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Abstract. Red beds belong to slippery formations, and their
rapid identification is of great significance for major scien-
tific and engineering issues, such as geological hazard risk
assessment and rapid response to geological disasters. Ex-
isting research often identifies red beds from a qualitative
or semiquantitative perspective, resulting in slow recognition
speed and inaccurate recognition results, making it difficult
to quickly handle landslide geological disasters. Combined
with the correlation between red beds’ geomorphic charac-
teristics, mineral compositions, and chemical compositions,
this study established a preliminary identification quantita-
tive criterion based on the basic chemical composition com-
bination rules (SiO; + Al,O3, Al;03/Si0;, FeO + Fe;03,
Fe>03/FeO, K>0 + NayO, NaO/K,0, CaO + MgO, and
MgO/Ca0) in the red beds. Following this, we perform prin-
cipal component analysis on the basic chemical composition
combination rules mentioned above. The results indicate that
simultaneously meeting the following principal component
features can serve as a rapid quantitative criterion for dis-
tinguishing red beds from other rocks: F1 = —3.36-23.55;
F2=-23.00-3.11; F3=—10.12-4.88; F4 = —2.21-4.52;
F5=-0.97-7.30; and F = —0.67-1.89. By comparing the
chemical composition combinations of 15 kinds of rocks col-
lected from China in this study, it is proven that the quantita-
tive criterion proposed in this study is effective. The study re-
sults can be used for rapid identification of red beds, achiev-
ing risk assessment and rapid response to geological disasters
such as landslides.

1 Introduction

Red beds are widely distributed throughout the world (Zhou
et al., 2023b; Yan et al., 2019; Chen et al., 2021). Geological
disasters occur frequently in the red bed distribution area, es-
pecially landslides, debris flows, collapses, and underground
engineering damage (Chen et al., 2014; Zhou et al., 2023a;
Y. Wang et al., 2022). According to the characteristics of dis-
asters such as landslides, the red beds belong to “landslide
prone strata”, and the instability of slopes with weak interlay-
ers of the red beds is particularly evident (Zhang et al., 2015).
This is mainly due to the strong hydrophilicity and weak per-
meability of the red beds, which are prone to softening and
plastic deformation under the action of water. After absorb-
ing water, the red beds easily expand, and after losing water,
they are easily contract. The weathering resistance of the red
beds is weak, they easily collapse, and their compressive and
shear strengths are low (Zhang et al., 2016, 2024; Wu et al.,
2018; Wang et al., 2017; Marat et al., 2022). The red beds
have different lithology or poor binding force with other rock
strata, which can easily cause differential deformation and
lead to mass rock sliding along the bedding plane (Liu et al.,
2020; He et al., 2023; Wang et al., 2024). Therefore, the iden-
tification of rock types, especially the rapid determination of
red beds, is of great significance for major scientific and en-
gineering issues, such as risk assessment and rapid response
to geological disasters, in the red bed distribution area.
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At present, the studies on red bed identification are mostly
carried out from the perspectives of geomorphic characteris-
tics, mineral compositions, and chemical compositions (Cui
et al., 2022; Zhou et al., 2021). There is a close relationship
between these perspectives (Moonjun et al., 2017; Bankole
et al., 2016; Perri et al., 2013). For example, the content of
Fe;O3 or hematite in the red beds is higher than that in the
gray beds (Hu et al., 2006). Among these perspectives, the
research into geomorphic characteristics and mineral com-
positions mostly adopts qualitative or semiquantitative meth-
ods, and there are many such studies. For example, Rain-
oldi et al. (2015) identified red beds by studying the color
of geomorphic characteristics and hematite in mineral com-
positions and the mechanism of red bed bleaching. Uchida
et al. (2000) distinguished red sandstone, yellowish brown
sandstone, and green sandstone according to the content of
hematite, goethite, biotite, and muscovite in the mineral com-
positions; analyzed the characteristics of different rocks; and
pointedly protected Angkor monuments. Xue et al. (2023)
distinguished red mudstone and red sandstone by quantify-
ing the clay mineral content in the mineral compositions in
order to analyze the mechanisms and control factors of sum-
mer uplift of high-speed railway cutting. At this stage, the
research on the geomorphology, mineral color, and clay con-
tent of the red beds lays the foundation for the identification
of the red beds, but this identification is still vague and needs
to be further quantified. Therefore, some scholars have con-
ducted quantitative studies on the chemical compositions of
red beds. Hong et al. (2009) analyzed the alteration of clay
minerals by studying the changes in the Si0,/Al;Os3 ratio in
the chemical compositions of the red beds, thereby obtaining
the weathering degree of the red beds. Bankole et al. (2016)
studied the relationship between the Fe/Mg ratio, Fe3t /FeT
ratio, and Cr/Fe ratio of red beds to indirectly study the oxy-
gen content of the Paleoproterozoic. Hu et al. (2006) studied
the characteristics of high Fe,O3 content and low FeO con-
tent in the oceanic red beds and analyzed ancient landslides
on the continental margin from the perspective of petrol-
ogy. However, these studies do not distinguish between red
beds and other rocks in terms of chemical compositions. The
use of portable spectrometers and drone-borne multi-sensor
remote sensing techniques can quickly obtain the chemical
compositions of rocks in geological disasters while ensuring
safety (Triantafyllou et al., 2021; Kirsch et al., 2018), mak-
ing it feasible to use chemical compositions as the standards
to distinguish red beds from other rocks.

Therefore, the purpose of this study to develop a quan-
titative criterion for quickly and accurately identifying the
red beds. This study collected the data about the geomorphic
characteristics, mineral content, and chemical composition
of red beds and other rocks; compared these data to obtain
the basic characteristics of red beds; and finally summarized
and analyzed the red bed identification criterion and verified
the reliability of this criterion.
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2 Methods

Figure 1 shows the methodology used in this study, involv-
ing the investigation of geomorphic characteristics, mineral
compositions, and chemical compositions (the perspective of
chemical compositions is the focus of this study). In this
study, data on geomorphological features, mineral content
and chemical composition of the red beds and other rocks
were first collected, then these data were compared to derive
the basic characteristics of the red beds, the red bed identifi-
cation criteria were summarized and analyzed, and the relia-
bility of the criteria was verified.

2.1 Data collection

The geomorphic characteristics data were collected from the
previous studies about landslides, debris flows, and collapses
of red beds, igneous rocks (andesite, basalt, diorite, granite),
metamorphic rocks (gneiss, marble), and other sedimentary
rocks (arkose, black shale, breccia, claystone, dolomite, lig-
nite, limestone, marl, mudstone, siliciclastic rock, tuff) (e.g.,
Zhang et al., 2015, 2017; San et al., 2020; He et al., 2021;
Ciftci et al., 2008; Perez-Rey et al., 2019; Anbarasu et al.,
2010; Xia et al., 2019; Gokbulak and Ozcan, 2008; Li et al.,
2016; F. W. Wang et al., 2022; Underwood et al., 2016; Kav-
vadas et al., 2020; Harp et al., 2011; De Montety et al., 2007;
Contino et al., 2017; Liu et al., 2018; Ni et al., 2015; Hale
et al., 2021). The geomorphic characteristics of red beds in-
vestigated in this study involve the evolution process and dis-
tribution of red beds on Earth’s surface, and the results were
compared with that of other types of rock samples.

The mineral compositions of red beds (1536 datasets) were
collected from the previous studies shown in Table 1 in the
Supplement (Jian et al., 2009; Liu et al., 2020; Zha et al.,
2022; Bai et al., 2020; Zhang et al., 2021, 2020, 2016; Yao
et al., 2016; Li et al., 2023, 2015, 2013; Marat et al., 2022;
Wang et al., 2017, 2018, 2014; Chen et al., 2014). These stud-
ies used semiquantitative or quantitative methods involving
X-ray diffraction (XRD) technology to statistically analyze
the differences in mineral composition between different red
beds (e.g., quartz, feldspar, mica, hematite, clay minerals,
and calcite), as detailed in the aforementioned literature. This
study mainly focuses on the influence of mineral composi-
tions on geomorphic characteristics, particularly the layered
structure and color of red beds.

The chemical compositions of red beds (1536 datasets)
with different geological ages and various lithologies, such
as conglomerate, sandy conglomerate, sandstone, siltstone,
shale and mudstone, were collected from the previous stud-
ies as shown in Table 2 in the Supplement (e.g., Uchida et
al., 2000; Xue et al., 2023; Jiang et al., 2022; Yang et al.,
2016; Liu et al., 2020, 2006, 2007; Kong et al., 2018; Zhao
et al., 2005; Gao et al., 2017; Zhang et al., 2008; Zhu et al.,
2003; Hong et al., 2009; Wild et al., 2017). We searched for
the chemical compositions of igneous rocks, including an-
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Figure 1. Methodology for identifying red beds from geomorphic characteristics, mineral compositions, and chemical compositions.

desite (Table 3 in the Supplement, 49 203 datasets; data were
downloaded from the GEOROC database (https://georoc.
mpch-mainz.gwdg.de//georoc/) on 11 May 2023, identified
by using “andesite” as the search parameter), basalt (Table 4
in the Supplement, 80365 datasets; data were downloaded
from the GEOROC database on 11 May 2023, identified by
using “basalt” as the search parameter), diorite (Table 5 in
the Supplement, 4941 datasets; data were downloaded from
the GEOROC database on 11 May 2023, identified by us-
ing “diorite” as the search parameter), and granite (Table 6
in the Supplement, 17272 datasets; data were downloaded
from the GEOROC database on 11 May 2023, identified by
using “granite” as the search parameter). We also searched
for the chemical compositions of metamorphic rocks, in-
cluding gneiss (Table 7 in the Supplement, 24 300 datasets;
data were downloaded from the EarthChem Portal Database
(http://portal.earthchem.org/) on 20 April 2018, identified
by using “metamorphic” under material and “gneiss” un-
der rock name as search parameters) and marble (Table 8 in
the Supplement, 3364 datasets; data were downloaded from
the EarthChem Portal Database on 12 May 2023, identified
by using “metamorphic” under material and “marble” under
rock name as search parameters). Finally, we searched for the
chemical compositions of other sedimentary rocks, includ-
ing arkose (Table 9 in the Supplement, 682 datasets; data
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were downloaded from the EarthChem Portal Database on
10 May 2023, identified by using “sedimentary” under ma-
terial and “arkose” under rock name as search parameters),
black shale (Table 10 in the Supplement, 305 datasets; data
were downloaded from the EarthChem Portal Database on
10 May 2023, identified by using “sedimentary” under ma-
terial and “black shale” under rock name as search param-
eters), breccia (Table 11 in the Supplement, 1396 datasets;
data were downloaded from the EarthChem Portal Database
on 10 May 2023, identified by using “sedimentary” under
material and “breccia” under rock name as search parame-
ters), claystone (Table 12 in the Supplement, 3790 datasets;
data were downloaded from the EarthChem Portal Database
on 10 May 2023, identified by using “sedimentary” under
material and “claystone” under rock name as search param-
eters), dolomite (Table 13 in the Supplement, 2169 datasets;
data were downloaded from the EarthChem Portal Database
on 6 May 2023, identified by using “sedimentary” under ma-
terial and “dolomite” under rock name as search parame-
ters), lignite (Table 14 in the Supplement, three datasets; data
were downloaded from the EarthChem Portal Database on
24 April 2018, identified by using “sedimentary” under ma-
terial and “lignite” under rock name as search parameters),
limestone (Table 15 in the Supplement, 9104 datasets; data
were downloaded from the EarthChem Portal Database on
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10 May 2023, identified by using “sedimentary” under mate-
rial and “limestone” under rock name as search parameters),
marl (Table 16 in the Supplement, 142 datasets; data were
downloaded from the EarthChem Portal Database on 10 May
2023, identified by using “sedimentary” under material and
“marlstone, marl” under rock name as search parameters),
mudstone (Table 17 in the Supplement, 6140 datasets; data
were downloaded from the EarthChem Portal Database on
10 May 2023, identified by using “sedimentary” under ma-
terial and “mudstone, mud” under rock name), siliciclastic
rock (Table 18 in the Supplement, 26 938 datasets; data were
downloaded from the EarthChem Portal Database on 10 May
2023, identified by using “sedimentary” under material and
“siliciclastic” under rock name as search parameters), and
tuff (Table 19 in the Supplement, 10295 datasets; data were
downloaded from the EarthChem Portal Database on 6 May
2023, identified by using “sedimentary” under material and
“tuff” under rock name as search parameters).

Studies have found that rock disasters are related to the
content of minerals, such as quartz, clay minerals, hematite,
calcite, dolomite, and feldspar, and that these mineral con-
tents are also closely related to the combination of ma-
jor elements or oxides (Table 1), for example, SiO, and
AlpO3 (used to study the relative content relationship be-
tween quartz and clay minerals) (Hong et al., 2009), Fe,O3
and FeO (used to study the high hematite content character-
istics of hematite) (Hu et al., 2006), CaO and MgO (used to
study the content relationship of potassium feldspar, calcite,
and dolomite) (Han et al., 2023), and Na, O and K, O (Qiao et
al., 2017). Therefore, this study on the basic chemical com-
position combination rules and the quantitative criterion of
the red beds only involves the major elements mentioned
above and does not involve the analysis of trace elements or
other stable isotopes.

Using the SPSS PRO online data analysis program and
principal component analysis method to compare the chemi-
cal component combination rules of red beds, the quantitative
identification criterion was studied at a significance level of
P <0.05.

2.2 Criterion verification

In order to verify the proposed basic chemical composi-
tion combination rules and quantitative criterion of red beds,
15 kinds of rocks of known rock types were selected in
Guangdong, Sichuan, Hubei, Zhejiang, and Anhui provinces
(Fig. 2), including 12 kinds of red beds (red claystone, red
mudstone, red silty mudstone, red argillaceous siltstone, red
fine sandstone, red medium sandstone, red coarse sandstone,
red conglomerate), limestone (one kind), arkose (one kind),
and mudstone (one kind). After on-site sampling, we used
a hammer to smash the rock block out of the fresh sur-
face. Following this, the fresh surface was analyzed using
the YL-P-3LRX handheld laser-induced breakdown spec-
troscopy (LIBS, Fig. 3) instrument to check whether these
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elements conform to the basic chemical composition combi-
nation rules of red beds proposed by this study. This device
can detect elements such as K, Na, Si, Al, Ca, Mg, Fe, and
oxides.

The working principle of the LIBS is that a miniature X-
ray source provides tube voltage and tube current, and the
light tube emits continuous X-ray spectral lines. The X-rays
irradiated on the sample knock out the inner electrons of the
K and L layers of the element atoms, and the holes in the
low-energy layer are filled by high-energy outer electrons (N
layer). The high-energy electrons emit excess energy as X-
ray fluorescence (Ko) with elemental characteristics. Thus,
the instrument detects the type and concentration of elements
through the emitted spectral lines. On the instrument analysis
interface, point the detection window toward the rock sample
and press the trigger to start and stop the measurement. After
amplification and data collection, the signal is processed to
obtain the required test data.

3 Results and discussion
3.1 Geomorphic characteristics of red beds

Geomorphic characteristics of the red beds as shown in
Fig. 4. Red beds are sedimentary rocks of different geological
ages (mainly Mesozoic and Cenozoic) with bedding struc-
ture typically consisting of various lithologies such as con-
glomerate, sandy conglomerate, sandstone, siltstone, shale,
and mudstone that are predominantly red in color due to the
presence of ferric oxides (Yan et al., 2019). Owing to dif-
ferences in depositional environments and influences of late-
stage geologic processes, the color of red beds can be brown-
ish to reddish yellow, brownish yellow, purplish red, brown-
ish red, grayish purple, and other reddish tints (Yan et al.,
2019; Nance, 2015), making it difficult to accurately describe
using the CIELAB color space and/or Munsell color system.
Bedding is a common structural feature of sedimentary rocks
representing the changes in the sedimentary environment.
Sandstone is one of the most common types of red beds,
with a distinct reddish appearance. Compared with the obvi-
ous layering and red appearance characteristics of red beds,
igneous rocks and metamorphic rocks do not show the two
characteristics of red appearance and bedding at the same
time. Basalts are reddish in appearance but do not have bed-
ding (Cunha et al., 2005). In addition, andesites are mainly
light black and have a columnar structure that is similar to
that of basalts (Feizizadeh et al., 2021). Most of granites are
gray or light brown with a significantly different structure
compared to red beds (Migon et al., 2018), while gneisses
are generally characterized as a dark and light gneissic struc-
ture (Garajeh et al., 2022). Although the red appearance and
bedding structure can be used as qualitative criteria for iden-
tifying the red beds, the analysis of mineral and chemical

https://doi.org/10.5194/se-15-1185-2024
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Table 1. Chemical composition (%) of minerals in red beds from our chosen database.
Mineral chemical formulas Si0;  AlLO3 FepO3 FeO CaO MgO NaO KO HO COp
Quartz (Si07) 100.0
Potassium feldspar (KAISi3Og) 64.7 18.4 16.9
Sodium feldspar (NaAlSizOg) 68.8 19.4 11.8
Calcium feldspar (CaAl2Si;Og) 432 36.7 20.1
White mica (KAl (AlSi30;()(OH, F),) 452 384 118 4.1
Biotite (KMg3[Si3AlO10](OH, F),) 43.0 12.2 28.8 11.2 22
Phlogopite (K(Mg, Fe)3AlSi30;o(F, OH),) 41.6 11.8 8.3 23.2 05 109 3.6
Hematite (Fe,03) 100.0
Calcite (CaCO3) 56.0 44.0
Kaolinite (Al,Si,O5(0OH)4) 46.6 39.5 14.0
Tllite (Kq 75 (Al 75R)[Si3 5Al95010]1(OH)7) 54.0 17.0 1.9 3.1 73 120
Montmorillonite 43.8 18.6 1.0 1.1 36.1
((Na, Ca).33(Al, Mg);[SisO10](OH), -nH20)
Chlorite (Y3[Z40101(OH), - Y3(OH)g) 30.3 17.1 15.1 25.4 12.1

Note that all data were collected from http://webmineral.com/ (last access: 31 October 2023) and https://www.mindat.org/ (last access: 31 October 2023).
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Figure 2. Distribution areas of red beds in China and sampling locations for 15 types of rocks.

compositions is still necessary for identifying the rocks from
quantitative perspective.

3.2 Mineral compositions of red beds

Table 2 shows the statistical analysis results of mineral com-
positions of red beds in Table 1 in the Supplement. The
common minerals in the red bed are quartz (median value
is 40 %, the same as below), clay minerals (35 %, includ-
ing kaolinite, illite, montmorillonite, and chlorite), feldspar
(10 %, including K-feldspar and plagioclase), calcite (10 %),
mica (7 %, including biotite, muscovite, and sericite), and
hematite (3 %) according to their content. According to the
average value and standard deviation, it can be seen that the
content range of various minerals has significant dispersion.
The ratio of the content of clay minerals to other minerals
(quartz, feldspar, mica, hematite, and calcite) ranges between

https://doi.org/10.5194/se-15-1185-2024

0.11 and 1.50. The hematite content ranges between 1.5 %
and 10.0 % (percentile = 10th—-90th), and reddish appearance
of red beds is due to the abundant hematite content of the
rocks. The change in mineral compositions of red beds could
lead to the change in rock color, which is one of the major
characteristics of red beds. Furthermore, when the red beds
encounter water, softening and expansion could happen be-
cause of the large amount of clay minerals in the rocks, espe-
cially for mudstone. The differences in mineral compositions
of the red beds can also be quantitatively described through
their chemical composition combination characteristics (Ta-
ble 1).

3.3 Chemical composition characteristics of red beds

Figures 5 and 6 are mainly used to qualitatively analyze the
differences in chemical compositions between the red beds

Solid Earth, 15, 1185-1201, 2024
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Figure 4. Geomorphic characteristics of the red beds.

and other rocks through scatter plots. The area surrounded by
dashed black lines is the area where the red bed data points
are located. To better distinguish various rock data points, the
distribution areas of various rock data are shown on the right
side of the figure, and the corresponding colored dashed el-
lipses are used to indicate the distribution areas in the dataset.
Figure 5 shows the comparison of SiO; and Al,O3, FeO and
Fe>03, K20 and NayO, and CaO and MgO contents in red
beds, igneous rocks, and metamorphic rocks. Figure 6 shows
the comparison of SiO; and Al,O3, FeO and Fe,03, K>O
and NaO, and CaO and MgO contents in red beds and other
sedimentary rocks.

The content of SiO; in the red beds is about 30 %—80 %,
Al»O3 is about 8 %-30 %, Fe, O3 is about 0 %—10 %, FeO is
about 0 %—-3 %, K, O is about 0 %—10 %, NaO is about 0 %—
2.5 %, CaO is about 0 %—10 %, and MgO is about 0 %-5 %.
Compared with igneous rocks, metamorphic rocks, and other
sedimentary rocks, the content of each chemical composition
of the red beds has three relationships with the content of cor-
responding chemical composition of other rocks: inclusion
relationship (the data distribution range of one rock com-
pletely covers and is larger than the data range of the other
rock), intersection relationship (the data distribution range of
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Red beds Danxia landform

one rock intersects with the data distribution range of another
rock), and mutual difference relationship (the data distribu-
tion range of one rock does not intersect at all with the data
distribution range of another rock). The distribution range of
Si0, and Al,O3 content in the red beds includes the dis-
tribution range of SiO, and Al,O3 content in nine types of
rocks, namely andesite, basalt, diorite, granite, black shale,
claystone, mudstone, siliciclastic rock, and tuff. The distri-
bution range of SiO; and Al,O3 content in the red beds inter-
sects with that in breccia, lignite, and marl. The distribution
range of SiO; and Al,O3 content in gneiss, marble, arkose,
dolomite, and limestone is different from that in the red beds.
The distribution range of Fe,O3 and FeO content in the red
beds includes the distribution range of Fe;O3 and FeO con-
tent in granite, marble, and lignite. The distribution range of
Fe,; 03 and FeO content in the red beds intersects with that in
eight kinds of rocks, namely andesite, basalt, diorite, breccia,
claystone, dolomite, limestone, and mudstone. The distribu-
tion range of Fe,O3 and FeO content in gneiss, arkose, black
shale, siliciclastic rock, and tuff is different from that in the
red beds. The distribution range of KO and NayO content
in the red beds includes the distribution range of K>O and
Na;O content in lignite. The distribution range of K»O and

https://doi.org/10.5194/se-15-1185-2024
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Table 2. Statistical analysis results of mineral compositions of red beds from literature data.

Minerals Range Range Median value  Average  Standard

(per = 0%-100%) (per =10%-90%)  (per =50 %) value deviation
Quartz (%) 2.3-94.0 21.0-69.0 40.0 42.6 18.8
Clay minerals (%) 1.0-80.0 7.8-59.0 35.0 34.1 18.6
Feldspar (%) 0.4-71.0 2.3-25.0 10.0 12.6 10.7
Mica (%) 0.1-40.8 3.0-20.0 7.0 9.2 8.2
Hematite (%) 0.4-25.2 1.5-10.0 3.0 5.0 4.4
Calcite (%) 0.7-97.7 3.1-23.5 10.0 12.2 10.0
Clay minerals or other minerals  0.01-6.00 0.11-1.50 0.61 0.76 0.66

Note that per stands for percentile. Other minerals refers to quartz, feldspar, mica, hematite, and calcite.
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Figure 5. Comparison of (a) SiO, and Al;03, (b) FeO and Fe,03, (¢) K»O and Na,O, and (d) CaO and MgO contents in red beds, igneous
rock, and metamorphic rocks (icons of the same color in the figure have the same meaning).
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sedimentary rocks (icons of the same color in the figure have the same meanings).

Na,O content in the red beds intersects with that in 15 kinds
of rocks, namely andesite, basalt, diorite, granite, marble,
arkose, black shale, breccia, claystone, dolomite, limestone,
marl, mudstone, siliciclastic rock, and tuff. The distribution
range of K>O and NayO content in gneiss is different from
that in the red beds. The distribution range of CaO and MgO
content in the red beds includes the distribution range of CaO
and MgO content in granite, black shale, and lignite. The dis-
tribution range of CaO and MgO content in the red beds in-
tersects with that in 13 types of rocks, including andesite,
basalt, diorite, gneiss, arkose, breccia, claystone, dolomite,
limestone, marl, mudstone, siliciclastic, and tuff. The distri-
bution range of CaO and MgO content in marble is different
from that in the red beds. Therefore, from a qualitative per-
spective, it can be seen that the red beds differ in chemical
composition from 8 kinds of rocks, namely gneiss, marble,
arkose, dolomite, limestone, black shale, siliciclastic rock,

Solid Earth, 15, 1185-1201, 2024

and tuff, and also intersects with other rocks to varying de-
grees. However, this is not enough as a criterion to determine
the difference between red beds and other rocks.

Figures 7 and 8 mainly analyze the differences in chemi-
cal compositions between red beds and other rocks through
further data statistics and box plots of the scatter plots men-
tioned above and propose a quantitative identification cri-
terion for the red beds chemical composition combination.
The dashed red box in the figures represents rocks that dif-
fer from the red bed data, while the dashed black box repre-
sents rocks that intersect less than 25 % with the red bed data.
The data collected in Sect. 2.1 comes from published papers
or databases, and its accuracy and robustness have been ex-
plained in relevant literature. In order to ensure the exclusion
of outliers in the box plots mentioned above during the anal-
ysis of this study. The horizontal gray dashes correspond-
ing to the red bed box chart represent the 10th percentile

https://doi.org/10.5194/se-15-1185-2024
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(the same below), lower quartile (25th percentile), median
(50th percentile), upper quartile (75th percentile), and 90th
percentile in the red bed data from bottom to top. Figure 7
shows the chemical compositions combination comparison
of SiO; 4+ Al,O3 (total content, the same as below) and
Al»03/Si0; (content ratio, the same as below), FeO+Fe, 03
and Fe,03/FeO, K>0O + NayO and Na;O/K;0, and CaO +
MgO and MgO/CaO in red beds, igneous rock, and meta-
morphic rocks. Figure 8 shows the chemical composition
combination comparisons of Si0; + Al, O3 and Al,03/Si03,
FeO+Fe; 03 and Fe; 03 /FeO, KoO+NaO and Na; O/K»0,
and CaO + MgO and MgO/CaO in red beds and other sedi-
mentary rocks.

The SiOy+Al>, O3 content in the red beds is 54.7 %—-85.0 %
(10th-90th percentile, the same as below), the Al,03/Si0;
ratio is 0.14-0.41, the FeO + Fe, O3 content is 0.9 %—7.9 %,
the Fe,O3/FeO ratio is 1.52-7.70, the K>O 4+ NayO con-
tent is 1.6 %—6.8 %, the Nay;O/K;O0 ratio is 0.02-0.43, the
CaO + MgO content is 0.8 %-9.2 %, and the MgO/CaO ra-
tio is 0.16—1.57. By comparing the content of SiO, + Al, O3,
the red beds are distinct or have small intersections (less than
25 %, the same below) with granite, marble, dolomite, lig-
nite, limestone, and marl. By comparing the Al,O3/Si0; ra-
tio, it is found that the red beds are distinct or have small
intersections with gneiss, marble, arkose, and lignite. By
comparing the content of FeO + Fe;03, it is found that
the red beds are distinct or have small intersections with
basalt, gneiss, arkose, and siliciclastic rock. By comparing
the Fe;O3/FeO ratio, it is found that the red beds are dis-
tinct or have small intersections with andesite, basalt, diorite,
granite, gneiss, marble, arkose, black shale, dolomite, mud-
stone, siliciclastic rock, and tuff. Through the comparison of
K>0O + Na,O content, the red beds are distinct or have small
intersections with granite, marble, breccia, dolomite, and
limestone. By comparing the NayO/K»O ratio, the red beds
are distinct or have small intersections with andesite, basalt,
diorite, gneiss, lignite, siliciclastic rock, and tuff. Through
the comparison of CaO + MgO content, the red beds are dis-
tinct or have small intersections with andesite, basalt, gneiss,
marble, breccia, dolomite, limestone, and marl. By compar-
ing the MgO/CaO ratio, it is difficult to distinguish the red
beds from other rocks.

In summary, there are differences in chemical com-
positions between red beds and other rocks. Simulta-
neously meeting the following chemical composition
combinations as a preliminary quantitative criterion
is required to distinguish red beds with different geo-
logical ages and various lithologies from other rocks:
Si0; 4+ Al O3 = 50.7 %—85.0 %; Al,03/S10; ~ 0.14-0.41;
FeO + Fe; 03 ~ 0.9 %-7.9 %,; Fe,03/FeO & 1.52-7.70;
K20 +NayO ~ 1.6 %—6.8 %; Nay0/K,0 = 0.02-0.43;
Ca0 4+ MgO = 0.8 %-9.2 %; and MgO/CaO ~ 0.39-1.08.

https://doi.org/10.5194/se-15-1185-2024

3.4 Principal component analysis and quantitative
criterion for red bed identification

Based on the preliminary quantitative criterion for identify-
ing the red beds mentioned above, this section presents prin-
cipal component analysis (PCA) statistical analysis (dimen-
sionality reduction) of the SiO+Al, 03, Al,03/Si0;, FeO+
Fe>03, Fe; 03 /FeO, Ko O+ Nay0, NayO/K,0, CaO+MgO,
and MgO/CaO of red beds in Figs. 7 and 8. The result is sig-
nificant with P < 0.05 (Table 3), rejecting the null hypothe-
sis. There is correlation between the variables, and principal
component analysis is effective. It can be seen that the cu-
mulative variance interpretation rate of the first five principal
components reaches 94.788 % (generally greater than 90 % is
sufficient), indicating that using the first five principal com-
ponents is a good approach for red bed recognition.

According to the component matrix (Table 4) obtained
during the PCA analysis process, the calculation equations
for five principal components F1-F5 (Eqs. 1-5) and the
calculation formula for the overall principal components F
(Eq. 6) can be obtained.

. AL O3
F1=0.274 x (SiO, + Al,03) + 0.085 x

N3(0))

Fe,0
—0.103 x (FeO + Fe203) + 0.194 x < ;203>

+0.213 x (K0 +Na;0) — 0.092 x

Na20>

Y
() o
o)
-2)
o)
o)

—0.331 x (CaO +MgO) + 0.276 x

F2=—0.281 x (Si02 + Al,03) 4+ 0.356 <

+0.334 x (FeO + Fe,03) + 0.038 x (

4 0.046 x (K20 + Nay0) — 0.288 x (
+0.05 x (CaO +MgO) +0.196 x ( 2)

F3=—-0.115 x (5107 4+ Al,03) 4+ 0.283 x <S—

Fe, 03
—0.071 x (FeO 4 Fe;03) 4 0.268 x

+0.609 x (K20 +Na;0) +0.452 x

MgO
+0.289 x (CaO 4+ MgO) — 0.162 x 3)
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Table 3. Variance explanation.

Components  Characteristic ~ Variance interpretation Cumulative variance

roots rate (%) interpretation rate (%)
1 2.700 33.754 33.754
2 2.249 28.112 61.866
3 1.169 14.613 76.479
4 0.882 11.023 87.503
5 0.583 7.285 94.788
6 0.263 3.293 98.081
7 0.131 1.638 99.72
8 0.022 0.280 100.00

. Al O3
F4=—-0.014 x (SiO 4+ Al,03) — 0.199 x

Si0,

Fe;
+0.449 x (FeO + Fe;03) +0.827 x ( >

OO

\_/

Nap

—0.336 x (K0 +Nay0) +0.179 x

—0.153 x (CaO +MgO) —0.203 x

CaO ) “

o)

MgO
—0.195 x (CaO+MgO) +0.575 x [ —— (®)]
CaO
F =(0.338/0.948) x F1+ (0.281/0.948) x F2
+(0.146/0.948) x F3+ (0.11/0.948) x F4

+(0.073/0.948) x F5 ©6)

F5=—-0.009 x (Si0; 4+ Al,O3) —0.352 x

+0.702 x (FeO 4 Fe,03) — 0.449 x

o
+0.16 % (K20 + NagO) +0.71 x | 2
K;O

Substituting the relevant data of the red beds in Figs. 7
and 8 into Eqs. (1)—~(6) can calculate the quantitative cri-
terion for the red beds: F1 = —3.36-23.55; F2 = —23.00—
3.11; F3=-10.12-4.88; F4 =—-2.21-4.52; F5=-0.97-
7.30; and F = —0.67-1.89.

3.5 Red bed identification quantification criterion
verification

The chemical composition combinations of the 15 selected
rocks in this study are shown in Table 5. Previous studies
have found that the rapid detection of Fe** and Fe3™ is very
difficult (Chen et al., 2019) and exceeds the detection range
of the handheld laser-induced breakdown spectroscopy de-
tailed in this paper and similar devices. However, this factor
does not affect the reliability of the quantification criterion
for red bed recognition. F'1-F5 and F are considered as six
evaluation indicators, and there are a total of 72 (6 x 12) eval-
uation indicators for the 12 types of red beds. Among them,

Solid Earth, 15, 1185-1201, 2024

three evaluation indicators exceed the scope of the quantifi-
cation criterion for red bed identification (bold font in Table
5 indicates that the chemical composition of the red beds ex-
ceeds the quantification criterion), indicating that the relia-
bility of detecting these 12 types of rocks belonging to the
red beds is as high as 95.8 %. For three rocks that do not be-
long to red beds (limestone, arkose, and mudstone), there are
a total of 18 evaluation indicators, of which 13 exceed the
scope of the quantification criterion for red bed identification
(indicated by italics in Table 5), indicating a high reliabil-
ity of 72.2 % in detecting these three types of rocks that do
not belong to the red beds. Therefore, this study proposes a
quantitative criterion for red bed recognition with high relia-
bility. In the future, if there are new devices that can quickly
detect Fe?t and Fe?T, the recognition efficiency of the red
bed recognition quantification criterion in this study will be
higher.

3.6 Application methods of our research results

Figure 9 shows the application methods of the research re-
sults. According to the methods for emergency management
of landslide geological disasters (Fu et al., 2021), landslide
risk assessment (including risk identification, risk analysis,
and risk assessment) and risk management (developing and
selecting treatment plans, as well as planning, implementing,
and evaluating treatment methods) need to be carried out be-
fore the landslide occurs. In the field of engineering geology,
risk identification is the most important prerequisite for land-
slide emergency response. Red bed are in the slippery layer
that needs to be identified in risk identification.

At present, the commonly used risk identification method
is to use drones to carry image capture devices for three-
dimensional reconstruction of slope images, determine the
volume of landslide accumulation, and determine the shape
changes of the slope (Chen et al., 2020; Fu et al., 2021),
which can be also used for mountain rescue (Wankmuller et
al., 2021). Based on the drone technology, combined with
the Optech Polaris LR 3D laser scanner and the HY-9070
hyperspectral analyzer of Sun Yat-sen University, the land-
slide shape change and remote monitoring of mineral and
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Table 4. Principal component matrix.

Chemical composition Principal Principal Principal Principal Principal
combinations component 1  component2 component3 component4 component 5
Si0; + Al O3 0.274 —0.281 —0.115 —-0.014 —0.009
Al;03/Si0y 0.085 0.356 0.283 —0.199 —0.352
FeO + Fe, 03 —0.103 0.334 —0.071 0.449 0.702
Fe,03/FeO 0.194 0.038 0.268 0.827 —0.449
K;0 +NaO 0.213 0.046 0.609 —0.336 0.16
NaO0/K,0 —0.092 —0.288 0.452 0.179 0.71
CaO +MgO —0.331 0.05 0.289 —0.153 —0.195
MgO/CaO 0.276 0.196 —0.162 —0.203 0.575

Table 5. Chemical composition combinations of 15 kinds of rocks. Bold font indicates that the chemical composition of the red beds exceeds
the quantification criterion. Italic font indicates that the chemical composition of the three rocks that do not belong to red beds exceeds the

quantification criterion.

No. SiOp Alp,O3 TFe304 NaO KO MgO CaO F1 F2 F3 F4 F5 F  Rock types
(%) (%) (%) ) () () (%)

1 63.67 18.56 741 0.56 5.60 4.2 - 21.71  —20.06 —4.89 —0.58 4.60 1.33  Red beds

2 65.43 18.29 6.18 0.07 3.56 6.47 - 20.96 —20.88 -5.90 —0.66 2.82 0.52

3 69.68 10.95 7.12 0.88 243 3.64 5.30 19.27 —19.59 —5.08 —0.52 3.66 0.50

4 62.6 17.89 6.98 147 524 582 - 20.84 —19.67 —-3.78 —1.14 4.21 1.21

5 69.92 13.59 6.93 022 519 415 - 2196 —20.64 —5.53 —0.54 4.13 1.12

6 71.16 13.55 3.33 0.39 283 3.27 5.47 20.83 —21.96 —5.47 —2.24 0.76 —0.13

7 68.63 15.74 1.33 1.61 4.86 2.83 5.00 2191 —22.48 —3.47 —4.06 0.16 0.16

8 64.53 15.67 6.75 0.30 5.35 3.6 3.80 20.31 —19.40 —4.18 —1.35 3.98 1.00

9 69.11 15.63 421 0.68 598 438 - 22776 —21.83 —4.61 —-2.23 241 0.86

10 66.58 11.66 7.41 1.53  4.05 8.77 - 1894 —18.86 -3.37 —0.95 3.89 0.83

11 73.04 11.46 1.6 1.39 334 297 6.20 21.07 —22.50 —4.15 -3.51 —-0.15 —-0.22

12 70.47 12.35 6.33 1.26  5.47 1.49 2.63 2226 —20.54 —4.62 —1.32 4.40 1.32

13 30.36 2.35 0.15 033 028 070 6584 —13.05 —6.10 16.38 —10.58 —12.25 —6.11 Limestone

14 75.27 12.73 2.22 247 459 2.67 0.06 36.73 —1490 —I12.11 —12.00 27.27 7.52  Arkose

15 78.33 18.86 1.00 025 1.04 0.53 - 26.62 —26.87 —10.13 —1.43 0.02 —0.20 Mudstone
Note that TFe304 represents the content of Fe;O3 and FeO. “~” indicates that no content was detected. When Eqs. (1)—(5) cannot take values for Fe; O3 /FeO and MgO/CaO, they can be set to 0.

chemical compositions can be realized to identify whether it
is a red bed landslide. It can also use a drone equipped with
a block rock and soil sampling device to collect representa-
tive blocks of rock and soil within cracks to a safe area and
then use the YL-P-3LRX Handheld laser-induced breakdown
spectroscopy for rapid analysis. Therefore, the research re-
sults can be used for rapid identification of red beds, achiev-
ing risk assessment and rapid response to geological disasters
such as landslides.

4 Conclusions

In response to the rapid identification of red beds in geolog-
ical disaster emergency response, a rapid quantitative identi-
fication criterion based on the basic chemical compositions
combination rules of red beds has been established, taking
into account the correlation between red bed geomorphic
characteristics, mineral composition, and chemical compo-
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sition. It solves the current problem of fuzzy identification of
the red beds.

The results indicate that the red beds in the geomor-
phic characteristics have obvious interlayer characteristics
and that their appearance is red. In mineral compo-
sition, the ratio of clay minerals to other minerals of
red beds ranges from 0.11 to 1.50, and the content of
hematite of red beds ranges from 1.5% to 10.0%. The
following chemical composition combinations can be
used as a red bed preliminary quantification criterion:
Si02 4 AlLO3 & 50.7 %—85.0 %; Al,03/Si0; ~ 0.14-0.41;
FeO + Fe;03 =~ 0.9 %-7.9 %; Fe,03/FeO &~ 1.52-7.70;
K20 +NayO =~ 1.6 %—6.8 %; NayO/K,0 ~ 0.02-0.43;
and CaO 4 MgO =~ 0.8 %-9.2 %. The principal component
features can serve as a rapid quantitative criterion for distin-
guishing red beds: F1 = —3.36-23.55; F2=—23.00-3.11;
F3=-10.12-4.88; F4=-2.21-4.52; F5=—-0.97-7.30;
and F = —0.67-1.89. The reliability of the quantitative
criterion was verified by collecting 15 kinds of rocks and
analyzing their chemical composition combinations.

Solid Earth, 15, 1185-1201, 2024
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Figure 9. How our research results can be used for risk identification.

The combination of research results with existing land-
slide geological hazard risk identification techniques can ef-
fectively carry out a rapid response to geological disasters,
which is very important for emergency responses to geolog-
ical disasters. Moreover, the research results can also be ap-
plied to the quantitative identification of red beds in other
fields such as resources, ecology, environment, energy, and
materials.
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