau (Shang
et al., 2017).

Fig. 9. (A) Grain-size distributions (GSDs) of sediments with an aeolian origin.
(B) GSDs of sediments from various floodplain environments. (C) GSDs of flu-
vial channel deposits.
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ARs of sediments in Unit 3 are overall higher than those in Unit 2
(Fig. 8A and B). The deposits of Unit 3 have higher WAARs both in the
15.6–3.3 and 31.3–62.5 μm size classes (Fig. 11). The data for Unit 3
show the most symmetrical grain shapes among all 3 units. Samples
from Unit 3 have WAARs similar to sample LF-1. Thus, we deduce that
they had similar sediment sources and/or transport and deposition
processes, which is aeolian deposition with possibly some contribution
from surface runoff (see discussion below). These aeolian sediments

also show better sorting in grain shape (relatively concentrated ARs
from different samples) as well as sorting of grain size (Fig. 11).
However, the WAARs of samples from Unit 2 and Unit 3 are very si-
milar, which implies they may in part share a similar sediment source
(Fig. 8).

Noticeably, some samples from Unit 3 have a distinctive coarse
fraction. For example, samples YFB-150 and LGS4-400 contain the
coarse EM2 (Fig. 7A and C), which could affect the interpretation of

Fig. 10. Sedimentary environment interpretations
of the five end members. (A) EM1compared to
samples LGDQ-1 and JX-3 from shallow sandy
channel and/or point bar deposits in the Hanzhong
basin. (B) EM2 compared to samples LGDQ-2 and
JX-2 from various high-energy fluvial settings. (C)
EM3 compared with sample JX-1 which reflects re-
latively low-energy fluvial condition. (D) EM4
compared to sample LT-1which is interpreted as
aeolian silt. (E) EM5 compared to sample LF-1 from
a paleosol.

Fig. 11. Weighted average aspect ratio (WAAR)
from 15.6 to 31.3 μm vs. WAAR from 31.3 to
62.5 μm. The samples plotted above the red area,
including LF-1 and JX-5, represent aeolian-derived
deposits, the sample plotted below (LGDQ-2) corre-
sponds to fluvial-dominated deposits, while the
samples plotted within the red area are influenced
by both, aeolian and fluvial processes. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Unit 3 to some extent. We consider that this coarse fraction could either
have been transported by flowing water or it could consist of pedogenic
nodules. Because of the pretreatment, carbonate nodules can be ex-
cluded, but a few FeeMn nodules may have survived the pretreatment
process. Nevertheless, in this part of the sediment sequence, the coarse
fraction cannot, in principle, be deposited by a main river channel as
such a channel would probably have been incised to too great a depth
for the terrace surface to have been inundated. Thus, in this case, de-
posits consisting of coarse components (EM2) may have been formed by
temporary overland flowing water. This is in agreement with the
landscape and climate setting of the study area (Wang and Lu, 2016). At
present, gullies formed in aeolian deposits are ubiquitous in the pied-
mont areas of the Hanzhong basin (Fig. 1B). In the past, they could also
have transported coarse sediments to the aeolian sequences on the
terraces, as evidenced by field observations suggestive of erosion phases
and sandy and pebbly interbedded deposits in the loess sequence, e.g.
trough bedding at the LT site (Fig. 4B). However, such coarse fractions
occur sporadically, corresponding to episodic and abrupt hydrological
events in mountainous piedmont areas.

5.3. Evolution of depositional environments

The stack of different units, formed in fluvial, transitional and then
dominantly aeolian sedimentary environments, implies a systematic
evolution of the depositional environment at the studied sites. Fluvial
dominated, channel and high-energy floodplain environments (EM1
and EM2) contribute dominantly to the lower part of the sediment se-
quence (Unit 1 and the lower part of Unit 2). The aeolian-dominated
sediments (EM4 and EM5) progressively increase upwards. In addition,
reworked (or primary) aeolian sediments (EM3) are relative stable in
the middle and upper part of the sequence (Unit 2 and Unit 3) (Fig. 7).

Unit 1 consists of sediments representing channel (main channel or
secondary channel) environments. It is overlain by sediments, Unit 2,
deposited in a floodplain environment. This part of the sediment se-
quence consists of fine sand, silt and clay, up to ~2.5m thick in both
the YFB and LGS4 sections. A fining-upward cycle can arise when rivers
begin down-cutting or lateral migration in response to climate change
(Bridgland and Westaway, 2008; Wang et al., 2015b), base-level change
(Blum and Törnqvist, 2000), and/or crustal movement (Porter et al.,
1992; Vandenberghe and Maddy, 2000; Starkel, 2003; Pan et al., 2009;
Cordier et al., 2017). In the above-mentioned situations, channels be-
come inactive step by step, and will finally be abandoned. At the last
stage, coarse materials (EM1 and EM2) can no longer be transported
and furthermore old abandoned channels may gradually be filled by
fine-grained sediment (EM3, EM4 and EM5) (Vandenberghe, 2013;
Wang et al., 2018). The evolution within Unit 2, therefore, suggests a
reduction of fluvial flooding activity and the enhancement of aeolian
input over time. The aeolian input (e.g. EM3) may have been reworked

within the floodplain environment (Huang and Qi, 1987;
Vandenberghe, 2013; Liu et al., 2018; Vandenberghe et al., 2018).
Nevertheless, we suggest that these two basal units represent a gradual
transition from shallow channels to a high-energy floodplain and,
eventually, to a low-energy floodplain environment. Sediments in this
part of the sequence probably result from gradual fluvial incision in
response to climatic change from cold to warm (Wang et al., 2015b,
2018). Unit 3, however, consists of aeolian deposits without reworking
by fluvial floods. This can be explained by the deeper incision of the
main channel of the river, causing abandonment of the floodplain
during the transition from warm to cold climate (Wang et al., 2015b,
2018). Once the terrace was formed, aeolian dust could accumulate
constantly (Liu, 1985), but with surface runoff.

The floodplain environment, which we identified between the flu-
vial-channel and aeolian deposits, is an indispensable part of the fluvial
terrace formation. Furthermore, this kind of transition of sedimentary
environment might indicate that there is not an abrupt but a continuous
and gradual change in sedimentary environment, at least between the
upper 2 units. No considerable age gap is indicated between the fluvial-
and aeolian-dominated sediments. This would imply that the age of the
base of Unit 3 is equivalent to the time of terrace abandonment.

5.4. Potential influence of the evolving depositional environment on human
settlement

The artifacts excavated from LGS4 were made of local raw materials
in cobbles/pebble form, derived from Hanjiang River gravels, among
which quartz and igneous rocks are dominant (Xia et al., 2018). Artifact
size and lithology were thus dictated by differences in transported
gravel sizes and types (e.g. Van den Biggelaar et al., 2017). In addition,
the small-sized stone-tool assemblage excavated from LGS4 (Table 1;
Xia et al., 2018) is markedly different from the common Acheulean tool
types in and around the QLM, which are characterized by large-sized
retouched tools, such as handaxes and choppers (Huang and Qi, 1987).
However, interpretations of this observation require further study.

Artifacts were present in all 3 units, not just in Unit 3, which re-
presents aeolian loess deposit on the terrace (Fig. 3E; modified from Xia
et al. (2018)). This indicates that the occupation of hominins in the
QLM was continuous, and that the floodplain was also suitable for early
human occupation. This can be explained by the convenience of fishing,
access to water, and gravel for tool-making along the river (Wang and
Lu, 2016). Similar hominin environments have been proposed for sites
in Africa, Europe, and Asia (Chauhan et al., 2017; Li et al., 2018a).
There is no doubt that a settlement close to a river will be in danger of
flooding (Huang et al., 2013; Wang et al., 2014a; Guo et al., 2015; Liu
et al., 2015; Wu et al., 2016), but the choice for a settlement location
may involve other factors including water supply, food source (vege-
tation and animals), transport route and defense (Vandenberghe, 2015;

Table 1
The distribution and category of the stone artifacts, excavated from the sediment sequence of LGS4.

Depth(m) Cores Flakes Retouched tools Chunks Chips Manuports Total

0.0–0.2 16 368 19 379 556 1 1339
0.2–0.4 17 293 9 329 307 1 956
0.4–0.6 13 291 9 463 365 7 1148
0.6–0.8 6 74 2 138 98 2 320
0.8–1.5 4 29 1 83 61 4 182
1.5–2.3 2 24 4 38 34 1 103
2.3–5.0 4 92 2 191 66 3 358
5.0–5.9 0 4 0 9 1 0 14
5.9–6.8 1 1 1 0 0 0 3
6.8–7.3 0 0 1 0 0 1 2
7.3–8.6 0 2 1 5 1 1 10
8.6–8.8 0 0 1 0 0 0 1
8.8–13.0 0 1 1 1 0 2 5
Total 63 1179 51 1636 1489 23 4441
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Schulte and Lehmkuhl, 2017).
Only 35 artifacts were unearthed from the floodplain environment,

in the lower 8m of LGS4 site. The artifact density seems relatively low
(< 1 artifact/m3) compared to the upper part, the aeolian sediments
(Unit 3) (Fig. 3E). This might imply that the number of hominins on the
floodplain environment was much less compared to the aeolian sedi-
mentary environment on the terrace. This may indicate climate impacts
on human occupation, but it might also be related to the morphological,
elevated terrace position during the aeolian phase, with less risk of
flooding. On the other hand, the high density of artifacts in the aeolian
sedimentary environment (Unit 3) is more likely a result of the low
sedimentation rate of aeolian sediments, allowing for more artifacts to
be manufactured and to be buried into the sedimentary sequence,
compared with rapid accumulation floodplain environment (Unit 2).

6. Conclusions

The Hanzhong- and other basins in the QLM have been occupied by
hominins continuously since the Middle Pleistocene. A large number of
stone artifacts were collected from Paleolithic sites on fluvial terraces of
the upper Hanjiang River. Based on sedimentary structures, sediment
grain size (especially grain-size distributions and end-member-model-
ling), grain shape (aspect-ratio measurements by dynamic-image ana-
lysis), and by comparison to characteristic samples from certain sedi-
mentary environments, 3 main units/sedimentary environments can be
distinguished in the studied sites.

The basal unit consists of relatively coarse-grained sediments,
composed of sand and fine gravel. It is overlain by a fining-upward
sediment sequence, characterized by a diminishing contribution of
fluvial deposits and relatively increasing aeolian input upward. Thus,
sediments in these two parts show a gradual transitional environment
from fluvial channels to a high-energy floodplain, continuing to a
lowering-energy floodplain. This may represent fluvial incision re-
sulting from a change of cold to warm climatic conditions. The up-
permost unit consists of aeolian sediments, likely deposited during re-
latively cold and dry periods. The aeolian sediments are interbedded
with paleosols, formed during relatively warmer and/or more humid
climate conditions, and coarse-grained particles with low volume are
formed by episodic surface runoff.

Furthermore, this transitional sedimentary evolution indicates that
there is no considerable age gap between the fluvial and aeolian-
dominated sediments. In situ stone artifacts have been found in all 3
units, which indicates that not only an aeolian sedimentary environ-
ment on river-terrace surfaces, but also a floodplain environment was
occupied by hominins, probably because of the availability of fresh
water and raw materials for making tools. Furthermore, it implies that
hominins lived continuously in the Hanzhong basin, and might not be
dependent of the paleo-environmental and/or climatic conditions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gloplacha.2019.04.007.
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