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The Luan River is the most important water system in north-eastern Hebei Province, China and is located
in the transitional zone of the Eastern Yan Mountains, North China Plain and Songliao Plain. The well-
developed river terraces of its tributary, the Yixun River, provide excellent information for studying
neotectonics and climate change. There are seven terraces in the lower reaches of the Yixun River,
numbered T7-T1. The optically stimulated luminescence dating results of 23 samples show that terraces
T7-T2 formed at 111.36+5.83 ka, 78.20+4.45 ka, 65.29+4.15 ka, 56.44+3.07 ka, 40.08+2.66 ka, and
13.14+0.76 ka, respectively. A comparison with the oxygen isotope curves of deep-sea sediments reveals
that the sediment formation of each terrace corresponded to cold periods of marine isotope stages MIS 4
and MIS 2 and the relatively cold periods of MIS Se, MIS 3, and MIS 1. Since the Late Pleistocene, the
incision rate of the Yixun River has ranged from 0.371-1.740 mm/a. During the formation of T7-T6,
T5-T4, T4-T3, and T3-T2, the incision rate was low. However, in the two stages during which T6-T5
and T2-T1 formed (13.14+0.76 ka to 0.58+0.08 ka and 10.79+0.64 ka to 0.16+0.01 ka), these rates
reached 1.554 mm/a and 1.592-1.740 mm/a, respectively. At approximately 30 ka, the activity of the
Langying Fault increased, leading to footwall uplift. The river gathered in the north of Langying to form
the ancient Erdaowan Lake, which resulted in the drying of the river in the lower reaches of the Yixun
River during the last glacial maximum without forming river deposits. In the Early Holocene, headward
erosion in the lower reaches of the Yixun River was enhanced, which resulted in the disappearance of the
lake, and incised meandering formed due to increased neotectonism. Based on the analyses of river
incision and the formation of ancient lakes and incised meandering, it was inferred that there have been
three periods of strong tectonism in the river basin since the Late Pleistocene.

©2023 China Geology Editorial Office.

1. Introduction

tectonic movement and climate change and are considered
valuable records of neotectonism and climate change (Jia LY

River terraces are an important part of fluvial landforms,
which have long been attracting researchers (Chang QF et al.,
2017; Singh AK et al., 2017; Olszak J and Alexanderson H,
2020; Viveen W et al., 2020; Wesnousky SG and Owen LA,
2020; Zhang JY et al., 2021). They exhibit clear responses to
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et al., 2016; Zheng GS et al., 2017; Wang JL et al., 2018; Wu
HH et al., 2019; Tao YL et al., 2020). It is generally believed
that the formation and development of river terraces is a
mutual result of climate change and tectonic uplift, with major
controlling factors varying among study areas (Kothyari GC
et al., 2016; Bender AM et al., 2020). The study of river
terraces can provide important information about the changes
in paleoclimate and tectonic activity (Zhang JF et al., 2010;
Stokes M et al., 2012; Wang YG et al., 2021), and plays a
vital role in reconstructing the evolution of fluvial landforms.
The Luan River on the north-eastern North China Plain
originates in Fengning County, Hebei Province, and flows
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into Bohai Bay from Laoting County; the total length of the
trunk stream is approximately 900 km (Wang WG et al.,
2017; Chen X et al., 2018; Li M et al., 2019; Niu ZX et al.,
2019; Lu CS et al., 2020; Yan XL et al., 2020; Sun HY et al.,
2020; Yang HF et al., 2021; Chen H et al., 2022; Li M et al.,
2022; Xing B et al., 2022). The middle reaches of the Luan
River, which pass through Chengde in Hebei, are located in
the transitional zone at the triple-junction of the Yan
Mountains, the North China Plain and the Songliao Plain. The
response of fluvial geomorphology in the basin to the changes
in climate and tectonic activity is more sensitive than that in
plain areas (Jiang Y et al., 2015; Liu M et al., 2016; Ren WN
et al., 2016; Sun YL et al., 2019; Tian YL et al., 2019; Yang
WT et al., 2019; Wei XF et al., 2020). In the past, research on
paleoclimate in the Luan River Basin mainly focused on the
upper reaches, but quantitative evidence was insufficient, and
research on neotectonics was rare (Liu YH et al., 2014; Yang
XL etal.,, 2017; Liu LJ et al., 2018; Qi HH et al., 2018; Huang
SK et al., 2020). Through the evaluation of crustal stability, it
has been suggested that the crust has been stable, and there
have been few active faults since the Late Pleistocene in the
middle reaches of the North China Plain and Songliao Plain
(Qiang ZJ and Zhang LR, 1983; Liu K and Wang JM, 2005;
Liu JW et al., 2014). Therefore, since the Late Pleistocene, the
development of river terraces in the middle reaches
(geomorphic transition zone) should have only been affected
by climate changes and not by neotectonism? Therefore, the
study may provide important geomorphic evidence for
evaluating regional crustal stability, a reference basis for the
construction and evaluation of an ecological civilization in
Chengde, as well as evidence for the reconstruction of the
Quaternary paleoclimate in the transitional zone.

Through a field investigation, the authors found that the
lower reaches of the Yixun River, a primary tributary of the
middle reaches of the Luan River, developed river terraces
with relatively complete sequences, and three sections
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developed incised meandering after terrace 2 (T2) due to the
progress of neotectonic movement. Based on a detailed field
investigation and measurements of the transverse section of
the river valley, the sequence of the river terraces in the Yixun
River was determined, the chronosequence was established
using optically stimulated luminescence (OSL) dating, and the
coupling between the formation of the terraces and climate
change was explored. The features and mechanisms of
tectonic movement in the lower reaches of the Yixun River
since the Late Pleistocene were also studied by calculating the
rates of river incision, studying the incised meandering and
analysing the potential reasons why no terraces were formed
during the last glacial maximum (LGM). The present results
provide new insights into the formation and evolution of
fluvial landforms in the middle reaches of the Luan River and
their relationships to climate and neotectonism.

2. Regional setting

The city of Chengde in Hebei is located at the junction of
the Yan Mountains, the North China Plain, and the Songliao
Plain (Wang RF et al., 2017; Wei XF et al., 2020; Tian YC et
al., 2022; Yin ZQ et al., 2022). The northern part of the Luan
River Basin has a temperate continental climate, whereas the
southern part has a temperate monsoon climate, with a mean
annual temperature of 7.6°C and a mean annual precipitation
of 520 mm (Geng XJ et al., 2020; Miao YJJ et al., 2020). The
Yixun River originates from Hariha Township, in Weichang
County (Hebei), with a drainage area of 6689.3 km? and a
total length of 214 km, and it meets the Luan River in the
town of Luan (Wu LY etal., 2020; Sun HY et al., 2021; Fig. 1).

The study area is located in the Shuangluan District of
Chengde, which primarily comprises Mesoproterozoic,
Mesozoic, and Cenozoic strata. Jurassic strata are the most
widely distributed and account for 65.3% of the total area.
Alluvial, pluvial, and lacustrine sediments are distributed in
the valley of the study area; pluvial sediments are primarily
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Fig. 1. Regional map of the Luan River Basin and its primary tributary, the Yixun River.
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distributed in the valley of the lower reaches of the Yixun
River, and lacustrine sediments are primarily distributed in the
area of the ancient Erdaowan Lake in the north of Langying
(Yin ZQ et al., 2020; Fig. 2). The faults are roughly NE-SW-
trending in the lower reaches of the Yixun River.

3. Materials and methods
3.1. Classifying the sequence of fluvial terraces

An indoor study is helpful to improve the efficiency of
fieldwork (Blaschke T et al., 2014; Wang ZH et al., 2018;
Guo C et al., 2021). Based on satellite remote sensing, a
digital elevation model and 1:50000-scale geological map
issued by the State Geological Survey of China were
combined with a detailed field investigation. This method
allowed us to locate some useful river terrace profiles in the
lower reaches of the Yixun River, and three representative
profiles were observed, measured, and sampled. Moreover,
the overall uplift of the region caused by neotectonic
movement leads to the decline in the erosion base level, the
further downcutting of rivers, and the formation of multi-level
terraces, which are high-quality features for the study of
neotectonic movement. Therefore, identification of river
terraces in each section of the lower reaches of the Yixun
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River, analysis of characteristics of river facies sediments, and
comparative study of the height above the river were carried
out to explore the sequence of river terraces in the study area.
During the field survey, the points of each profile and the
height above the river of each terrace were accurately
recorded, so as to draw a river terrace phase map of the lower
reaches of the Yixun River.

3.2. Geomorphic dating (OSL dating)

River terrace sequences and chronosequences form the
basis for studying the changes in paleoclimate and
neotectonism of fluvial landforms (Burbank DW, 2002;
Vandenberghe J et al., 2010; Junior APM et al., 2011; Guo YJ
et al., 2012). Optically stimulated luminescence dating has
been widely used in studying Late Pleistocene sediments (Gu
JN et al., 2016; An FY et al., 2018; Cao GJ et al., 2019; Zhao
XT etal., 2020; Viveen W et al., 2021). At the same time, the
Loess overlying the river terrace in the study area is a high-
quality dating material, which can provide a good
chronological constraint for the formation of river terraces.
Based on the degree of weathering of fluvial sediments in the
study area, the authors preliminarily determined that the
highest river terrace in the area formed during the early Late
Pleistocene. Owing to its high dating range accuracy and
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Fig. 2. Map of river terrace sections, faults, and ancient lakes in the lower reaches of the Yixun River. (a) shows the regional geology of the
lower reaches of the Yixun River. (b) and (c) are the photos of paleo-lacustrine sediments in Erdaowan and are marked in the figure. Xiatai sec-

tion (P1), Langying section (P2), and Sunjiaying section (P3).
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consistency in previous estimates of the formation age of the
terraces in the Yixun River (Zeng FM et al., 2017; He ZT et
al., 2018; Wang XL et al., 2021; Wang XZ et al., 2021), OSL
dating was selected as the research method.

3.2.1. Sampling

In this study, 23 OSL samples were collected, including
nine samples from the Xiatai section (P1), eight samples from
the Langying section (P2), and six samples from the
Sunjiaying section (P3). All steel pipes with a length of 20
cm, an inner diameter of 6 cm, and one end filled with opaque
material were selected for profile sampling. The
contamination of samples was avoided during sampling, and a
storage environment without light and where the moisture
content of the sample will not change were ensured.

3.2.2. Testing

Samples were sent to the Laboratory of Earthquake
Dynamics, China Earthquake Administration, for OSL testing
in November 2019. After the standard pre-treatment process,
the test pieces were made with silicone oil (Li ZJ et al., 2020;
Nian XM et al., 2021), and subsequent analyses were carried
out on automatic Risg DA-20-TL/OSL instruments (DTU
Nutech, Denmark). Combined with the particle size
characteristics of the OSL samples, the equivalent dose was
measured using a single aliquot regeneration dating protocol
(Murray AS and Wintle AG, 2000, 2003). An inductively
couple plasma-mass spectrometer (NexION 300D,
PerkinElmer, Inc., USA) and graphite furnace atomic
absorption analyser (Z-2000, Hitachi, Ltd., Japan) were used
to measure the contents of U, Th, and K, as well as the
environmental dose rate via superposition and conversion of
various methods (Das A et al., 2020).

3.3. Sedimentology of terrace sediments (gravel analysis)

Gravel statistics and analysis are an important part of the
study of river terrace sediments. Because the characteristics of
gravels of different origins differ, gravel statistics and analysis
can well explore their genesis. Gravel statistics and analyses
were used to determine gravel lithology, tendency, particle
size, degree of weathering, and other factors to study their
origin and verify the field identification of river terraces.
(Miller KL et al., 2014; Jia LY et al., 2016; Li WD et al.,
2020). More gravel was exposed in T2 in the Sunjiaying
section, and therefore, gravel statistics were carried out in this
area. The difference in elevation between the two sampled
areas in this section was 6 m, and the statistical area of each
part was 3 m®> (A and B in the green frame in Fig. 7). There
were 70 gravel samples in the first area and 35 in the second,
and the statistical factors included triaxial lengths, occurrence,
lithology, roundness, and weathering degree of gravel.

4. Results

4.1. Section profiles of the lower reaches of Yixun River
terraces

Most of the river terraces are distributed along the river.

Some terraces that extend far away can be found easily. Most
of them are fluvial facies sediments, especially gravels with
high roundness and fluvial facies sands and silts with parallel
bedding. These are tectonic denudation terraces, or fault block
terraces composed of faults, or landslide terraces composed of
bedrock landslides, which are similar to river terraces, but
they are not formed by fluvial processes. That is to say the
pseudoterrace formed by non-fluvial processes does not have
the above characteristics.

The terrace sediments at all levels in the three sections
were primarily clayey silt, silt, and medium fine sand, with
highly rounded gravel, which primarily comprised volcanic
breccia, diabase, granite, and vein quartz. Enhanced
neotectonism resulted in the formation of incised meandering
in the three sections after T2. In the field, large height
differences were found between T2 and TI in all three
sections.

According to the dating and elevation data of the terraces,
up to seven terraces were identified in the lower reaches of the
Yixun River. The Xiatai section (P1) includes four terraces;
the Langying section (P2) includes six terraces, with T3 being
eroded only; and the Sunjiaying section (P3) includes all
seven terraces, although TS, T4, and T3 are buried. A strong
correlation was observed among the three profiles with
respect to their location, fluvial sediments.

4.1.1. Xiatai section (P1)

The Xiatai section (P1) is located south of the village of
Xiatai, and the elevation of the river surface was 373 m. The
authors identified four terraces in this section, among which
T4 was the strath terrace, and the rest were fill terraces. Loess
mostly covered the upper parts of T4 and T3. The upper part
of T4 is interbedded with sand, gravel, and a small amount of
silt, and the lower part is mostly grey-brown silty clay until
the bedrock appears where the lithology is gneissic granite
with a high degree of weathering. Silty clay is the main
sediment of T3 and T2; the gravels on T3 and T2 were well
sorted, highly rounded, and exhibited a complex lithology. A
well-exposed section (Fig. 3) can be seen in T2, which is
generally grey-yellow. Due to the large incision depth, the
original sediments on T1 have been covered by proluvial
sediments, and some angular and poorly sorted gravel were
observed. The original gravel was excavated as local residents
drilled wells. There are many crops, economic forests, and a
few shrubs on T1 and the floodplain is grey-yellow silt, the
vegetation roots are relatively developed, and the lower part
has a gravel layer with complex gravel.

4.1.2. Langying section (P2)

The Langying section (P2) is located in the southeast of
the village of Langying, and the height of the river surface is
406 m. Based on the altitude and dating results, it can be
inferred that T3 has been eroded from this section.
Meanwhile, T6-T2 serve as the strath terraces, and T1 is a fill
terrace; bedrock is exposed along the back edge of T2. The
top of T6 is red paleosol, the lower part is silty clay and silt,
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Fig. 3. Comprehensive profile of river terraces in the Xiatai section (P1), lower reaches of Yixun River.

and the bottom has a gravel layer. The fluvial sediments of T5
are silty clay, with a gravel layer and an interbedding of silty
clay and sand gravel from top to bottom. The fluvial
sediments of T4 and T2 are composed of silty clay, silt, and
gravel. Loess was deposited at the tops of T6-T2 (Fig. 4),
gravel was distributed on all levels, and abundant, well-
rounded gravel could be observed on T6, T5, and T4; the
main lithology is diabase, gneiss, granite, and quartz
sandstone. Some poorly sorted and more angular gravel was
found on T1, where many crops are planted. Based on the
OSL dating of the P2-OSL-08 sample and the sedimentary
characteristics (i.e., no gravel, mostly aeolian loess), it is
inferred that there is a loess base below T6.

4.1.3. Sunjiaying section (P3)

The Sunjiaying section (P3) is located on the western side
of the village of Sunjiaying, and the river surface is 399 m
above sea level. Seven terraces were identified in this section,
among which T7-T3 serve as the strath terraces, T2 and T1
are the fill terraces, and T5-T3 have been buried by the
overlying loess (Fig. 5). Bedrock is exposed from T7-T3, and
the degree of weathering on T7 is stronger than that on lower
terraces despite the lithology being mostly gneissic granite.
The lower part of the T7 taupe soil is constituted of a red
paleosol and gravel layer. T6 is still dominated by a paleosol,
silty clay, and gravel layer. T6 is still dominated by a
paleosol, silty clay, silt, and gravel layer. There is a sand pit in

T2. The south section has loess at the top, and the lower part
is a red-brown paleosol composed of silty clay. The lower part
of the paleosol has a gravel layer, and the lowest part has a
layer of coarse sand and sand interbedded with grey to grey-
yellow parallel bedding. The south section of the sand pit is
integrated with the north, so the sediment characteristics are
approximately the same.Fluvial gravels can be observed on
T7, T6, and T2. Fluvial gravels on T7 are generally well
sorted and well-rounded, and those on T6 are mostly
concentrated at a depth of 3—5 cm. Many crops are planted on
T5, T4, T3, and T1. Similar to the Xiatai and Langying
sections, angular and poorly sorted gravels were also observed
in Sunjiaying (T1). The authors speculate that the original T1
has been covered by pluvial deposits.

4.2. Gravel analysis

As mentioned above, we made gravel statistics in two
areas in the Sunjiaying section. The lithologies of the gravel
in the first area A primarily included volcanic hornblende,
granite gneiss, metamorphic quartzite, diabase, gneiss,
granite, and quartz sandstone and the lithologies of the second
area B were roughly the same. Therefore, it is speculated that
the sediment provenances in these two areas are similar. The
degree of weathering of the gravels in these two areas was
mostly weak, which corresponded with their relatively young
ages. More than 42% of the gravel in area A was rounded, and
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more than 54% was subrounded. The overall size of the gravel
in area B was slightly larger than that in area A. According to
the gravel analysis results, the gravel in T2 of the Sunjiaying

more than 45% was subrounded. The grain size in area A was
small, mostly 0-15 cm (Fig. 6). Approximately 6% of the
gravel in area B was well-rounded, 40% was rounded, and

59.77+3.64 ka

58.52+3.90 ka — A 148°
76.23+5.10 ka 148

480 =
To@nm ATITTITR
465 65.29+4.15 ka LS EL
o T5 (455 m) o 60 & oK
1y A 43.2842.4 ka
g 40 T4 (445 m) i ' .
s 435 Blisolls N 108294508 ka
= Ta¢26m 52394278 ka
420 N 0 40m 7 .
ViR 11 osm Sand Bedrock silt
405 ! S s S l:l:l:m Loess U]]]I”Paleosol Silty clay Gravels
T LSBT e T L 0,6540.06 ka
EI OSL dating samples

P2-OSL-06

Elevation/m
~
N
<

0 40m

] Bedrock DIIII Loess UII]]]] Paleosol Sand
Silty clay Clay Gravels Silt

E OSL dating samples

Fig. 5. Comprehensive profile of river terraces in the Sunjiaying section (P3), lower reaches of Yixun River.
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section was well sorted, with a high roundness and complex
petrology, indicating that it was river facies gravel.
Additionally, it was further confirmed that T2 of the
Sunjiaying section was a river terrace. The flat surface of the
flat gravel in these two areas ranged between 180° and 270°
(Fig. 7) and both were upstream. It was further confirmed that
the gravel in areas A and B were fluvial facies deposits.

4.3. OSL dating results and terrace chronosequences

The data from OSL dating of the three sections were
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roughly consistent with the expected values (Table 1). The
quartz signal in the measured data was characterized by rapid
attenuation, which is a typical characteristic of this signal. The
distribution of the equivalent dose in the data was relatively
concentrated, indicating that the samples were fully exposed
before burial and faded well. Therefore, the OSL data (Table 1)
represent the time since the last exposure of the samples.
Notably, although the dates of the samples obtained from all
T1 sections were relatively young, the sampling and
experiments followed the standard process, and the data were
reliable.
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In this study, the oldest terrace age for all levels was set as
the approximate time of terrace formation; notably, an
increased neotectonism resulted in an increase in the degree of
incision of the Yixun River, and three sections formed incised
meandering after T2, which caused T1 sediments to be
covered by pluvial sediments, resulting in a relatively young
age for this terrace. The aforementioned data may indicate
flood events, and therefore, only the approximate time of
formation is provided. According to the dating results (Table 1)
and the terrace sequence (Fig. 8, Table 2), the formation times
of all terraces could be inferred; from T7 to T2, these were

Table 1. Results of OSL samples taken from each section.
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111.36+5.83 ka, 78.20+4.45 ka, 65.29+4.15 ka, 52.39+2.78
ka, 40.0842.66 ka, and 13.14+0.76 ka, respectively. The
formation time of T1 was approximately during the Early
Holocene.

5. Discussion

As mentioned above, there are few previous studies and
insufficient quantitative evidence on paleoclimate change and
neotectonic movement in the Luan River Basin. Therefore, it
remains unclear what the main factors affecting the
development of river terraces in the middle reaches of Luan
River in the geomorphic transition zone are, and how

Sample Terrace Dose Equivalent Age/ka paleoclimate change and neotectonic movement and the
rate/(Gy/ka) _dose/Gy Table 2. Height above the ri d ft in the th
PI-OSL-07 T4 29550.14  166.93£47  56.44%3.07 abte & Telght above the river and ages of terraces In the three
PI-OSL-05 T3 348+0.16  139.3546.53  40.08+2.66 sections.
P1-OSL-06 T3 3.3540.16 119.3143.05 35.61+1.90 Section Height and age  Xiatai (P1) Langying Sunjiaying
PI-OSL-09 T2 2484013 32.53:0.73  13.140.76 , (P2) (P3)
P1-OSL-08 T2 2.16+0.11  20.59+0.66 9.55+0.58 T EZ‘fi}\‘:;bove 2m 2m 1sm
PI-OSL-04 T2 2.75+0.14  22.61£0.46 8.23+0.45 Age ~ B -
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P2-OSL-05 T6 378+0.17  287.94:14.04  76.23+5.10 T3 Height above 31 m _ 30
P2-OSL-06  Téloess 2.99+0.13  178.47+7.62  59.77+3.64 the river
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formation of river terraces are coupled. Thus, the authors
focused on the relationship between paleoclimate change and
the formation of river terraces in the study area and the
possible indications for neotectonic movement.

5.1. Coupling between terrace formation and climate change
since the Late Pleistocene

As mentioned above, paleoclimate change can have an
important impact on the formation of river terraces. In the
cold glacial period, the degree of river downcutting is weak
and mostly sedimentary, while in the warm interglacial
period, the ability of river downcutting is enhanced (He ZX et
al., 2015; Jia LY et al., 2016). So what is the response of
fluvial sediments in the lower reaches of the Yixun River to
paleoclimate change? Based on the dating data of three
sections and terraces at all levels, combined with the
paleoclimate changes recorded by marine and Guliya ice core
oxygen isotopes (Yao CD, 1999; Chen LK et al., 2011), the
authors further discuss this issue in the following paragraphs.

The stages of deposition and incision of the Yixun River
corresponded well with the marine oxygen isotope stages (i.c.,
MISs) and the oxygen isotopes of the Guliya ice core (Fig. 9).
Based on the marine isotope curves, the depositional and
incision processes of the river were explored. The
depositional stage of T7 may be related to MIS 5d, whereas
those of T6, TS, and T4 are strongly correlated with MIS 4
and MIS 3. Additionally, the sedimentation stages of T6 and
T5 also corresponded well with the sixth Heinrich (H6) event,
whereas that of T3 corresponded to the colder MIS 3 and the
H4 event. The deposition of T2 corresponded to the stages of
climate cooling in MIS 2 and MIS 1, as well as with the H1
event. Combined with the formation time of TI1, the
deposition of T1 corresponded to the warm to cold MIS 1.
Evidently, terrace deposition at all levels did not occur in the
trough of the marine oxygen isotope curve and mostly
reflected cooling processes. During rises and declines in
temperature after the deposition of T7, the Yixun River was
roughly at equilibrium, which resulted in the failure of terrace
formation in the lower reaches or to a lack of preservation
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Fig. 9. Fitted curves of the formation periods of different terraces in the Yixun River with marine oxygen and oxygen isotopes of the Guliya
ice core (after Shackleton NJ et al., 1983; Heinrich H, 1988; Bond GC and Lotti R, 1995; Yao CD, 1999; Chen LK et al., 2011).
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during MIS 5b. The strongly incised stage of each terrace is
shown in Fig. 9, and they evidently corresponded well with
the warm period or warming marine isotope stages and the
oxygen isotope values from the Guliya ice core. Thus, it can
be concluded that the deposition of the Yixun River terraces
primarily occurred during typical cold periods, such as MIS 4
and MIS 2, or during periods of sudden cooling, such as MIS
S5e, MIS 3, and MIS 1. Moreover, the incision stages
corresponded to hot and humid climates and warming periods.

5.2. Indications of river terraces in the lower reaches of Yixun
River for neotectonic movements since the Late Pleistocene

With an advanced understanding of the relationship
between river geomorphology and neotectonic movement, the
indication of the river downcutting rate for neotectonic
movement has been controversial in recent years. However,
many scholars still believe that neotectonic movement causes
the overall uplift of the region, resulting in the decline of the
river erosion base level, which can accelerate river
downcutting and is an important factor for accelerating river
undercutting. This is an important entry point for the study of
neotectonic movement (Jia LY et al., 2017), such as related to
the average downcutting rate of the river terrace of the Yixun
River, whether this can indicate the neotectonic movement in
the study area, and whether the formation of the river terraces
in the study area is affected by the neotectonic movement.
Because of the close proximity and strong correlation among
the three sections, the incision rate of the Yixun River was
explored according to the altitude of the terraces at all levels
of the three sections and their dates. Unfilled polygons in
Figure 10 represent denuded or buried terraces, and T2 in the
Langying section is represented by polygons with black edges
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distributed on T2 in sections P1 and P3, no OSL samples were
taken for T2 in section P2.

The incision of the lower reaches of the Yixun River since
the Late Pleistocene can be divided into the following stages:
T7 was formed at about 111 ka, and the authors did not
calculate the incision rates of the Yixun River during this
period because the authors did not find a higher-level terrace.
The average rate of river incision during the formation of
T7-T6 in the Sunjiaying section was determined as about
0.543 mm/a at 111-78 ka. The average incision rate of T6—T5
in the Langying section reached about 1.554 mm/a from
76—65 ka. Based on the Langying section, the average incision
rate of T5-T4 was about 0.775 mm/a from 65-52 ka. Based
on the Xiatai section, the average incision rate of T4-T3 was
about 0.550 mm/a from 5640 ka. According to the data on
T3-T2 in the Xiatai section, from 40-13 ka, the river was
estimated to be incised at a rate of 0.371 mm/a. From T2-T1
in the Sunjiaying section, the incision rate of the Yixun River
was estimated as 1.592 mm/a, whereas it was 1.740 mm/a in
the Xiatai section. From these six stages, the incision of the
Yixun River first increased, then declined, and then increased
again. When assessing the reason why the average incision
rate of the Yixun River reached 1.554 mm/a in the second
stage, neotectonic movement, as one of the important factors
affecting river terraces, cannot be ignored (Li XS et al., 2009;
Guo XH et al., 2018; Wu DY et al., 2019; Zhang YQ et al.,
2019). Additionally, the fluctuations in sea level decreased the
erosion base level and increased the river incision rate
(Demoulin A and Hallot E, 2009; Ishihara T et al., 2012;
Bridgland DR and Westaway R, 2014; Faulkner DJ et al,,
2016; Yuan Y et al., 2016). The T2-T1 incision rate of the
Yixun River reached about 1.592-1.740 mm/a. The first
reason for this was that enhanced neotectonism in the region

(Fig. 10). Because there were multiple OSL samples after T2 formed an incised meander, which resulted in large
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Fig. 10. Average incision rate determined by the river terraces in the lower reaches of the Yixun River (Dotted lines indicate terraces that are

not exposed due to erosion or burial.).
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differences in terrace height. Secondly, the Holocene
temperature gradually increased, which accelerated river
incision.

During the study of the river terraces in the lower reaches
of the Yixun River, the authors found some characteristics of
neotectonic movement. During the LGM, the temperature
declined sharply; however, no river terraces were formed in
the lower reaches of the Yixun River (Fig. 9). During field
investigation, no deposits from the LGM were found in the
three sections, and an incised meander was formed in the
three sections after T2. It is inferred that there is an active
fault in the north of Langying based on the dating of river
terrace samples, remote sensing images, and the most
important geomorphological evidence, that is, the
synchronous bending of the water system. According to the
lack of Last Glacial Maximum OSL samples of the terrace in
the lower reaches of Yixun River, it is speculated that the
activity of this fault was enhanced at about 30 ka, resulting in
the formation of ancient lakes in the north. Subsequently, this
caused the water in the lower reaches of the Yixun River to
dry up. With climatic warming, water flow and headward
erosion in the lower reaches of the Yixun River increased, the
river flowed downstream, and the lake disappeared. The
ancient Erdaowan Lake is preserved in the north of the
Langying section (Fig. 2), which has a wide range of clearly
lacustrine characteristics. These characteristics, as well as the
specific time of their formation and disappearance, and the
transition between fluvial and lacustrine facies warrant further
exploration. Relevant progress will be reported in a
subsequent study. After T2, a strong neotectonic movement
occurred, which resulted in an increase in the degree of river
incision and the formation of an incised meander. Therefore,
the samples taken on T1 are new (P1-OSL-01, P1-OSL-02,
P1-OSL-03, P2-OSL-01, and P3-OSL-01), because the three
sections after T2 have been heavily incised to form an incised
meander. Floods occurred in the upper reaches of the river,
which caused T1 to be buried. According to the age data from
these samples, the times of the two flood events were about
0.65-0.58 ka and about 0.22—0.16 ka, which may be related to
the recent increase in temperature in the Luan River Basin.
Combined with the sudden increase in the rate of incision
during the second stage, it can be inferred that there were
three periods of relatively strong neotectonism in the lower
reaches of the Yixun River. The authors infer the existence of
Langying Fault through the synchronous bending of the water
system. This is actually the difference between neotectonic
and tectonic movement. The authors discuss the change of the
water system through the morphology of landforms, that is,
the control and influence of an active fault on the water
system. The synchronous bending of the water system is a
particularly typical change. From the perspective of
geomorphology, a change in a water system is controlled by
an active fault. Some field investigation and dating samples
are still needed to find out the activity and the characteristic of
the fault, which is still meaningful. Relevant progress will be
reported in a subsequent study.

5.3. Factors controlling the formation of terraces in the Yixun
River

Evidently, the deposition and incision of the Yixun River
were highly coupled with climate change; however, this does
not mean that neotectonic movement did not influence the
formation of the river terraces. As previously noted, the
incision rates of the Yixun River have increased abruptly,
reaching 1.554 mm/a and 1.592-1.740 mm/a, which is likely
impossible if climate change alone affected the rates of the
river incision. Moreover, neotectonic movement has caused
the differential uplift of the lower reaches of the Yixun River,
leading to the drying up of the downstream area, failure of
terrace formation during the LGM, and formation of an
incised meander after T2 in all three sections. Therefore, the
authors believe that the formation of the terraces of the Yixun
River has been mutually influenced by climate change and
neotectonism.

6. Conclusions

(i) Since the Late Pleistocene, seven river terraces have
developed in the lower reaches of the Yixun River, the
primary tributary of the Luan River in Chengde, Hebei
Province. According to OSL dating results, the formation
times of T7-T2 were approximately 111.36+5.83 ka,
78.20+4.45 ka, 65.29+4.15 ka, 56.44+3.07 ka, 40.08+2.66 ka,
and 13.14+0.76 ka, respectively. Because T1 was deeply
incised and then covered by proluvial sediments, the authors
estimated that it formed in the Early Holocene.

(i1) The formation of terraces in the Yixun River is highly
consistent with the records of the Guliya ice core and marine
oxygen isotope records, showing more evident responses to
climate change. Their deposition mostly occurred during
typical cold periods, such as MIS 4 and MIS 2, or during
cooling periods, whereas incision primarily occurred during
warming periods. Two flood events also occurred in the lower
reaches of the Yixun River at 0.65-0.58 ka and 0.22+0.16 ka,
which were mostly related to modern increases in temperature
in the Luan River Basin.

(iii) Additionally, it is because of neotectonic movement
that the incision rates of the Yixun River increased between
76.23£5.10 and 65.29+4.15 ka, and that no terraces were
formed during the LGM. Incised meandering formed after T2,
which provides evidence for the enhancement of
neotectonism. The terraces in the lower reaches of the Yixun
River have recorded three strong neotectonic movements in
the Luan River Basin since the Late Pleistocene, and the
formation of these terraces was jointly influenced by climate
change and neotectonism.
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