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Abstract

Loess is the carrier for the Chinese nation’s survival, and we can accurately know its erosion
changes since the Holocene, the current period of geologic time, which is very important to predict
future trends. However, there is very limited quantitative research on Holocene climate change and
loess erosion intensity. This research takes the Holocene loess depositional sequence of Shaolingyuan
in Xi’an at southern loess plateau as the research object to analyze the magnetic susceptibility and
stratigraphic age structure of sedimentary sequences, and describe the climate change in different
periods. This method uses the sensitivity of pedogenes and fits the precipitation and temperature
equation to quantitatively reconstruct the paleoprecipitation and paleotemperature changes since the
Holocene, which determines the relationship between soil erosion intensity and precipitation in order to
estimate soil erosion intensity since the Holocene period. Results show that the climate change in Xi'an
is as follows: 10000~8400 a B.P. is the cold temperature transition stage; 8400~7000 a B.P. is
the warm-cold fluctuation stage; 7000~5000 a B.P. is the warm temperature stage; 5000~3400 a B.P.
is the warm-cold violent fluctuation stage; and 3400 a B.P. is the warm-semi-humid and semi-arid
stage. The Holocene soil erosion intensity changes with annual average precipitation. At 9700 a B.P.,
the annual average rainfall is 676.6mm, the Estimate of soil erosion intensity reaches its peak value
(1287.7 Mg-km-a™), and the soil erosion intensity will become more serious for some time in the future.
This research proposes a new method for estimating soil erosion intensity changes caused by climate
change, which not only infers the relationship between soil erosion intensity and climate change, but also
provides a theoretical basis for accurately processing the soil and water conservation works in the loess

area.
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Introduction

The Holocene, as the most recent interglacial period
and as a time with an abundance of highly resolved
paleoclimate archives, presents an opportunity to
understand the dynamics of the Earth system [1]. The
existence of loess has promoted the development of
Chinese farming, thus promoting the rise and prosperity
of ancient Chinese civilization [2-4]. Climate change
since the Holocene has led to the erosion of surface
layer loess in different degrees [5-6], which not only
affects the development of agriculture and industry in
the loess area, but also causes a series of environmental
geological problems [7-9] such as river bed uplift and
chemical pollution, etc. Soil erosion in the loess area
is generally the result of the interaction of natural
conditions and human activities, such as heavy rainfall,
vegetation coverage, and human over-cultivation and
grazing behavior [10-13]. China’s Loess Plateau is
located in the middle and lower reaches of the Yellow
River. Most of the plateau belongs to the semi-arid
continental monsoon climate, which is one of the areas
most affected by soil erosion and water and soil losses
in the world [7]. Besides, with the intensification of
human activities since the Holocene, the loess layer
in this area has been particularly seriously eroded and
destroyed. Therefore, the soil and water conservation
practices on the Loess Plateau should reduce total soil
erosion intensity (including the soil erosion intensity
caused by human activities and natural erosion) to near
or even lower than the soil erosion intensity caused by
nature. However, the soil erosion intensity caused by
natural conditions is not constant in different geological
periods [14]. Some scholars have shown that the natural
erosion intensity of the Holocene is mainly dominated
by climate change. To estimate the natural erosion
intensity of Holocene soil, the primary objective is to
understand the feedback mechanism of climate change
information [15-16].

There are many intact Holocene stratum in Xi’an at
the southern Guanzhong Basin, which contains abundant
information about the evolution of paleoclimate in
this site, and it is also a good carrier for paleoclimate
change research [17-18]. Many scholars have done
several studies on the evolution of Holocene loess to
paleoclimate and the environment in Xi’an, providing
a scientific basis for predicting the climate change
trend in this area. In addition, other researchers have
developed quantitative methods to estimate soil erosion
intensity since Quaternary on the whole Loess Plateau
[19]. The commonly used methods include estimating
soil erosion intensity based on ravine volume and
estimation in accordance with the sediments from
the Yellow River Delta, Bohai continental shelf and
river terrace [20-21]. Nevertheless, these methods are
practical and it’s difficult to provide links between
climate change and soil erosion. Studies have shown
that there is indeed a functional relationship between
both [22-24]. Although this functional relationship is

not unique, the relationship between sediment yield and
precipitation in different regions follows a similar rule,
which is known as the Langbein-Schumm curve [25].
These types of curves are mainly related to climatic
conditions and land use patterns. Without considering
the human activities, land use patterns are mainly
controlled by natural vegetation, which is expressed
as net primary productivity index (NPP, Mgha?a ™)
[26]. It is worth noting that the sediment delivery ratio
of the Loess Plateau is close to 1. Therefore, if the
annual average precipitation and NPP in the Loess
Plateau are known, the soil erosion intensity in different
geological periods can be estimated according to
the Langbein-Schumm curve.

Based on the mentioned analysis, this paper selects a
well-preserved Holocene loess sedimentary sequence in
southern Xi’an as the research object to: (1) Research the
climate change since Holocene in Xi’an; (2) Reconstruct
the paleotemperature and paleoprecipitation since
Holocene; and (3) Estimate the relationship between soil
erosion intensity and Holocene climate change.

Material and Methods
Study Area and Data

The research area is located in the southern
Loess Plateau, south of the Weihe River, and on the
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Fig. 1. Location of the Xi’an study sites in the southern Loess
Plateau of China.
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Shaolingyuan (SLY Chang’an District of southern
Xi’an suburb; Fig. 1). The plateau can be divided into
different parts according to grain size from northwest
to southeast: sandy loessial zone, silt loess zone and
viscoloess zone. The sequence of SLY loess deposition
should belong to the visco-plastic loess zone [27]. At
present, the vegetation is mainly drought-tolerant herbs
and temperate deciduous broad-leaved forests. The
average annual temperature is about 13.7°C and average
annual rainfall reaches 719.5 mm. Affected by the
alternation of winter and summer monsoon, it is cold
and rainless in winter, but warm and rainy in summer,
which is the typical temperate monsoon climate. The
tableland of the study area is tilted from southeast to
northwest, with slight fluctuation.

In the sampling process, in order to reduce the
effects of weathering, plant and animal residues and
human activities on the test results, the surface soil
was removed for 1-2 m first, and then 180 samples
were collected at an interval of 1 cm down from the
surface according to the age-depth relationship of the
loess depositional sequence in this area. Each sample
was collected as 500g loose soil in a sealed bag with
sampling depth of about 1.80 m. The lithology and
structure of the SLY profile are shown in Table 1.

Experiment Design

"“C dating: We collected the scattered earth samples
back to the lab, and selected three samples as the control
points after air drying at room temperature, then picked
out the gravels and visible roots and passed them through
a 2 mm sieve. Finally, we carried out the AMS”C dating
in the Xi’an Accelerated Mass Spectrometry Center of
the Institute of Earth Environment, Chinese Academy of
Sciences. Take out the CO, from the pretreated sample
through system combustion, and use Li [28] and other
descriptive methods to return the purified CO, to AMS
graphite target, so that it can get the age of SLY profile
control points.

Magnetic susceptibility measurement: Samples
were air dried at room temperature, then ground to
20g powder and placed in small plastic bags. After

accurately measuring the sample quality, we used a
Magnetic-susceptibility Model-942 susceptibility meter
to measure as to reduce the measurement error, and the
average value of each sample was taken three times. We
divided its quality to obtain the magnetic susceptibility
value of strata.

Data Analysis

Determining chronological sequence. Thickness and
susceptibility product of loess sedimentary sequence
are proportional to the deposition time. From previous
research [29], the absolute age of each stratum can be
accurately measured by combining the “C dating data
of control points on the SLY profile, and the formula of
magnetic susceptibility age is as follows:

Tm = 72) + (71 - ];))(Z aiZi)(z a,-Zi)fl
i=1 i=1 (1

...where T is the absolute age of required stratum; 7,
T, are the ages of control points; n is the total position
of the two control points; m is the total down position
of required stratum; a is the thickness of single stratum;
and y is the magnetic susceptibility value (10 "m*kg?)
of corresponding stratum. The final calculation result is
shown in Fig. 2.

Palaeoclimate  reconstruction. Loess magnetic
susceptibility is an adequate index for studying the
Quaternary climate change the Loess Plateau, providing
a quantitative basis for paleo-rainfall and paleo-
temperature changes. A large number of studies have
shown that magnetic susceptibility has a functional
relationship with precipitation and temperature, and
the related equations have been established [30]. The
following equations are based on abundant sampling
data from the Loess Plateau:

MAP =-22.706+11.554y —6.7166x107 3 +
1.8684x107" y° —1.9264x107 y*
(n = 63, R?= 0.675)

@

Table 1. Stratigraphic features and soil horizon designations of soil profiles on the study site.

Soil Stratigraphic . o
horizons Depth (m) subdivisions Pedological description
Al 00,15 Top soil (TS) Gray yellow, fine particles, uniform texture, loose structure, gap development, rich in

plant roots,tile contained that should be disturbed soil.

Holocene loess

Grayyellow, fine particles, strong viscosity, large gap development, containing plant

(LD

A2 0.15-0.50 (LO) roots and a small number of calcareous nodules.
Brownish red, the granules are finer and more viscous than upper layer,the clay
B 0.50~1.45 Paleosoil(S0) surface is smooth and in prismatic structure, root wormhole and white calcium mem-
brane develop.
Malan Loess Exposure 0.35 m (not see the bottom), color develops from gray yellow to light gray
C 1.45~1.80 brown, uniform texture, no bedding, loose structure, large gap development, calcium

contained, thick deposition layer;
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Fig. 2. Magnetic susceptibility age-depth model for SLY profile and Holocene climate change.

MAT =-2.3731+0.21567 y —1.1053x107° 3* +
2.7069x10™° * —2.6525x107° * 3)

(n =63, R2=0.718)

...where MAP is average annual rainfall (mm); MAT is
mean annual temperature (°C); and the dimension of y is
10 3m kg

Correlation equation between rainfall erosion and
precipitation. According to a large amount of research
data, the relationship between rainfall erosivity (Re,
MJ-cm-ha'-a™), NPP and MAP of the Loess Plateau can
be described following two equations:
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Fig. 3. Pedo-stratigraphic correlations of the studied loess-
paleosol sequences (LJC, LiuJiacun profile).

0.0036
R, =18308" 153 R2= 0.591) @)
1/ NPP=10" MAP>®*" (n =283, R?=0.801) (5)

As discussed previously, the soil erosion intensity
is mainly determined by MAP and NPP, and there is
a nonlinear relationship between Re and precipitation.
Here, soil erosion intensity (/,, Mg-km 2-a ") is defined
as annual erosion per square kilometer. According to the
data of 64 county-level administrative regions published
by the Loess Plateau before 1980, it was found that
I, is related to MAP. Since the state’s soil and water
conservation policy on the Loess Plateau has not been
fully implemented [31], it can be considered that the
natural erosion intensity of the soil should be dominant
at this time.

Results and Discussion

Determining Stratigraphic Age
and Sedimentation Rate

Fig, 3 shows that the deposition rate of loess and
paleosoil on the SLY profile is related to the sedimentary
geological environment. Since the Holocene, the
sedimentation rate of loess is higher than that of
paleosoil, and the average sedimentation rate can
reach 21.8*10° cm-a . However, the sedimentation rate
of paleosoil is only 13.7*%10° cma . Here we found a
substantial difference between their sedimentation rates
[32].

According to the gained results and the data of
previous researchers, the age of each layer boundary
point of the SLY Holocene is determined: the test age
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of the late Pleistocene Ma Lan loess and Holocene
paleosoil boundary is 9800+35, which is temporarily
set as 10000a; for the boundary between the Holocene
palacosoil and the Holocene Loess bottom, the test
data is 3120+35a, which is temporarily set as 3400 a;
for the boundary age of late Holocene and plough
horizon, the test data is 1580+25a, which is temporarily
set as1500 a. The rest of the area is derived from
previous data.

Holocene Climate Change

Fig. 2 shows the magnetic susceptibility curve
of the SLY profile since the Holocene. Magnetic
susceptibility has been proven to be a reliable
paleoclimate alternative indicator, indicating
the concentration of moderately and ultrafine
ferromagnetic particles in loess pedogenesis [33-34].
As the pedogenesis is affected by deposition climate, y
records the pedogenesis variable intensity caused by
climate. It is not difficult to find that the lowest value
of SLY profile y (10.53x10'm*kg™") appeared in Malan
loess before 10000a, which gradually increased from
10000 to 3400 a B.P. Its peak value (25.06x10 'm*kg™")
appears in the upper paleosoil. Therefore, y has declined
in Holocene loess and plough layer. The trend of y
change shows that 10000 a B.P. loess pedogenesis
and precipitation and temperature in the same period
are at relatively low level, which also reflects the
characteristics of the dominant winter climate change
from cold and dry to warm, hot and damp in the
Holocene. The characteristics of magnetic susceptibility
of paleosoil from 10000~3400 @ B.P. reflect the
characteristics of strong summer monsoon dominant
soil pedogenesis, high magnetic susceptibility and warm
climate in Holocene.

Paleoprecipitation and Paleotemperature
Reconstruction

Equations (2) and (3) are used to estimate the
annual rainfall and temperature changes in Xi’an since
the Holocene. Fig. 4 shows that the lowest rainfall
(643 mm) and the lowest temperature (10.91°C) all
occur in 10000 @ B.P., and then gradually increase to
3400 a B.P. and reach peak values (841 mm, 14.42°C).
However, with the invasion of the ice age, the two have
gradually declined. The estimated value of SLY profile:
rainfall is 764.57 mm, and the temperature is 13.57°C,
which is very close to the annual average precipitation
(715 mm) and annual average temperature (13.3°C) in
Xi’an at present, which confirms the rationality of this
method.

Soil Natural Erosion Intensity

Some scholars obtained the equation between /e and
MAP by fitting the annual average precipitation and soil
erosion data of county-level administrative regions in
the Loess Plateau in the 1980s [31].

1,=1/(3.594x107° —1.524x107° MAP +
1.637x10° MAP?) (n= 64, R?=0.639)
©)

From the above equations we can see that 63%
of the change of soil erosion intensity is caused by
precipitation, and the results of the equation’s F test
show statistical significance under 99% confidence
level.

In the early depositional stage of the Loess
Plateau, the terrain is relatively flat and continuous,
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Fig. 4. Variation of calculated (1) mean annual paleoprecipitation (MAP), (2) mean annual paleotemperature (MAT), (3) rainfall erosivity
(Re), (4) net primary productivity (NPP), and (5) soil erosion intensity (/e) during the Holocene in SLY profiles.
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and the whole area is almost completely covered by
thick loess. As discussed earlier, the grain size of loess
deposits under the influence of monsoon gradually
coarsen from southeast to northwest, which makes it
possible to evaluate the intensity of soil erosion in the
past by spatial sequence method. Based on the above
description, the mathematical model is established to
estimate /e.

Results of Re, NPP and le in the Holocene
loess strata in Xi’an calculated by equations (4), (5)
and (6) are shown in Fig. 6. When precipitation
increases from 680 to 720 mm, Re also increases
from 220 to 233 MlJ-cmmha'-a!, but NPP value is at
a lower level (22 Mgha2-a™). At about 5000 a B.P.
precipitation rises to 82lmm, Re increases by 50%
to 351 MJ-cmrha'-a’, and NPP also rapidly grows
from 77.2% to 39 Mg-ha-a'. Surprisingly, /, declines
from 11989 to 472 Mgkm *a -, and the minimum
appears in the paleosoil. Soil erosion intensity remains
relatively low in the paleosoil layer, and decreases
with the increase of precipitation. In the past 3400a, due
to the colder and drier climate, the sedimentary strata
are affected and the soil erosion intensity increased,
which is / increased from 4329 to 6289 Mg-km *-a ™.

Paleoclimate Evolution

Fig. 5 shows the rising trend of MAP and MAT
in Xi’an since the Holocene. In fact, the restoration
of dry-cold climate is found throughout the Loess
Plateau during the late Pleistocene and early Holocene
[35-36]. The warm and humid climate of the Holocene
ranges from 8500 to 3400 a B.P. (Fig. 2). According
to the data observed by paleontological, sporopollen,
palaecontological ~ and  archaeological  indicators
[37], China’s East Asian continent is indeed in
the Holocene warm period between 8500 and 3000 a
B.P. These records are generally consistent with this
research.

The magnetic susceptibility curves of SLY profile
are compared with the sporopollen data curves of the
Loess Plateau, eastern Hebei Province and the western
Changbai Mountains [38-39]. The results show that
the susceptibility curves of SLY profile have good
contrast and similar morphology. This also provides
more powerful evidence for more accurate analysis of
the paleoclimate environment changes in Xi’an since
the Holocene. Based on the variation rule of magnetic
susceptibility curve in Xi’an, the Holocene climate is
divided into:

1. The temperature of 10000~8400 a B.P. enters the
relative humid and hot period from dry and cold.

According to the sporopollen analysis, the pollen of
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Mesozoic herbaceous plants in Xi’an was dominant
at this stage, reaching 99.5%. At that time, the
vegetation type was meadow grassland, which should
be a semi-arid climate in the middle temperate zone.
Compared with the glacial climate represented by the
Malan Loess, the climate had turned warm and the
rainfall increased.

2. 8400~3400 a B.P. Holocene Megathermal. The
period lasted for 5000 a, which had many climate
changes and cold events. Therefore, this stage took
7000 and 5000 a B.P. as nodes, and it was divided
into 3 climatic stages. (i) 8400~7000 a B.P., in the
early stage of the curve, the temperature is higher
and the climate is warm and humid, but in the later
stage, the temperature fluctuation is more serious.
There are two sudden drops in 7800 and 7300 a
B.P., which coincide with two temperature drops in
the “Dunde ice core” [38] around 7800 and 7300 a
B.P. It can be considered as a cooling event under the
background of the Holocene Megathermal period (i7)
7000~5000 a B.P. and the overall performance rose
slightly. The data of sporopollen spectrum shows that
there were coniferous broad-leaved mixed forests
or forest grasslands containing hemlock in Xi’an at
that time. The extensive growth of hemlock proved
that it had reached the stage of high temperature and
relative humidity. (ii7) 5000~3400 a B.P., although the
magnetic susceptibility value was high at this time,
overall more obvious fluctuations have appeared
until the periodic trough appeared about 4000 a B.P.,
which should be a cooling period. At this time, the
Holocene Megathermal period basically ended.

3. 3400 a B.P. until now, after a small decrease, the
magnetic susceptibility curve tends to be stable and
the overall is at a higher level, indicating that the
climate is unstable at this time, and the overall is
not too bad. The climate is higher and the rainfall
is more abundant compared with the Ma Lan loess
deposit before the Holocene, according to previous
sporopollen spectrum data, and the vegetation type
should be sparse forest grassland and the climate
type should be warm and semi-humid and semi-arid.
The above results are similar to the results at the

central region of the Loess Plateau, but there are slight

differences in time nodes. For example, during the

Holocene Megathermal Period, the central part of the

Loess Plateau was identified as between 8500~3000

a B.P., which wasl00a earlier started and 400a later

ended of the 8400~3400 a B.P. obtained in this paper.

Therefore, in order to describe the Holocene climate

change characteristics of the Loess Plateau, we should

pay attention to the influence of temporal and spatial
changes.

Holocene Soil Erosion
Fig. 5 shows that soil erosion intensity

peaked around 9700 @ B.P. in the early Holocene
(1287 Mg'km 2-a ). This value does not appear in

Table 2. Datum of age measuring of AMS14C of loess section
during the Holocene in SLY of Xi’an.

Sample Depth/m Soil type AB/E;C/a
SL001 0.15 Holocene loess 1580+25
SL002 0.5 Paleosol 3120+£35
SL003 1.45 Malan loess 9800435

the warmest, humid climate, nor in the coldest, dry
conditions. Deng and Yuan [40] believe that the
severe stage of soil erosion intensity on the Loess
Plateau should occur in the wet and warm stage when
the precipitation is large. However, Du and Zhao [41]
insist that both cold and dry climates cause soil erosion.
Although the precipitation is small, low vegetation
coverage can cause large-scale soil erosion. Some
scholars believe that soil erosion is more intense during
the transition from dry-cold to warm-wet than during
the extreme climate of humid-hot or dry-cold, which is
consistent with our research results.

In fact, the peak of soil erosion intensity, as expected,
is caused by high-frequency rainstorms, loose loess
and low vegetation coverage. At present, the analysis
of these three main factors is mostly in the qualitative
stage, such as describing climate conditions (such as
damp, moist, warm, cool, cold and dry) and soil erosion
(such as severe and fragile). The relationship between
these factors is speculative. According to the Langbein-
Schumm curve, the Loess Plateau was in the arid region
during the glacial period, and the surface was almost
bare. The sparse desert shrubs have very weak protective
effect on the surface material. However, because of the
little rainfall, the erosion intensity of water flow is very
low, and wind erosion is the main factor in such areas
[42]. In the watershed from arid to semi-arid areas,
the increase of effective rainfall first leads to the rapid
increase of erosivity (mainly concentrated rainstorm),
while the vegetation in the watershed is not flourishing
herbaceous plants, and the increase of anti-erosivity
is not enough to counterbalance with erosivity [22].
Therefore, with the increase of rainfall in a semi-arid
area, the erosion intensity will also increase rapidly.

Therefore, it is difficult to accurately estimate the
influence of rainfall, vegetation coverage type and loose
loess on soil erosion. Although the proposed method for
calculating soil erosion intensity caused by Holocene
climate change cannot fully reflect human activities, the
trend of soil erosion caused by climate change has been
reflected. From results, we can know that soil erosion
will become for some time in the future. The intensity
of human-induced soil erosion may be overestimated in
this study, but it is still a good method for the change of
long-term natural erosion.

It is worth noting that the Holocene climate
anomalies may also lead to changes in soil erosion
intensity on the Loess Plateau. The limitation of
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the method proposed in this paper is that it
is difficult to find a complete Holocene sedimentary
profile without considering the interference, especially
in Xi’an.

Conclusions

(1) The SLY profile of Xi’an in the southern Loess Plateau
was investigated. Results show that the Holocene
climate change in this area can be divided into the
following stages: 10000~8400 a B.P. is the cold-
temperature transition stage; 8400~7000 a B.P. is the
warm-cold fluctuation stage; 7000~5000 a B.P. is the
warm-cold fluctuation stage; 5000~3400 a B.P. is the
warm-cold violent fluctuation stage; and 3400 a B.P.
until now is the warm-semi-humid and semi-arid
stage. Accordingly, the climate fluctuation in Xi’an
is consistent, periodic, unstable and tendentious with
the climate change in Northwest China and even in
the whole world.

(2) According to climatic information reflected by the
Holocene magnetic susceptibility characteristic
curve, we estimated the paleoprecipitation and
paleotemperature. It was found that the Holocene
paleoprecipitation in Xi'an is consistent with the
paleotemperature change trend, and maintains
a higher level during the Holocene warm period
(8400~3400 a B.P.), which is relatively stable from
3400 a B.P. to now. On this basis, soil erosion
intensity, net primary productivity and rainfall
erosivity are estimated to explain the change of
soil erosion intensity. Our mathematical model shows
that the soil erosion intensity in Xi’an increases
gradually from 975.6 Mg ‘km *a™'at 10000 a B.P. to
1287.1 Mgkm 2-a™'at 9700 a B.P. Then it drops to
1198.9 Mg-km2-a! before 5000 a B.P., and decreases
to 4329.1 Mgkm *a! around 3400 a B.P, which
finally fluctuates and rises to 6289 Mg-km2-a'. From
the resulting information we can see that the soil
erosion will become more serious in the future.

This research provides a new method for quantitative
estimation for the change of soil erosion intensity
caused by climate change in Xi’an since the Holocene.
This method not only can estimate soil erosion intensity
changes with variation of climate, but also provides
a basis for controlling soil and water conservation
work.
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