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Abstract The palacoenvironment has an important influence on the formation and evolution of karst geomorphology,
and the planation surface at the edge of the karst plateau is one of the important recorders. The Yunnan—Guizhou
Plateau is an important karst plateau in China, on the southeast edge of which is located Xiangxi in Hunan
Province—a deep cut platform and gorge development area. Xiangxi is also a combination zone of low mountains and
middle mountains at the edge of the Yunnan—Guizhou Plateau, in which the high plain transits to the alluvial plain,
with rich records of planation surfaces. These planation surfaces are characterized by rapid altitude changes, different
weathering crust materials and different types of bedrock lithology. However, the weathering crust properties and
palaeoclimate characteristics of these planation surfaces are still unclear. Therefore, we choose two weathering crusts
representing the elevation of 1,400 m and 600—700 m of planation surfaces in Luota Period (Luota section) and
Zhaoshi Period (Jiaba section) as study objects. In this study, conducting the inversion of palaeoclimate indicated by
weathering crusts of planation surfaces through grain size, magnetic susceptibility and sporopollen analyses, we hope
to provide more evidence for the development characteristics of planation surfaces and palacoclimate evolution on the
edge of the Yunnan—Guizhou Plateau.

Results show that the weathering crust of Luota section is 5.0 m thick and can be divided into 5 layers. The
lithology is mainly composed of humus, gravel layer, silt, clay, etc. The content of silt with sizes ranging from 5 to 50
um is the highest, accounting for 57.6%; the average content of clay is 41.9%; the sand content is the lowest, at 0.56%,
all of which are fine sand. The weathering crust in Jiaba section is 3.5 m thick and can be divided into two layers. The
lithology is mainly composed of humus, silty, clay and a small amount of gravel. The content of silt with sizes ranging
from 5 to 50 um is also the highest, accounting for 54%; the average content of clay is 39%. In addition, the analyses
of Md, Mz, o, Sk, Kg, SC/D values, magnetic susceptibility and other indicators show that there appear multiple index
fluctuations in both Luota and Jiaba sections, but the fluctuation range of Jiaba section is relatively limited. The types
of sporopollen in the two sections are different. Luota section is mainly composed of Polypodium and Pinus, with a
small number of Abies, Podcarpus and Chenopodium. The main sporopollen components of Jiaba section are
Polypodium and Pinus, and a few Gramineae and Carpinipites are found. The types of sporopollen in Jiaba section are
fewer than those in Luota section, and the concentrations are also lower. Based on the development of Polypodium in
both sections, it is supposed that the climate during the sedimentary period of weathering crust was warm and hot.

However, the climate during the sedimentary period of Luota section may have been a warm climate with high
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humidity, while the climate of Jiaba section may have been a cool and humid climate with low humidity. In addition,

according to the analysis of sporopollen and the previous data, it is speculated that the weathering crust of Luota

section may have been formed in the early Neogene, and the planation surface may have been formed in the Miocene.

The weathering crust of Jiaba section may have been formed in the early Quaternary, and the planation surface may

have been formed in the Pleistocene.

Key words Xiangxi UNESCO Global Geopark, planation surface, palacoclimate, grain size, magnetic susceptibility,

sporopollen

0 Introduction

The Yunnan—Guizhou Plateau (YGP) is a typical
karst plateau in China. After multiple uneven uplifts
caused by the Himalayan tectonic movement, combined
with water erosion and other effects, ancient planation
surfaces with various cutting forms have been widely
formed at the edge of YGP. This kind of landform is
characterized by a close interaction between the plateau
and canyon landforms and is very different from the
clastic rock plateau. The combination of platform and
canyons on the edge of karst plateau can form a dense
network, which is more sensitive to the rate of plateau
uplift and the intensity of tectonic movement. It also re-
cords richer evolutionary information for the karst biolo-
gical environment system based on karst landforms. Dis-
tributed in various latitudes of the Earth'", ancient plana-
tion surfaces play an extremely important role in the
formation and evolution of mountains and in the differ-

2 .
®l Therefore, ancient

entiation of regional landforms
planation surfaces have been applied to multiple geolo-
gical research fields such as structure, sedimentation,
and geomorphological evolution. For example, plana-
tion surfaces were used in the studies on uplift amp-
litude of the Qinghai—Tibet Plateau” ™, besides the stud-
ies on stages, forms"”' and characteristics’® of neotec-
tonic movements. The accompanying weathering crust
and cover layer can be used to constrain the ancient cli-

9-11 . .
! and can also establish connections between the

mate'
geomorphic evolution of different plateaus, such as the
Qinghai—Tibet Plateau and the YGP™ ™ ">,

Xiangxi is located in a low-middle mountain junc-
tion zone at the edge of the YGP that transits from high

plain to alluvial plain"” (Fig.1). Xiangxi UNESCO

Global Geopark, in which a magnificent landform of ter-

16-17] - .
"7 s listed as

race canyon group has been developed '
an important component of world-class geoheritage by
UNESCO!"". The erosion and planation of the terrace
canyon group in Xiangxi is very prominent. According
to previous research data, there may be three periods of
large-scale tectonic uplift and stable cycles in the Hun-
an—Guizhou—Hubei region. The first period experienced
the crustal uplift at the end of the Cretaceous and the up-
lift gradually stabilized in the Cenozoic. In this period,
the first-level planation surface—the Dalushan Period—
was formed, with an elevation of about 1,600—2,000
meters. The planation surface of this period was eroded
for a long time and remained little in the study area.
Subsequently, in the Miocene, the Xiangxi region con-
tinued to rise and stabilize, forming the second-level
planation surface with an altitude of 1,000—1,400
meters. This planation surface belongs to the Luota peri-
od, also known as the Shanpen period, in which the ter-
race was more developed. Since the Pleistocene, the Xi-
angxi region once again rose, with rivers strongly cut-
ting downwards, forming the third-level planation sur-
face with an altitude of about 600—700 m. This plana-
tion surface belongs to the Zhaoshi period or the Wuji-
ang period, and is mainly characterized by valley land-
forms. In the Xiangxi region, effects of planation sur-
face in the Luota period and the Zhaoshi period are more
developed, representing a dynamic response of signific-
ant differences in the intensity of tectonic movement
within the region"”. The products of these two main
periods can be divided into approximately 6 levels of

19-21 .
! and various unex-

planation surfaces (Table 1) |
posed karst micro-landforms have been formed'.

For planation surfaces in these two periods in Xi-
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Fig. 1 Elevation profile of the karst area in Southwest China and distribution of the planation surface in Xiangxi

angxi, CHEN"" studied their development characterist-
ics and classification, and believed that there is a north-
south imbalance in planation surfaces in the region, and
the weathering crust above the planation surface may re-
cord the intensity of uplift and environmental changes.
YU et al”” studied bedrock characteristics of planation
surface and believed the bedrock is the controlling factor
of karst micro-landforms above the planation surface.
Moreover, they divided karst micro-landforms into 9
types and emphasized the influence of environmental
conditions, such as paleohydrology, on landforms. JIN et
al® discussed the development history of the Luota
platform and divided its development into 5 stages. Dur-
ing the development, the extensive accumulation of clay
deposits closely related to environmental changes may
have occurred during the Early to Middle Pleistocene.
PENG et al'” studied the Quaternary deposits in Luota
and its surrounding areas, and found that there are differ-
ent compositions in deposits at different altitudes. The
deposits on the Luota platform are endogenous deposits,
and there may be multiple sources around the platform.
Studies on elemental characteristics of deposits found
that there may have been a warm and humid climate in

this region during the early to middle Pleistocene. LAO

et al'" analyzed the characteristics of the karst surface
zone and pointed out that climate is an extremely im-
portant external condition for karst development. YIN'*
and ZHANG et al® found that there were climate fluc-
tuations in the middle and late Holocene, which were re-
lated to the atmospheric circulation and solar radiation
background at the hemispherical scale. Based on their
climatic research of the stalagmites of Lianhua cave in
the Luota area, there may have occurred multiple

changes during the Quaternary. Many scholars have con-

[25-28] 29-32]

ducted research on the structure and hydrology'
of the Xiangxi region, but currently, the weathering crust
properties and paleoclimate characteristics of planation
surface in these two periods are not clear. Although
planation surfaces in these two periods are close to each
other (Fig.2), there is a significant elevation difference,
and they are located in different bedrock areas (carbon-
ate and clastic rocks), with different material sources.
Therefore, the study of the planation surfaces in these
two periods will help to compare lithology differences at
different elevations and bedrock, and to conduct inver-
sion of paleoclimate when the planation surfaces were

formed, providing more evidence for the development

characteristics of planation surfaces at the edge of the
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Table 1 Development characteristics of karst landform and planation surface in Xiangxi
Level of E le of . L
eve ,O xamp 'e © . . Forming age of Combination
Karst planation planation Period of Elevation of D .. 1]
. . [20-21] ePOSIt platf()rnl of
stratification surface surface platform platform (m) (Speculation)**" landform
(north)™  (mountain)"” p
. lit ks,
Residual slope, So(;(l);asryr:seia(;usal
1 Level 1-2 Tiziyan period > 1,300 ice water Paleogene P ’
accumulation caves, stone
forests, karst hills
Huping karst hills,
mountaom, dolines, karst
Xihai, Xihuang . depressions
- B i} R 1 ’
2 Layer I mountain, Laer adongx.lans a 1,230 od grav? Neogene shafts, karst
. n period accumulation . .
mountain, ridges, clints,
Level 3 Dagqingshan, stone forests,
etc. ponors
. karst hills, deep
Flowing water
L Late Neogene— valleys, karst
3 Yabusi period 1,030 phase .
. Early Quaternary ~ ridges, stone
accumulation .
forests, clints
Luota valley
. iod(High Red-yell
Damijie, Hejia Serllg dfwliie celj yseanocrl valleys, canyons
4 Layer I Level 4 mountain, Y 650-900 Y Pleistocene VS, CAtyons,
. valley—Cheshu gravel, gray karst hills
Paibi, etc. . . . .
iping river sub- black silt
stage)
Underground
Baofeng lake, Luota valley rivers, horizontal
. Sand gravel,
5 Layer IIT Level 5 Nanhua  period(canyon  400—600 Holocene karst caves,
. sub-clay .
mountain, etc.  sub-stage) dolines, karst
depressions
. horizontal karst
Both sides of orizontal xars
. caves, shallow
the Yuanshui . .
6 Layer IV Level 6 river and Modern period ~ 300—400 Clay, gravel Holocene karst depressions,

Lishui river

shallow dolines,
swallet streams

YGP as well as for the evolution of paleoclimate.

1 Overview of the study area

The study area is located in the northwest of Hun-
an Province. Geographically, it is in the southern sec-
tion of the turning part between the second and third
geomorphologic steps of China. Geologically, it is loc-
ated in the transitional zone on the southeastern edge of
the Yangtze Block and the eastern edge of the Yunnan—
Guizhou Uplift, adjacent to the South China block. Since
the Yanshan movement, a giant Neocathaysian tectonic
system has been formed in the area and has undergone
multiple periods of tectonic influence. This has led to the
crisscrossing of faults in the surrounding areas, charac-

terized by the formation of synclines into mountains and

anticlines into valleys (Fig.2). The strata are composed
of Cambrian, Ordovician, Silurian, Permian, Triassic,
and Quaternary strata, with a thickness of 880—1,160 m.
After the Paleogene, the folds and mountains formed in
the early stages were gradually eroded due to erosion
and changes in the baseline, ultimately forming compar-
able two-level large-scale planation surfaces in Xiangxi.
These surfaces are the Luota planation surface (1,400 m)
and the Zhaoshi planation surface (600—700 m) (Fig.3).
Although different scholars may differently name the
planation surfaces in these two periods based on the
landmark landforms of different regions'”’, they actu-
ally refer to the same planation surfaces.

The planation surface in the Luota Period is one of
the largest ancient planation surfaces in Xiangxi'”. In

the study area, this planation surface mainly presents it-
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case study of Luota and Jiaba sctions in Xiangxi
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Fig.2 Geology of Luota—Zhaoshi area in Xiangxi

Fig. 3 Realistic view of the planation surface in Luota period and Zhaoshi period

self as a northeast-oriented karst platform—the Luota
platform, with an area of about 82 km’ and a maximum
elevation of 1,437 m. This geosite was formed by the
erosion and cutting of the Luota river which inherited
the original synclinal valley. At an altitude of 600—
700 m, the planation surface in the Zhaoshi period is

characterized by a northeast-oriented Zhaoshi basin loc-

ated on the west side of the Luota platform. The main
types of landforms of this planation surface are karst de-
pressions, residual plateaus, karst hills, etc. The bedrock
of the Luota platform is the Permian (Maokou Forma-
tion) mudstone and dolomite limestone, while the bed-
rock of the Zhaoshi basin is the Silurian (Xiaoheba

Formation) fine sandstone, siltstone, and shale.
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2 Research methods

2.1 Sampling

A detailed investigation was conducted on the geo-
morphology and stratigraphy of the planation surfaces in
these two periods mentioned above. Luota section and
Jiaba section were selected for measurement, represent-
ing the Luota and Zhaoshi planation surfaces, respect-
ively. These two sections were recorded as 0 m on the
soil surface, and the thickness of each sedimentary layer
downwards was measured with a tape measure. To en-
sure the freshness of samples, 20-centimeter-thick top-
soil from the layer was firstly removed, and cylindrical
steel pipes were chiseled into the layer to collect
samples. With an equidistance principle, 30 samples
were collected from the 150—-500-centimeter weathering
crust of Luota section and 15 samples from the 50—350-
centimeter weathering crust of Jiaba section. To avoid
contamination from the upper layer to the lower layer,
the sampling was completed from the bottom to the top.
Synchronously, pollen samples were collected in the

sections. The lithology of the weathering crust in Luota

section is relatively rich, and hence 10 pollen samples
were collected. Due to the relative lithological singular-
ity of the weathering crust in Jiaba section, four pollen
samples were collected. The sample numbers for the
Luota and Jiaba sections were coded and started with ab-
breviations of Chinese Pinyin: LT- for Luota section,

and JB- for Jiaba section.
2.1.1 Overview of Luota section

Luota section is located in a depression near Luota
township, Longshan county. Due to the nearby village
road renovation, this section left a fresh excavated sur-
face (Fig.4), with a total thickness of about 5 meters.
The covering layer is well exposed and clearly layered,
which is conducive to systematic sampling. The geo-

morphic unit there belongs to the Luota platform.
2.1.2  Overview of Jiaba section

Jiaba section is located in Jiaba village, Zhaoshi
town, Longshan county. Due to villagers' house build-
ing on a slope, this section left a fresh surface after ex-
cavation (Fig.5), with a total thickness of about 6.5 m.

The geomorphic unit belongs to the Zhaoshi basin, close

Accumulated
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Y v ¥ ¥ ¥
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40 vegetation.
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210 clay interlayered, forming the
bottom of the weathered crust.

Road

Fig. 4 Stratigraphic histogram of Luota section
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belonging to the Silurian Xiaoheba

Formation.

Fig. 5 Stratigraphic histogram of Jiaba section

to the Luota platform and near the geomorphic trans-

ition zone.
2.2 Analysis methods

In order to explore the paleoclimatic information
recorded by the planation surfaces, field surveys and
measurements on two sections were completed, and then
a systematically analysis was conducted on lithological
characteristics, composition of sediment particle size,
characteristics of magnetic susceptibility, and composi-

tion of spore pollen.

2.2.1 Effects of particle size, magnetic susceptibility, and

spore pollen

(1) Significance of particle size as a climate indicator

Particle size compositions of sediments usually
vary in different environments; therefore, particle size
characteristics can indirectly indicate sedimentary facies
and climate changes'”™". For example, the particle size
composition is used as an alternative indicator to reveal
the effects of the East Asian winter and summer mon-

soons””. Sand particles can reflect desertification and

climate change, indicating the strength of winter mon-

[36-37]

soon changes™ ", while clay particles are closely re-

lated to weathering and soil formation, and can reflect

35-36 .
! Previous

the strength of summer monsoon changes'
studies””™* believed that the higher the clay content is,
the stronger it affects the soil formation and the stronger
the summer monsoon becomes, and vice versa. At the
same time, high values of mean grain size (Mz) and me-
dian diameter (Md) of sediment indicate that the climate
is relatively warm and humid, and the degree of weath-
ering is high. Conversely, low values indicate relatively
cold and dry climate and weak weathering. In addition,
the application of the particle size sensitivity values
(SC/D, ratio of silt and clay to sand) can amplify the
proportion relationship of particulate matter >4.32
®/<4.32 @, and the relationship can reflect the intensity
of wind—sand activity. Under cold and dry conditions,
winter wind is strong, and contents of silt and clay
particles are relatively less than those of sand, with low
SC/D. However, under warm and humid conditions,
contents of silt and clay particles are relatively more
than those of sand, with high SC/D.
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(2) Significance of magnetic susceptibility as a cli-
mate indicator

The magnetic susceptibility (MS) is a physical
quantity that reflects the degree of magnetization of a
unit substance. MS of rock is controlled by factors such
as type, content, and particle size of the magnetic miner-
als which the rock contains. MS of rock is the sum of the
values of magnetic susceptibility of various magnetic
minerals in the sample!™ ™. Magnetic minerals are di-
vided into diamagnetic minerals, paramagnetic minerals,
and ferromagnetic minerals. Common diamagnetic min-
erals include quartz, apatite, etc. Paramagnetic minerals
include the majority of pure minerals such as dolomite,
while ferromagnetic minerals include minerals contain-
ing iron and nickel elements such as magnetite!™ *’. The
MS of diamagnetic minerals typically exhibits negative
values, whereas paramagnetic minerals display MS as
relatively small positive values. In contrast, ferromag-
netic minerals possess MS values that are significantly
larger and non-quantitative positive values'” *” Usually,
terrestrial debris contains more magnetic minerals, so a
high magnetic susceptibility may indicate an enhanced

#4750 1n Karst areas, the

input of rivers or wind dust!
magnetic susceptibility is also a reliable means of invert-
ing ancient environments' .

It is generally believed that a warm and humid cli-
mate caused by strong summer monsoon may lead to
strong chemical weathering and soil formation, which is
conducive to the formation of ferromagnetic minerals,
and thereby may increase magnetic minerals in sedi-
ment and the magnetic susceptibility value. Conversely,
a dry and cold climate caused by weak summer mon-
soon may lead to weak chemical weathering and soil
formation, relatively fewer magnetic minerals, and lower

34,42, 51

magnetic susceptibility values! ! This is also posit-

ively correlated with precipitation and temperature "%,
(3) Significance of spore pollen as a climate indic-
ator
The combination of spore pollen fossils in sedi-
mentary strata is closely related to the distribution of ve-
getation in corresponding geological periods, and differ-

ent vegetation combinations are strongly influenced by

. 53-54
climate!

| Because the high-yielding spore pollen is
easily transported and its sporoderm is easily preserved,
spore pollen can be used to analyze the properties of
plant communities, hence reflecting the background con-
ditions such as climate, paleotopography, and soil,
which making the analysis of spore pollen become an
important method to reconstruct paleoenvironment and
paleoclimate™ ™. The paleoclimate restoration through
analyses of different spore pollen combinations and

dominant species has been successfully applied to many

59-61] 62-64]

different landforms """, including karst landform'**".

2.2.2  Testing methods

(1) Method for testing particle sizes

The method for testing particle sizes in this study
was based on ZHANG"” and PAN'™. The brief steps
were as follows: heating 0.5—1.0 g of the sample with 10
ml of 30% hydrogen peroxide to remove organic matter,
cooling the sample until no more foaming occurs,
adding 10 ml of 10% dilute hydrochloric acid to remove
carbonates, and then adjusting the sample to neutrality
with supernatant. For the first half hour before measure-
ment, 10 ml of 0.05 mol-L' sodium hexametaphosphate
(NaPO,)¢ solution was added and thoroughly shaken
with an ultrasonic shaker so that sediment particles
could fully disperse. The measurement was carried out
by the Mastersizer 2000 laser particle size analyzer pro-
duced by Malvern in the UK, with a measurement range
of 0.02-2,000 um. An average value was taken after
three times of measurement. In this study, characterist-
ics of particle size compositions and particle size para-

. . . 28, 66
meters were used as alternative indicators '

"in the
analysis of sedimentary environment. By formula: &=
—log2D (mm) "* " the particle size was converted into
®. The granularity parameter was calculated by Folk and
Ward formulae:

Median diameter (Md): Md=d50

Mean grain size (Mz): Mz=(®16+D50+D84)/3

Sorting o=(D84—D16)/4+(D95—
D5)/6.6

Kurtosis (Kg): Kg=(®95—®5)/2.44(D75—D25)

Skewness (Sk): Sk=(D16+D84—-2D50)/2(D84—

coefficient(o):
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D16)HDISHD5-2D50)/2(DI5—DS5)

Values of Md and Mz reflect the centralized trend
of sediment particle size distribution, and lower values
reflect larger transport forces and coarser particles. Kg
reflects the degree of curve convexity of particle size
distribution. The particle size frequency curve of
Kg<0.90 shows a gentle trend; 0.90<Kg<l.11 shows
normal distribution with a basically symmetrical curve;
Kg>1.11 shows a relatively sharp curve. Sk reflects an
asymmetric curve of particle size distribution, with neg-
ative bias between —1.00 and —0.10, approximate sym-
metry between —0.10 and 0.10, and positive bias
between 0.10 and 1.00. The value of o indicates the de-
gree of sediment sorting. For example, 6< 0.71 repres-
ents good sorting performance; if the value is between
0.71 and 1.00, it represents moderate sorting perform-
ance; > 1.00 represents low sorting **.

(2) Method for testing magnetic susceptibility

The method for testing magnetic susceptibility in
this study was based on YU et al “, and ZUO "*. The
magnetic susceptibility meter MS2 of Bartington Instru-
ments in UK was used for measurement. After being
dried and crushed, the sample was placed in a 10-milli-
liter ethylene sample box. Operating frequencies of low
frequency (0.47 kHz) and high frequency (4.7 kHz) were
respectively selected to measure the low frequency (ylf)
and high frequency (yhf) magnetic susceptibilities of the
sample . Then the test was repeated three times. Aver-
age values of the high and low frequency magnetic sus-
ceptibilities were calculated respectively.

Based on the high frequency (HF) and low fre-
quency (LF) susceptibilities, the mass magnetic suscept-
ibility () and frequency magnetic susceptibility (yfd%)
of the sample were calculated. The calculation formula
(G symbolizing the sample mass) is as follows:

x=10xyIf/G
xfd (%) = 100 X (yIf — xhf)/xIf

(3) Analysis of spore pollen

The extraction technology of spore pollen is quite
mature. Especially in recent years, scholars have im-

proved the original methods for extracting spore pollen

on the basis of different regions and lithological charac-

[62] In

teristics, which has increased the extracting purity
this study, the Zeiss Scope Al biofluorescence micro-
scope was used to identify genera and species of spore
pollen. They were firstly observed and described sys-
tematically so that their basic structures could be de-
termined, based on which the genera and species were
identified, starting from major categories. Afterward, the
number of each type (or genus) of spore pollen obtained
was counted. The proportion of spore pollen was calcu-
lated, based on the number of obtained pollen, and then

the proportions of different genera and species in differ-

ent eras were calculated.

3 Results and analyses

3.1 Sedimentary characteristics

(1) Luota section

Based on field observation, Luota section can be di-
vided into 5 layers from the top to the bottom.

0—40 cm: The dark brown modern humus soil lay-
er with loose and porous structure and high organic mat-
ter content.

40—150 cm: The brown loose deposit with layer of
mud and gravel. This part contains much mud-cemented
gravel, with poor roundness and diameters of mostly
4-10 cm.

150-260 cm: Clay Interlayer 1, with gray, black,
yellow, and brownish clayey silt and sandy clay. In this
study, sampling was started from this layer, below which
is the ancient weathering crust, with a total thickness of
350 cm.

260—290 cm: The sand and gravel layer, with
brownish-yellow coarse sandstone interbedded with
gravel at diameters of 3—8 cm.

290-500 cm: Clay Interlayer 2, with brown-gray
clay and yellow-brown clay.

(2) Jiaba section

Based on field observation, Jiaba section can be di-
vided into 3 layers from the top to the bottom:

0—50 cm: The layer of dark gray and black modern
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humus soil with loose and porous structure and high or-
ganic matter content.

50350 cm: The silty clay layer with loose struc-
ture, mainly composed of siltstone and clay mixed with
a small amount of gravel. In this study, sampling was
started from this layer. This layer is a typical ancient
weathering crust, with a total thickness of 300 cm.

350—650 cm: The stratum of Silurian Xiaoheba
Formation (S,x%), mainly composed of gray-green thin-
to-medium-layer siltstone and fine sandstone interbed-

ded with gray shale. Trilobites and graptolites were

found in this stratum.
3.2 Sediment composition

(1) Luota section

Analysis of the particle size composition of the
weathering crust of Luota section at 150—500 cm (Table
2, Fig.6) revealed that particle sizes of fine sand range
from 5 to 50 pm, with an average content of 57.6% in
the layer. The content of clay particles ranks second, av-
eraging at 41.9%. The sand content composed of fine
sand is the lowest, 0.56%. Overall, the section contains

almost no extremely coarse sand or coarse sand.

Table 2 Sedimentary characteristics of Luota section and Jiaba section

Component/%  Mass MS/ Component/%  Mass MS/ Component/% Mass MS/
LTOl 40.16 59.10 0.74 2625 LT16 42.74 56.83 043 17.97 JB0l 38.07 53.87 6.39  1.28 0.39 10.31
LT02 41.26 5824 050 16.09 LT17 41.80 57.82 0.38 2094  JB02 34.84 5550 8.86  0.67 0.12 11.56
LTO03 43.05 56.61 035 1826  LTI8 41.72 57.78 0.50 22.50  JB03 41.71 53.92 4.37 0 0 12.66
LT04 39.67 59.77 0.56 2422  LT19 42.85 56.76 0.39 1922  JB04 3591 56.88 7.21 0 0 11.88
LTO5 40.17 59.37 0.52 21.88  LT20 41.04 5841 0.55 2438 JB05 43.75 52.15 4.11 0 0 11.72
LT06 42.42 5726 032 16.88 LT21 43.01 56.64 0.35 1938  JB06 41.00 55.76 3.24 0 0 12.03
LTO07 42.46 57.14 040 19.69  LT22 41.92 57.55 0.53 2234  JB07 44.22 50.26 5.52 0 0 14.69
LTO8 42.86 56.56 0.58 16.72  LT23 39.73 59.65 0.62 1047  JB08 42.13 52.21 5.66 0 0 15.00
LT09 43.22 5647 032 20.51  LT24 39.73 59.55 0.73 11.72  JB09 37.61 53.22 7.86 0.98 0.33 12.19
LT10 44.55 55.09 036 1516  LT25 4247 5697 0.56 11.09  JBI0 3548 51.76 12.07 0.56 0.13 12.19
LT11 42.07 57.60 034 18.44  LT26 42.87 56.59 0.55  9.53 JBI1 36.27 54.66 829  0.62 0.17 14.38
LT12 42.08 57.59 033 14.69 LT27 39.46 59.19 135  8.59 JB12 36.62 54.69 7.78  0.76 0.16 13.91
LT13 4291 56.78 031 1547  LT28 4137 57.35 1.29 1031 JB13 42.55 51.99 5.46 0 0 14.22
LT14 42.13 5693 094 1281 LT29 41.66 57.49 0.86 10.63 JB14 36.06 54.97 8.01 0.84 0.12 14.06
LT15 4197 5735 0.68 2281 LT30 42.74 56.79 048 11.56  JB15 38.60 58.37 3.03 0 0 14.69

From the vertical curves of different particle sizes
in Fig.6, it can be seen that the sand content shows an
overall trend of an increase after a decrease from the
bottom to the top, which is basically consistent with the
variation curve of fine sand content. This result indic-
ates that the sand content in Luota section is mainly con-
trolled by fine sand. However, the curves of silt and clay
content are opposite. The curve of clay content shows an
overall trend of a decrease after an increase from the
bottom to the top. The granularity characteristics show

that the same particle size grade varies greatly at differ-

ent depths and exhibits multiple fluctuations.

(2)Jiaba section

Analysis of particle size composition characterist-
ics of weathering crust in Jiaba section at 50—-350 cm
shows as below. The weathering crust in Jiaba section
are mainly composed of silt with particle sizes ranging
from 5 to 50 pum, with an average content of 54%. The
average content of clay particles is 39%. The fine sand is
the main component of sand particles, with an average
content of 6.5%. This section contains very little medi-

um sand and coarse sand, and no extremely coarse sand.



WU Liangjun, WANG Pujun, ZHANG Jing, et al: Sedimentary and palacoclimatic characteristics of planation surface at

¥43E w2 the edge of typical karst plateau: A case study of Luota and Jiaba sctions in Xiangxi 263
Mass MS/
Luota Deep/ Clay/% Silty/%  Fine sand/%  Md/® Mz/D 4 Sk Kg SC/D 10 m* kg™
section €M v, o =~ n, v 1 & V¥ = =~ o @ o o E83 22 v w = © o <
o ¥ v x> o xR TF Ty 0T S0 200 AN oA YN
. < < v n O o o — l\ l\ l\ L R Il oo = 9O —mn o — A
Jiaba Deep/ . Fine  Medium Coarse Mass MS/
. 1 1 Md/® Mz/® Sk K SC/D
section cm Clay/% - Silty/% sand/% sand/% sand/% “ 7 J 107 m*-kg™
o o O T
S o on— 00N o\l <t Vv VO 0 O— O A0 A WO < —A o <
+ & IS <+ =2 ¥ z\i DR T T T i L B R o BT o e B B B LS NI o RS o I Vo
M AT 0 B N o S =0 S S8 NS N =l ] T T SS S S8 = o=~ —

504"

754
100+
125+
150+
175+
200+
225+
250+
275+
300+
3251
350-

7]
Clay silt Gravel Silty clay

Sedlment
composition

] ]

Particle size Mass magnetic
parameters susceptibility (Mass MS)

Fig. 6 Vertical variation characteristics of sediment composition, particle size parameter and magnetic susceptibility

of weathering crusts in Luota section and Jiaba section

In the composition of sand, the changes of fine sand,
medium sand, and coarse sand are relatively consistent,
while the changes of silt and clay particles are opposite.
The variation amplitude of the same particle size grade
is large but the variation is not as frequent as that of

Luota section.
3.3 Particle size parameters

(1) Luota section
Particle size parameters of Luota section present
the following characteristics: values of Md range from
7.18 to 7.42 @, averaging at 7.31®; values of Mz range
from 7.31 to 7.54 @, averaging at 7.44 ®@;

range from —1.68 to —1.51, averaging at —1.57; values of

values of &

Sk range from —0.16 to —0.1, averaging at —0.14; values
of Kg range from 0.95 to 1.01, averaging at 0.98. These
characteristics indicate that variation ranges of paramet-
ers in Luota section are relatively small. This section is
mainly composed of fine particles with excellent sorting
performance, and the frequency curve shows an approx-
imately symmetrical distribution with negative bias.
Further analysis of the particle size parameters in
Luota section reveals that from the bottom of the sec-
tion upward, values of Md and Mz show an overall in-
creasing trend in clay interlayer 2, but the fluctuations
are more frequent (Fig.6). The lowest value of the sec-
tion appears in clay interlayer 1. But then the two values

gradually increase. Trends of ¢ and Kg are generally
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consistent with each other, with multiple cyclic fluctu-
ations occurring in clay interlayer 2, but the amplitude is
relatively small. In the transition part between clay inter-
layer 1 and the gravel layer, values of ¢ and Kg de-
crease significantly and reach the minimum value at
about 180—200 cm. After that, the values gradually in-
crease.

Values of SC/D can reflect the dry and wet condi-
tions of the region ", The peak range of SC/D values in
Luota section corresponds to larger Mz and Md values,
with poor sorting performance, reflecting weak winter
wind in the region. The increase in seasonal precipita-
tion makes the climate warm and humid, and the en-
hancement of biochemical processes intensifies sedi-
ment weathering and soil formation. The low value
range of SC/D reflects strong wind and dry climate. The
cyclic curves of particle size parameters at different
depths in the section correspond well with the sediment-
ary cycle of each layer. However, it can also be seen that
the parameter curve presents multiple fluctuations in the
same layer.

(2) Jiaba section

Analysis of particle size parameters of Jiaba sec-
tion indicate as follows: values of Md vary from 6.8 to
7.37 @, averaging at 7.07 @; values of Mz vary from
6.75 to 7.35 @, averaging at 7.07 ®; values of ¢ vary
from 2.07 to —1.7, averaging at —1.9; values of Sk vary
from —0.08 to 0.01, averaging at —0.02; values of Kg
vary from 0.86 to 0.98, averaging at 0.93. The section is
mainly composed of fine particles, with excellent sorting

performance and relatively small change of parameters.
3.4 Characteristics of magnetic susceptibility

(1) Luota section

The mass magnetic susceptibility of Luota section
ranges from 8.59x10° to 26.25x10 ° m’kg ', with an
average value of 17.02x10 * m’-kg '. The maximum fre-
quency of magnetic susceptibility is 9.1%, with an aver-
age value of 3.3%. The average mass magnetic suscept-
ibility of the section is less than 20 x 10 °m’-kg'. It
should be noted that when the mass magnetic susceptib-

ility is less than 20 x 10 °m’ kg ', the frequency mag-

. g o1 69
netic susceptibility may reflect measurement errors'®”.

Therefore, the magnetic susceptibility discussed in this
study only refers to the mass magnetic susceptibility.

From Fig.6, it can be observed that the magnetic
susceptibility of Luota section shows an overall decreas-
ing—increasing—decreasing trend in the vertical direc-
tion, with an obvious layering variation. There is a signi-
ficant alternating wave occurring in clay interlayer 2. In
addition, magnetic susceptibilities clearly correspond
with sediment components and parameters. Magnetic
susceptibilities of clay interlayer 2 show different trends
in variation with clay and average particle size at differ-
ent depths. For example, these variables indicate a signi-
ficant positive correlation at 270—410 cm but a signific-
ant negative correlation below 410 cm. In clay interlay-
er 1, the variation pattern is not obvious. Compared with
the variation curve of sand particles, it is found that the
value of magnetic susceptibility below 370 cm is gener-
ally consistent with that of sand content, but there is a
negative correlation at 270—370 cm.

(2) Jiaba section

Values of mass magnetic susceptibilities of Jiaba
section range from 10.31x10 * to 15x10° m’-kg ', aver-
aging at 13.03x10° m’-kg . The maximum frequency
magnetic susceptibility is 7.9%, averaging at 1.82%. The
maximum mass magnetic susceptibility is 15x10°
m’-kg ', less than 20x10 * m’-kg .

The overall trend of magnetic susceptibility of
Jiaba section shows an increasing—decreasing—increas-
ing characteristic, which is consistent with the trend of
Mz values. This trend shows an obvious variation with
the curves of clay and sand particles for a certain period.
Below 170 cm, the sand particle curve shows a roughly
positive correlation with the fluctuation of magnetic sus-
ceptibility, while the regular changes are not significant
at 50—170 cm. The clay curve shows a negative correla-
tion trend with magnetic susceptibility fluctuations be-
low 200 cm, and a roughly positive correlation trend at
50-200 cm.

3.5 Spore pollen characteristics

After inspection and identification of samples
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(Fig.7), it was found that eight samples (LT-1, LT-2, LT-
3, LT-7, LT-Y1, LT-Y2, JB-1, and JB-Y1) are rich in
spore pollen. However, three samples (LT-4, LT-5, and
LT-6) contain relatively little spore pollen, and no spore
pollen fossils have been found in three other samples
(LT-Y3, JB-2, and JB-3). The detail information is illus-
trated in Fig.7.

(1)LT-1

Polypodium > 100 granules; Pinus: 35 granules

Abies: 4 granules; Podcarpus: 2 granules

(2)LT-2

Polypodium: 64 granules; Pinus: 8 granules; Chen-
opodium: 1 granule

(3)LT-3

Polypodium: 36 granules; Pinus: 2 granules

(4)LT-7

Polypodium: 37 granules; Pinus: 2 granules

(5) LT-Y1

Polypodium: 11 granules; Pinus: 26 granules;
Abies: 1 granule

(6) LT-Y2

Polypodium > 100 granules; Pinus: 7 granules;
Podcarpus: 1 granule

(7)JB-1

Polypodium: 7 granules; Pinus: 21 granules;
Gramineae: 1 granule

(8) JB-Y1

Polypodium: 18 granules; Pinus: 14 granules;

Carpinipites: 1 granule; Gramineae: 1 granule

(9)LT-4

Polypodium: 1 granule; Podcarpus: 1 granule

(10) LT-5

Pinus: 2 granules

(11)LT-6

Pinus: 1 granule

4 Discussion

4.1 Relationship between planation surface and
regional karst landform evolution

The current terrain of Hunan is a "horseshoe-

Fig. 7 Sporopollen assemblage chart of Luota section

and Jiaba section

1-15. Polypodium (sample numbers of 1-9: LT-3; sample numbers of 10—15:
LT-Y2); 16. Podcarpus (sample number: LT-Y2); 17-21. Pinus (sample
numbers of 17-20: LT-Y1; sample number of 21: LT-3); 22-23. Gramineae
(sample number of 22: JB-1; sample number of 23: JB-Y1)

shaped" basin surrounded by mountains on three
sides—east, west, and south, and gently inclines north-
ward. Wuling, Xuefeng and Mufu Mountains surroun-
ded by the Dongting basin are the strong uplifting areas
of the late Himalayan movement. The number of plana-
tion surface and valley terrace gradually decreases from
west to east, with the corresponding decrease of their
altitudes. As a result, the intensity of karstification in the
region follows a decreasing trend from low-level to high-
level planation surfaces. The high-level planation sur-
face is mainly a recharge area of karst water, character-
ized by vertical karst forms such as karst depressions,
dolines, and ponors. However, runoff and discharge
areas are mostly located at the low-level planation sur-
face, mainly characterized by horizontal caves, under-
ground rivers, and rocky desertification areas. *" ™.

Planation surfaces in Xiangxi are developed in an



266 AR

2024 4E

imbalanced way in the north and south, with a possible
Level-4 planation in the south and a Level-6 in the
north "*" (Table 1). Generally, a planation surface re-
flects a stationary stage, at least a relatively long stable
period during tectonic uplift. This indicates that Xiangxi,
as a geomorphic transformation zone on the edge of the
YGP, may be affected by tectonic uplift in a heterogen-
eous way. From a global perspective, the Paleogene was
a favorable period for the development of planation sur-
faces or the formation of quasi plains. In the late Paleo-
gene to the Neogene, regionally representative planation
surfaces during the Luota and Zhaoshi Periods were
formed in Xiangxi, with rich karst landforms such as
karst hills, dolines, ponors, stone forests, clints, shafts,
karst depressions, and valleys. Xiangxi is also character-
ized by the distribution of recharge and discharge areas,
which indicates that the time of karstification from the
late Paleogene to the Neogene was relatively long.
These characteristics constitute basic conditions for the
differences in landforms between Xiangxi and the cent-
ral-southern Hunan.

Another important condition that causes evolution
differences of the regional karst landforms is the paleo-
climate. The planation surfaces formed in China during
the wet and hot period of the Neogene were developed
along the line from Xizang to Yunnan, Hunan and

. 71-7
Guizou'

% In the Pliocene, the northern boundary of
China's subtropical zone reached around 41 ° N. The in-
fluence of wet and hot weather on planation surfaces and
karst landforms often crossed geological units and wa-
tersheds””. In most parts of the karst region in Southw-
est China, there are weathering crusts overlying differ-
ent bedrocks. Weathering crusts of the Luota and
Zhaoshi Periods in Xiangxi are the products of paleocli-
mate and paleoenvironment at different times and alti-
tudes, and have an important impact on the series of

karst landforms.

4.2 Paleoclimate reflected by weathering crusts
on planation surfaces in Xiangxi

Sedimentary records of Luota section show that the

weathering crust experienced three significant climate

fluctuations: the significantly warming period recorded
at 410-500 cm, the decreasing of humidity at 280—410
cm, and the relatively humid period at 150—280 cm. Al-
though the sedimentary curve of the section fluctuates
multiple times, its amplitude is relatively small. This in-
dicates that during the sedimentary period, the overall
paleoclimate was warm and humid, and river levels were
generally high and stable. Contents of clay and silt of the
section reached 41.9% and 57.6%, respectively, while
the sand content was only 0.56%. The overall high val-
ues of Mz, Md, SC/D, and magnetic susceptibility val-
ues indicate a relatively humid sedimentary environ-
ment. In terms of the sedimentary characteristics of
weathering crust, clay interlayers are situated at
290-500 cm and 150-260 cm, and gravel layers at
260—290 cm of Luota section. In clay interlayer 2, the
average content of clay particles is 42.1%, and that of
sand is 0.47%. The highest value of clay particles
(44.55%) and the lowest value of sand particles (0.31%)
both occur in this layer. The average values of Mz, Md,
and SC/D are 7.45 @, 7.33 @, and 233.8, respectively.
Compared with other sedimentary layers, the climate re-
flected in clay interlayer 2 was generally the moistest,
similar to the climate recorded at 150—260 cm in clay in-
terlayer 1, but the climate reflected in interlayer 1 is
more changeable. It is inferred that Luota section re-
veals the climate experiencing from rewarming period to
warm and humid period, and then warm period during
sedimentation of the weathering crust on the planation
surface in the Luota period.

During the sedimentation of the weathering crust in
Jiaba section, the climate also experienced 3 significant
fluctuations, namely, the relatively humid period recor-
ded at 230—350 cm, the relatively cool and dry period at
160—230 cm, and the warming period at 50—160 cm.
During the relatively humid period at 230—-350 cm, con-
tents of clay particles in the section significantly in-
creased, while those of silt and sand particles decreased
and reached the lowest value. The overall fluctuation of
Mz, Md, SC/D, and magnetic susceptibility values indic-
ate that the climate was relatively humid, the summer

monsoon became stronger, and the river level rose dur-
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ing this period. During the period recorded at 160—-230
cm, the overall contents of clay particles decreased,
while the contents of silt and sand particles increased.
However, the decrease in clay and the increase in silt
and sand were relatively small. Compared to the climate
in the previous period, significant decreases of Mz, Md,
and SC/D values in this period indicate that the climate
during the sedimentation was dry or cool, and the sum-
mer monsoon was relatively weak, resulting in a de-
crease in river levels. During the period recorded at
50—160 cm, there were obvious peak (at 110 cm) and
bottom (at 90 cm). But generally, the clay content in-
creased; the sand content significantly decreased; the
magnetic susceptibility remained relatively high. The
values of Mz, Md, and SC/D showed an increasing
trend. These findings may indicate that the climate in
this period was relatively humid, with slightly stronger
summer monsoon, and river levels remained basically
stable. It can be inferred that Jiaba section reveals a cli-
mate transition from warm and humid to dry, then to
cool and humid, and finally to warming during sedi-
mentation of the weathering crust in the Zhaoshi period.

Although both Luota and Jiaba sections experi-
enced multiple fluctuations during sedimentation,
particle sizes and magnetic susceptibilities show that the
sedimentary environment of these two sections was gen-
erally humid, with relatively small fluctuations of dry
period. Moreover, Luota section contains a higher silt
content and a significantly lower sand content. The aver-
age values of Mz, Md, and magnetic susceptibility are
also low, indicating that the sedimentary environment of
the weathering crust in Luota section was slightly hu-
mid and warm, compared to the same variables of Jiaba
section. In addition, a layer of sand gravel was also de-
veloped in Luota section, which may represent the reju-
venation of ancient rivers. Therefore, it can be inferred
that the sedimentary environment of the weathering
crust in Luota section was warm with high humidity, but

cool and humid with low humidity in Jiaba section.
4.3 Verification of paleoclimate by spore pollen

Results of spore pollen identification indicate that

the types of the spore pollen of the two sections are dif-
ferent. Samples LT-1, LT-2, LT-3, LT-7, LT-Y1 and LT-
Y2 from Luota section show moderate abundance and
consistent combinations of spore pollen. The main com-
ponents are Polypodium and Pinus, and small amounts
of Abies, Podcarpus and Chenopodium. Contents of
spore pollen in samples LT-4, LT-5 and LT-6 are relat-
ively low, with several of Polypodium, Pinus and Pod-
carpus. No spore pollen was found in sample LT-Y3.
The concentration of spore pollen in samples JB-1 and
JB-Y1 of Jiaba section is low, with the main compon-
ents of Polypodium and Pinus, and small amounts of
Gramineae and Carpinipites. No spore pollen fossils
were found in samples JB-2 and JB-3. This is likely
due to the fact that in terms of the location of field
sampling, these samples belong to the bedrock with low
weathering.

It can be seen that the spore pollen concentration in
Luota section is higher, while the concentration in Jiaba
section is low. The spore pollen types in both sections
are relatively few. Despite some differences in types of
spore pollen, there are a large number of Polypodium in
both of these two sections, suggesting that the climate
was warm and hot at that time, which is consistent with
the analysis of particle size and magnetic susceptibility.
The climate with high temperature and humidity also
played an important role in promoting the formation of
planation surfaces and the development of other karst

landforms.

4.4 Exploration of the erosion age of planation
surfaces

The determination of the erosion age of planation
surfaces has always been a difficult problem . Des-
pite many studies on the planation surface in Xiangxi,
the issue on the chronology of planation formation has
not been well resolved. According to the study of karst
caves and deposits in the Luota area, JIN et al”” sugges-
ted that the development of planation surfaces from the
karst tableland at the highest altitude to the valley in this
area spanned from the pre-Tertiary to the early-middle

Pleistocene. Comparing the lithology and chemical com-
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position of the Quaternary deposits in Luota, PENG et
al'” found evidence for early-to-middle Pleistocene sed-
imentation. On the basis of the residual slope deposits
and ice water accumulation of Tiziyan in Luota,
CHEN " inferred that the highest platform was formed
during the Paleogene—Neogene period, while karst land-
forms, such as stone forests, on the platform were
formed between 5,330 to 10 ka.

The spore pollen of weathering crust in Luota sec-
tion was mainly composed of Polypodium and Pinus
common in the Cenozoic, and small amounts of Abies,
Podcarpus and Chenopodium. Spore pollen fossils from
the Paleozoic and Mesozoic and fossils clearly indicat-
ing the Paleogene were not found. But there were fossils
common in the Neogene. Therefore, it is preliminarily
speculated that the weathering crust of Luota section
may have started sedimentation in the early Neogene,
and the Luota planation surface may have been formed
in the Miocene.

In Jiaba section, there were small amounts of
Gramineae and Carpinipites, but spore pollen mo-
lecules common in the Paleozoic and the Mesozoic and
spore pollen fossils clearly indicating the Paleogene
were not found. Gramineae and Carpinipites were
mainly from the Neogene—Quaternary. Based on these
data, it is inferred that Jiaba Section may have started
sedimentation in the early Quaternary, and the Zhaoshi
planation surface may have been formed in the Pleisto-

cene.
5 Conclusion

(1) The weathering crust of Luota section is mainly
composed of interbedded layers of clay and gravel, with
high clay and silt contents and low sand contents. The
values of Mz, Md, SC/D, and magnetic susceptibility of
the weathering crust are generally high. The weathering
crust of Jiaba section is mainly composed of the layer of
silt and clay and sandstone, with relatively more fluctu-
ations in values of Mz, Md, SC/D and magnetic suscept-
ibility. Both sections indicate three significant index

fluctuations, but the fluctuation of Jiaba section show

greater amplitude.

(2) The particle size and magnetic susceptibility of
the two sections reflect that the paleoclimate during the
formation of weathering crust was generally humid, ac-
companied by small fluctuations of dry climate. In de-
tail, the climate in the Luota period may have been a
warm climate with high humidity, while the climate in
the Zhaoshi period may have been a cool climate with
low humidity. This finding is consistent with the results
of spore pollen analysis. The climate with high temper-
ature and humidity played an important role in promot-
ing the formation of planation surface and the develop-
ment of karst landforms.

(3) According to the data on spore pollen, it is
speculated that the planation surface in the Luota period
may have been formed in the Miocene, and the plana-
tion surface in the Zhaoshi period may have been
formed in the Pleistocene. However, the accurate chro-
nological conclusions cannot be drawn at present. Fur-

ther research and comparison are needed in the future.
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