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Abstract
In this paper, the sediment grain size, organic matter C/N ratio, and isotope δ13C of the ancient
Milan River channel, Northwest China are used as indicators, and their responses to paleoclimatic
changes since the Holocene were analyzed. The results show that the dominant grain size of the surface
sediments of the ancient Milan River channel is silt, and the soil particle size is smaller than that of
the floodplain, indicating that the hydrodynamics were weak in the late paleochannel. The surface
sediments of the paleochannel contain a wind created layer of sand, indicating that the sedimentary
environment was affected by a two-phase function of wind and water. The C/N ratio of the sediments
varies from 5 to 19.6 with an average value of 12.3. The δ13C values range from -27.383‰ to 21.58‰,
indicating that the organic matter in the sediment was dominated by river organic matter but mixed
with some terrestrial organic matter. The dates of the Optically Stimulated Luminescence (OSL)
and the variation in the measured values of each element in the vertical section indicate that since
5000 aBP, the paleoclimate in the study area has experienced six stages of evolution. In stage I,
5000-4500 aBP, the climate was mainly warm and dry. During this period, the climate environment
fluctuated frequently, and the cold and warm periods alternated. During stage II, 4500-3900 aBP, the
climate gradually decreased and then rebounded slightly. The overall climate was cold and humid,
and the water volume increased significantly during this period. During stage III, 3900-2800 aBP,
the climate experienced a large temperature increase and cooling, and a warm front appeared around
3000 aBP, indicating typical warm and dry climate characteristics during this period. In stage IV,
2800-1800 aBP, the temperature continued to decrease, and the climate became cold and humid, which
was conducive to the growth of crops. In stage V, the first half of the period from 1800 to 1000 aBP
was relatively warm and dry, and the temperature dropped briefly causing a cold period. In stage VI,
1000 aBP to present, the temperature experienced a small fluctuation, the climate became dry and
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cold, and the climate and environmental characteristics have entered a relatively warm and dry period.
This study helps us to understand the land degradation and desertification processes in arid area.
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Introduction
Particle size is a parameter that reflects the size of
sediment particles. It is the most important structural
feature of the particles in sediments. It is controlled
by various factors, such as the handling medium
and handling method, and is closely related to the
sedimentary environment and hydrodynamic conditions
[1-5].
The sediment C/N ratio and δ13C content are organic
geochemical indicators that are commonly used in
paleoclimatic research. They are good indicators of
paleoclimate and paleoecological information [6-8]. It
can reflect the primary productivity of the basin and
the preservation of organic matter in the sedimentary
environment [9-11]. It can also indicate the source of
ancient vegetation and the source of the organic matter
in the sediment [12-16]. The information it reflects
is rich, but there are also complexities and multiple
solutions in paleoclimatic interpretation [17-20].
The arid zone in northwestern China is located at
the intersection of the westerly and monsoon regions,
and it contains extensively developed inflow rivers and

inland lakes [21-24]. In addition, the climate in the arid
regions of northwestern China varies significantly with
geographical location. Numerous domestic and foreign
scholars have studied the ancient climate of Lop Nur
[25-28]. For example, using the calcium mirabilite
inclusions in the Lop Nur Salt Lake to study the Late
Pleistocene paleoclimate and using the lake sediments to
study the Quaternary environmental evolution [29-31].
However, due to the lack of paleoclimate reconstruction
in the Milan River Basin, in this paper, we study
the Milan River, which originates from the Altun
Mountains and is located in the hinterland of Eurasia.
It is a typical inland river. The ancient river channel
effectively recorded the environmental surrogate
indicators. We use high-precision measurements of
these indicators to quantitatively extract the climateenvironmental information, to reconstruct the sequence
of past environmental changes in the region, and to
enhance our understanding of the region’s historical
climate, which also reveals information about the
future climate. This prediction of environmental change
provides a theoretical basis for optimizing the living
environment of human beings.

Fig. 1. a) Location of the Milan River in northwestern China. Solid dots represent the study area. This map shows the geomorphological
features of China. b) Distribution and profile location of the ancient river channel of the Milan River. c) Schematic diagram of the natural
profile of the Milan River.
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Materials and Methods

Experimental Analysis

Study Area

The particle size measurement was performed at
the Central Laboratory of Xinjiang Institute of Ecology
and Geography, Chinese Academy of Sciences using
a Mastersiez2000 laser particle size analyzer from
MALVERN, UK. The measurement range of the
instrument is 0.01-1000 μm. The sample processing
steps are as follows: place about 0.8 g of sample in
the beaker, add 10 mL of 10% H2O2, heat the mixture
on the hot plate until the reaction is complete, add
10 mL of 10% HCl and 10 mL of water, let the mixture
stand for 12 h, wash the mixture with water; and
finally, add 10 mL of about 0.5 M sodium [NaPO3]6
as a dispersing agent. After the resulting mixture was
shaken, it was analyzed on the machine. After the
analysis was completed, the laser particle size analyzer
automatically reported the index of each fraction of
the sample, the median diameter, the average particle
diameter, and the frequency curve. The particle
size classification of the sediments is based on the
Udden-Wentworth scheme, which is widely used
internationally. The sediment particle size is divided into
8 grades, i.e., clay of less than 3.9 μm, 3.9-7.8 μm fine
sand, 7.8-15.6 μm fine silt;, medium silt 15.6-31.2 μm,
coarse silt 31.2-62.5 μm, very fine sand 62.5-125 μm,
fine sand 125-250 μm, and medium coarse sand of more
than 250 μm [36-38].
The elemental analysis was completed at the Central
Laboratory of the Xinjiang Institute of Ecology and
Geography, Chinese Academy of Sciences. The vacuum
freeze-dried samples were ground to a powder size
of about 80 mesh, packaged in a tin capsule, and sent
directly to an EA 3000 (Euro Vector, Italy) elemental
analyzer for total nitrogen (TN) measurement [39]. An
appropriate amount of lyophilized sample was placed
into a standard silver cup, 2 drops of 5% HCl were
added, the mixture was placed on a 60°C hot plate for
2 h, 1-2 drops of HCl were added, the hot plate was
adjusted to 40ºC, and the sample was heated until it
evaporated. After this, the tin capsule was packaged,
and it was analyzed using an EA 3000 (Euro Vector,
Italy) elemental analyzer to determine the organic
carbon [40, 41].
A certain amount of lyophilized ground sediment
sample was added to 10% dilute hydrochloric acid to
remove the carbonate in the sample, and then, the sample
was repeatedly washed with deionized water, air dried,
and ground to less than 80 mesh. A certain amount of
sample was weighed and packed in a tin capsule. After
burning the sample in a Flash 2000 organic elemental
analyzer, the gas was sent to a Thermo Scientific isotope
mass spectrometer to determine the δ13C [42-43]. The
analysis was conducted at the Central Laboratory of the
Xinjiang Institute of Ecology and Geography, Chinese
Academy of Sciences.

The Milan River Basin is located between
88°30′-89°44′ E and 38°10′-39°30′ N (Fig. 1). It is
bordered by the Altun Mountains to the south, the
Lop Nur in the Tarim Basin to the north, the Ruoqiang
River to the west, and the Kumutage Desert to the east.
It is located in a typical continental warm temperate
zone. The warm and humid airflow from India is
blocked by the Altun Mountains. It is difficult to enter
the region. The water vapors from the Atlantic Ocean
and the Pacific Ocean have to travel long distances
to reach this region. The oasis in Milan has been left
behind, and it is difficult to form precipitation due to
the desert drought.
The Milan River originates from Eyupup Aretage
Peak at an altitude of 6161 m in the eastern part of the
Altun Mountains. The mountainous area has snow all
year round. There are modern glaciers in the upper
reaches of the basin. The drainage area is 5791 km 2,
of which the catchment area of the mountain area
accounts for 71% of the total area of the basin. The
plain area accounts for 29% of the total area of the
basin. The history of the Milan River Basin was once
the jurisdiction of YiXun City in the Western Region of
China during the Western Han Dynasty [32].
The Milan River Basin can be divided into two
geomorphic units in the north and the south with the
northern part of the river as the boundary. The northern
section is the alluvial sloping plain, and the south is
the middle and high mountains. The mountainous
area lacks vegetation, and only low-lying shrubs such
as sparse willows grow on both sides of the river. The
upper part of the alluvial sloping plain is a thick gravel
pebble layer. The lower fine soil plain is composed of
sandy loamy soil. The surface is scattered with fixed
or semi-fixed red willow sandbags. Due to the supply
of river water, a small oasis has formed. The main
vegetation is Red Willow, Haloxylon.

Sample Collection
In October 2018, we investigated the natural section
of the ancient river channel in Milan, Ruoqiang County,
Xinjiang, ML (88°59`E, 39°13`N). The selected section
is located about 2 km south of the ancient city of Milan,
the riverbed is roughly 30 m in cross section, and the
section consists of six distinct soil layers. Four dating
samples and 54 indicator samples were collected.
We conducted an OSL (Optically Stimulated
Luminescence) dating analysis of four samples at the
Optically Stimulated Luminescence Time Laboratory at
Nanjing University. The depth-age sequence of the soil
layer was established [33-35].

5804

Wang H., et al.
Results

Profile of Depositional Characteristics
and Chronological Sequence Establishment
The ML section is located about 2 km northwest
of the ancient city of Milan. It is a natural section
of the northeastern part of the ancient Milan River
channel. The depth of the entire section is 280 cm, and
the sediments are mainly composed of clay, silt, and
sticky silt strips of different colors. The ML profile
can be divided into 6 natural sedimentary layers from
top to bottom according to the different depositional
characteristics, as shown in Fig. 2.
(1) Depth of 0-70 cm, grayish gravel layer.
(2) Depth of 70-110 cm, yellow-brown clay layer.
(3) Depth of 110-160 cm, grayish yellow fine sand and
thin silt.
(4) Depth of 160-200 cm, brown clay accompanied by an
alkaline soil layer.
(5) Depth of 200-210 cm, green muddy silty sand.
(6) Depth of 210-280 cm, taupe fine sand layer.
The establishment of the ML typical profile
chronological sequence was mainly conducted using the
OSL dating method. Four OSL years were determined
for the clay-sand paleosol with 96, 134, 157, and 235 cm
profiles. The age of the OSL is 2.64±0.26 to 4.89±0.47 ka,
which corresponds to the depth of the formation within
the error range, indicating that the selected section of
sediment was deposited since the Holocene.

Particle Size Analysis
(1) Particle size frequency distribution curve.
The particle size frequency distribution curve can

be used to describe the overall characteristics of the
sample and can more intuitively show the relative
content of each particle size within the sample and
its contribution to the total sample, and the origin of
the sample can be identified according to the curve
morphological characteristics [44-46]. There are three
main types of surface particle size frequency curves
for the paleochannel of the Milan River (Fig. 3):
Single kurtosis, double kurtosis, and multi-kurtosis.
The single-peak distribution curve shown in Fig. 3a)
has obvious aeolian sand characteristics. There are
7 samples, which are mainly evenly distributed in
the upper layer. The particle size frequency curves of
the 36 sediment samples from the middle of the section
show a bimodally distribution, and the upper and
lower layers of the section are also evenly distributed.
Fig. 3b) shows the bimodally distribution of the river
sediments, which can be further divided into two types,
one of which is shown in Fig. 3b). The first kurtosis
is not prominent enough, but the other is the first
kurtosis peak of the granularity frequency curve. It is
significantly different from the peak value of the second
kurtosis state, and there is a significant difference in the
value of the grain size between the two kurtosis states.
The particle size distribution curves of 30 samples out
of 36 samples are not as prominent as the first peak
kurtosis (Fig. 3b), but the peak distributions of the
samples are relatively concentrated at 0.1-1 μm, which
is the clay component. The peak values of the two peaks
varied greatly, mostly within the silt size range, with an
average percentage of 47% and an average clay content
of 5.67%. The sediment particle size frequency curves
of the remaining 9 samples exhibit multimodality,
and the maximum peak was located near 70 μm,
indicating that there was finer sand, and the average

Fig. 2. Sedimentary characteristics and age-depth relationship of the Milan River.
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Fig. 3. Types of particle size distribution curves of the surface sediments in the ancient Milan River channel. a) Single kurtosis type. b)
Double kurtosis type. c) Multi-kurtosis type.

percentage was about 42.23%. We eliminated two
clearly erroneous samples. Based on the characteristics
of the size distribution curves of 54 samples, 7 samples
are unimodal, indicating aeolian sand accumulation;
36 samples are bimodal, indicating river sediment; and
9 are multi-modal, indicating river sediment.
(2) Granularity parameters. For Φ = -log2d
(d indicates the particle size of the deposit in mm), after
the particle size measurement result is converted into the
equal ratio granulation level Φ, the average particle size
Mz is calculated according to the Flock-Ward formula,
and the sorting coefficient σ1 is obtained (kurtosis KG
and skewed SK1). Both the average particle size and the
median particle size can be used to reflect the average
particle size of the sediment, which is a reflection of
the average kinetic energy of the operating force [4749].In the surface sediments of the ancient Milan River
channel, the average particle size of the aeolian sand
is relatively large, ranging from 0.15 to 0.176 mm with
a mean value of 0.163 mm. The average grain size
of the river sediment varies significantly from 0.01 to
0.295 mm, but for most of the samples, the average
particle size is <0.05 mm, and the average particle
diameter is smaller than that of the aeolian sand
particles. Since the median diameter d50 is the particle
size when the frequency of the particle size frequency
accumulation curve is 50%, it exhibits the same
distribution characteristics as the average particle
diameter.
(3) Sediment C/N ratio. Vertical distribution
characteristics of the C/N ratio of the sediment.
The C/N ratio of the organic matter in the sediments
of the ancient Milan River is vertically distributed.

As can be seen in Fig. 4, the C/N ratio of the organic
matter the sediments is 5-20 but mainly falls within
the range of 5-15. (1) The vertical distribution curve
of the sediment C/N ratio fluctuates sharply. It is
stable only in the middle layer from 100 to 150 cm. It
reached the highest value of 19.6 at a depth of 200 cm
in 4500 aBP, and the lowest value at a depth of 80 cm
in 2500 aBP. The average value was 12. (2) The C/N
ratio was relatively low at 5000-4500 aBP, with strong
fluctuations, ranging from 5.6 to 16.2 and an average of
10.9. The ratio at 4500-3900 aBP was relatively high,
ranging from 8.9 to 19.6 with an average of 14.25.
The ratio at 3900-2800 aBP was relatively stable,
ranging from 7.3 to 11 with an average of 9.15.
At 2800-1800 aBP, the sediment C/N ratio initially
increased, then decreased, and finally dropped to
the lowest point at 1800 aBP with a value of 5.
At 1800-1000 aBP, the sediment C/N ratio increased
with an average value of 14.15. From 1000 aBP to
present, the sediment C/N ratio fluctuated sharply, and
the average value of the ratio was 12.55.
(4) Organic carbon δ13C analysis. Vertical distribution
characteristics of the sediment δ13C content. As can be
seen in Fig. 4, the vertical distribution curve of the δ13C
content of the sediments of the ancient Milan River is
relatively intense and is only stable from 50 to 100 cm.
The δ13C content of the sediment is relatively large at
5000-4500 aBP, the fluctuation range is -26.544‰ to
-23.912‰, and the average value is -25.228‰. In the
middle of the 4500–3900 aBP period, the fluctuation
is small, with a range of -27.128‰ to -25.034‰ and an
average of -26.081‰. The 3900-2800 aBP is relatively
large and fluctuates violently, ranging from -26.424‰
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Fig. 4. C/N curve and δ13C content of the Milan River section.

to -21.88‰ with an average of -24.006‰, exhibiting
a trend that gradually decreases and then decreases.
From 2800 to 1800 aBP, the δ13C content of the
sediment gradually decreased, with an average value of
-26.728‰. At 1800-1000 aBP, the sediment δ13C content
slightly increased, the average value was -26.754‰, and
the change was relatively small. The δ13C content at
1000 aBP fluctuated frequently, ranging from -27.383‰
to -25.24‰ with an average of 26.311‰.

Discussion
Sedimentary Environment of the Ancient Milan
River Channel
The particle size distribution of the sediment is
mainly controlled by factors such as the transport
medium, the handling mode, and the deposition
environment. Therefore, the sedimentary environment
in which the sediment was deposited can be understood
by studying the sediment particle size distribution [5053]. The surface sediments of the ancient Milan River
channel collected in this study are mainly composed of
6 types of sediment: fine slit, fine silt sand, medium silt
sand, coarse silt sand, very coarse silt sand, and very
fine sand. Most of the skewness is extremely positive
or positive, and the peak state is narrower, indicating
that the surface sediment particles are finer and the
fine particle components are concentrated. This is
consistent with the study of the particle size analysis
of the Holocene surface sediments in the middle and
lower reaches of the Tarim River, which found that
the main component is silt. The hydrodynamics in the
late riverbed of the ancient Milan River channel are
obviously weaker than those of the flood plain in the

flooding period of the river, and only the weak water
flow carrying the fine particles such as silt and clay
passed.
Each particle size parameter has a certain genetic
origin and sedimentary environment discrimination
significance [54-56]. The particle size measurements
of the samples collected from the ancient Milan River
channel distribution area show that there is aeolian sand
accumulation in the sample, but the sediment size is
mainly silt. The sub-class composition only shows the
differentiation of the aeolian sand and river sediments.
The first-class component of the aeolian sand is fine
sand, while the river sediment is clay. In the later
period, the river had a smaller water flow, and the finegrained sediments piled up and buried the sand layer.
Our result is consistent with previous studies. Zhao et
al. analyzed the historical change of carbon burial in
late quaternary sediments of the ancient Yellow River
delta on the west coast of Bohai Bay, northern China,
and indicated that climate may affect the dynamics of
carbon burial by regulating terrestrial inputs [57]. The
action process is shown in the late stage, and the river
sedimentary environment is affected by the combined
action of wind and water. This result would be helpful
to understand the variation of hydrological processes in
ancient river basin.

The Main Controlling Factors of the Change
in the C/N ratio of the Sediments and the
Significance of the Paleoclimatic Environment
The C/N ratio of the sediment is an effective
indicator of the source of organic matter [58, 59]. The
ratio of endogenous and exogenous organic matter
can be distinguished based on the difference in the
sediment’s organic matter and its C and N compositions

Responses of Sediment Properties to Paleoclimatic...
[60, 61]. It is generally believed that when C/N>10, the
sediment’s organic matter is mainly exogenous; when
C/N<10, the endogenous organic matter is dominant;
and when C/N≈10, the exogenous and endogenous
organic matter are basically in equilibrium. The C/N
ratio of the sediments in the ancient Milan River channel
indicates that the source of the organic matter is the
input of aquatic lake organisms and terrestrial sources,
of which the external input is slightly dominant.
At 5000-4500 aBP, the sediment C/N ratio was 10.9,
the organic matter was mainly from a land source, and
the river productivity was high. At 4500-3900 aBP, the
sediment C/N ratio is relatively large (14.25), and the
organic matter is mainly from a land source, indicating
that the river productivity is high during this period
and the water flow was sufficient, so that the terrestrial
organic matter near the river channel is an input.
Variation of water flow may also impact the sediment
characteristics. This result is also consistent with
previous research. Xu et al. analyzed the sedimentary
facies and depositional processes of the Diexi Ancient
Dammed Lake, Upper Minjiang River, China, and
indicated that the flood carried a large amount of
sediments into the lake, and the decelerating flow
generated successively alternating layers of gravels and
sand [62]. At 2800-3900 aBP, the sediment C/N ratio
was close to 10, and the change was stable, indicating
that the exogenous and endogenous organic matter
were basically in equilibrium during this period. The
C/N ratio of the sediments at 2800-1800 aBP increased
gradually and then decreased, and the variation range
was large, indicating that the river flow was unstable,
and there was an interruption in the current. From
1800-1000 aBP, the sediment C/N ratio had a small
amplitude. Due to these drastic fluctuations, river
productivity was unstable during this period, and the
sediment sources were more complicated.

Main Factors Controlling the δ13C Content Change
and Paleoclimatic Environmental Significance
The difference in the source of organic matter in the
sediment affects the δ13C value [63]. Usually, the carbon
isotope composition reflects the kinetics of the carbon
assimilation during photosynthesis of the different
organisms and the isotopic carbon composition of the
carbon source [64]. A large number of studies have
found that the typical δ13C value of aquatic organisms is
-19‰ to -22‰, and the δ13C value of typical terrestrial
plant organic matter is -26‰ to -28‰ [65].
Fig. 4 shows that the δ13C value of the sediments of
the ancient Milan River channel is between -21.588‰
and -27.55‰, which falls between the stable carbon
isotope ratios of aquatic organisms and terrestrial plant
organic matter, indicating that the organic matter in
the sediments in the study area is a mixture of river
sediment organic carbon and terrestrial organic carbon.
This is consistent with the conclusions obtained from
the C/N ratio.
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The difference in the stable carbon isotopes of
the terrestrial organic matter is due to the different
biochemical pathways used in plant photosynthesis.
Emerson and Hedges (1988) found that the δ13C value
of terrestrial C3 plant organic carbon is -26‰ to -28‰;
while for plants that use C4 (Hatch Slack) to synthesize
carbon, the average value of δ13C of the organic
carbon produced is -14‰. C3 plants mainly grow
in low temperature, humid environments, while C4
plants mainly grow in relatively dry, high temperature
environments [66].
Changes in sediment δ13C values can reflect changes
in terrestrial organic matter and river organic matter
input as well as changes in terrestrial vegetation types,
especially C3 and C4 relative biomass [67]. Although
there are many environmental factors that can affect
the relative yields of C3 and C4 plants, atmospheric
temperature and precipitation are thought to be the
main factors affecting the competition between C3 and
C4 plants [68].
In theory, when temperature increases and
precipitation decreases, C4 plants are more competitive,
so δ13C is positive; when temperature decreases and
precipitation increases, and the C3 plants increase and
the δ13C value is negative. Fig. 4 shows that the δ13C
value (-25.228‰) of the sediments in the ancient Milan
River channel is close to the stable carbon isotope value
of terrestrial plant organic matter at 5000-4500 aBP.
The climate in this area was mainly humid and warm
during this period, with more land-based vegetation and
vegetation surrounding the river.
At 4500-3900 aBP, the temperature began to
increase, C3 plants were more competitive, and the C3
plant organic matter input increased in the sediments.
From 3900 to 2800 aBP, the δ13C value of the sediment
gradually decreased in the vertical section, and the
variation range was large. The climate change was
large. The δ13C value of the sediment (-24.006‰) was
between that of aquatic organisms and that of terrestrial
organisms. This indicates that the sediment source
was more complicated at this time, which is basically
consistent with the conclusion obtained from the C/N
ratio.
At 2800-1800 aBP, the δ13C value decreased
significantly, reaching the lowest temperature value
around 1800 aBP, indicating that this period was cold,
and the main organic matter input was from C3 plants.
From 1800 to 1000 aBP, the δ13C value rebounded
slightly and the change was stable. From 1000 aBP
to present, the δ13C value of the sediments increased
significantly, indicating that the climate entered a new
heating period.

Conclusions
As can be seen from the analysis, the dominant
grain sizes of the surface sediments of the ancient
Milan River channel were fine silt sand, fine silt sand,
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medium silt sand, coarse silt sand, very coarse silt sand,
and very fine sand. The changes in the average particle
size Mz, the sorting coefficient σ1, the kurtosis KG, and
the skewed SK1 all indicate that the surface sediment
particles were fine and concentrated. The characteristics
of the particle size frequency distribution curve indicate
that there is a wind-blown sand accumulation layer
in the surface sediments of the ancient Milan River
channel. This indicates that in the late stage, the flow of
the ancient rivers was interrupted, and the sedimentary
environment was affected by the interaction of wind
and water.
The C/N ratio and δ13C of the sediments in the
ancient Milan River channel confirm changes in the
environment. Since 4500 aBP, the overall climate in
the study area has been relatively warm and dry, but
there have been several short wet and cold periods.
The climate can be roughly divided into six stages.
In stage I, 5000-4500 aBP, the climate was mainly
characterized by warm and dry weather. During
this period, the climate fluctuated frequently, and
the cold and warm periods alternated. In stage II,
4500-3900 aBP, the climate gradually decreased, and
then, it rebounded slightly. The overall climate was cold
and humid, and the water volume increased significantly
during this period. In stage III, 3900-2800 aBP, the
climate experienced a large temperature increase and
cooling.
The warm front appeared around 3000 aBP, and
the area was characterized by typical warm and dry
climate. In stage IV, 2800-1800 aBP, the temperature
continued to decrease, and the climate became cold.
Moisture is conducive to the growth of crops. In stage
V, 1800-1000 aBP, it was relatively cold and humid,
with a brief temperature increase in the middle.
In stage VI, 1000 aBP to present, the temperature
experienced a small fluctuation, the climate became
cold and dry, and the climate entered a relatively warm
and dry period.
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