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ABSTRACT: Early Cretaceous saline lacustrine black shales in the Fajiaying Formation were deposited under hothouse conditions and
have a complex structure and history of sedimentary evolution. In this study, integrated petrographic and geochemical investigations
were utilized to determine the provenance, tectonic setting, and paleoweathering conditions of these shales, therefore revealing their
depositional history. Shale in the area under investigation has not been subjected to any post-depositional alteration, mechanical sort-
ing, or recycling, hence its geochemistry has not been affected. The chondrite normalized rare earth elements (REE) pattern of shales
displayed typical characteristics, including an enrichment in light REE (LREE), a flat pattern for heavy REE (HREE), and a negative
europium (Eu) anomaly. Specific trace element ratios suggested that the sediments were primarily derived from felsic source rocks.
Furthermore, there was no discernible shift in the sediment source between the Qiancengya and the Laohuzui sections. The dis-
crimination diagrams of major and trace elements used to understand the tectonic history showed that the majority of the source rocks
originated from the active continental margin (ACM) and continental island-arc (CIArc). The bivariate plots and low average values
of CIW (chemical index of weathering) and CIA (chemical index of alteration) for the examined shale suggested that chemical weath-
ering in the source terrain under arid conditions was extremely weak. Importantly, with the change of climate from dry-hot to warm-
humid, an increase in CIA and CIW was observed which indicated a gradual increase in chemical weathering. 

Key words: Early Cretaceous, Fajiaying Formation, black shales, geochemistry, provenance, tectonic setting, paleoweathering condi-
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1. INTRODUCTION

The Cretaceous (145–66 Ma) period in Earth’s geological
history is known as the greenhouse period (e.g., Wilson et al.,

2002; Moriya, 2011; Huber et al., 2018). During this time,
several major global geological events occurred, including the
formation of major igneous provinces (Tejada et al., 2009; Bottini
et al., 2012), oceanic anoxic events (Charbonnier et al., 2018;
Fernández-Mendiola et al., 2018), biomass evolution (Heimhofer
et al., 2005; Horikx et al., 2017), and cluster extinction (e.g.,
Erba, 1994). Consequently, the Cretaceous Period has become a
research hotspot for academics all over the world. 

In recent years, the research on Cretaceous geological events
based on continental sedimentary records of East Asia has
gradually increased (Zhang and Li, 2020; Zhang et al., 2020a,
2021a, 2021b; Chen et al., 2021; Fan et al., 2021; Nakagawa et al.,
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2022; Wheeler et al., 2022; Zhang et al., 2022; Wang, X.X. et al.,
2022; Wu et al., 2023). The studies of continental records in
China showed that the disappearance of the East China Plateau
has resulted in the Cretaceous climate in East China have distinct
regional characteristics (Zhang et al., 2008). The arid or semi-arid
climate increased evaporation, resulting in the Early Cretaceous
water area in the northwest and southeast China being dominated
by closed saline lakes, marshes, and ponds in the Early Cretaceous
(Li et al., 2013). Geochemical indicators and paleontological
data sets of shale from the Lower Cretaceous Laiyang Group in
Lingshan Island and Jiaolai Basin of East China indicated that
East China belonged to a tropical subtropical climate region
during the Early Cretaceous when strong evaporation led to the
evolution of some rift lake basins in East China into saline lake
basins (Zhang and Li, 2020; Zhang et al., 2020b, 2020c). The
Early Cretaceous continental salt lake sediments in China
experienced a complex sedimentary process, making it difficult
to understand their sedimentary history (Zhong, 2012; Yang et
al., 2017; Fan et al., 2020; Zhang et al., 2020c; Ma et al., 2021).
The composition of sedimentary rocks plays a significant important
role in interpreting general geology (e.g., tectonic setting,
provenance, and paleoweathering conditions) because various
provenance regions have been destroyed and only the sediments
derived from them remain as evidence. The major and trace
element contents and relative functions of discrimination of these
sediments and characteristic ratios can be used to analyze the
source area, suggesting their paleoweathering conditions and
sedimentary history (e.g., Madhavaraju et al., 2017; Absar, 2021;
Madhavaraju et al., 2021; Ramirez-Montoya et al., 2021). For

this study, we collected shales from the Fajiaying Formation that
were deposited in a saline lake during the Early Cretaceous
greenhouse climate and present the comprehensive and systematic
geochemical data (such as trace, major oxides, and rare earth
elements; REE) for source rocks characteristics and deciphering
paleoweathering conditions. The chemostratigraphic concept
has also been applied to the discussion of vertical variations of
geochemical proxies, which yield crucial insights into the varying
paleoweathering conditions prevailing during the Fajiaying
Formation deposition. The current comprehensive study may
enhance the knowledge of the evolution of the sedimentary
sequences deposited during the Early Cretaceous periods in
East China.

2. GEOLOGICAL SETTING 

 
Lingshan Island can be found in the Sulu orogenic belt’s

oblique eastern margin, which is the collision suture zone between
the South China and the North China Plates (Wang et al., 2014;
Fig. 1a). It is surrounded by the Qingdao-Wulian Fault Zone to
the west and the Qianliyan uplift to the east (after Wang et al.,
2014), and is adjacent to the Jiaolai Basin (Fig. 1b); is therefore
considered as a part of the Jiaolai Basin (BGMRSD, 1991). 

Lingshan Island is about 40.7 km SE of Qingdao City in
Shandong Province of eastern China. It is located in the western
region of the Yellow Sea (35°45'1.45''N, 120°09'48.39''E) (Fig.
1b; Fan et al., 2020; Zhang et al., 2020b). Its maximum altitude is
513.6 m, with an area of 7.66 km2. Lingshan Island, formed by
compression and tilt (Luan et al., 2010), is distinguished by a set

Fig. 1. (a) The Lingshan Island tectonic context (Modified after Zhao et al., 2005); (b) Basic architectural style of Shandong Province’s Qingdao
region (Modified after Xie et al., 2012).
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of thick rhyolites (Fig. 2a). Fajiaying Formation (K1Lf) of the
Lower Cretaceous Laiyang Group (K1L) developed below the
thick rhyolites, and the Bamudi Formation (K1Qb) of the
Qingshan Group (K1Q) developed above the rhyolites (Fig. 2a).
Six Fajiaying Formation typical stratigraphic sections are exposed
in some villages and slight spots, so these typical sections are
named after villages and slight spots. From bottom to top, these
stratigraphic sections are the Diaoyutai, Dengta, Qiancengya,
Chuanchang, Dayukou and Laohuzui sections (Fig. 2b). The
Fajiaying Formation is primarily composed of interbedded black
or grey shales, siltstones and sandstones of varying thickness
(Fig. 2b), which was deposited in a salinized inland lake (Zhang
et al., 2020a, 2020b) with a series of soft-sediment deformation
structures caused by seismic activity (Fig. 2b; Lü et al., 2011). 

3. MATERIALS AND METHODS

3.1. Sample Collection

As a research object, four continuous sedimentary stratigraphic
sections were selected that were based on the west of Lingshan
Island (from bottom to top), which include Qiancengya, the
Dayukou, the Chuanchang, and the Laohuzui sections. From
the Fajiaying Formation (bottom to the top), 30 shale samples
were collected. LSD-01 through LSD-30 are the consecutive
sample numbers. Seven samples of black shale were associated

with the Qiancengya section, eleven samples of black and grey
shales were obtained from the Dayukou section, and eight samples
belonged to the Chuanchang section, while the collection of
four samples of grey shale was carried out from the Laohuzui
section. The time frame and the total number of samples are
shown in Figure 3. 

3.2. Analytical Methods

For the exposure of the inner uncracked fresh rock’s parts, all
samples were broken into small fragments. They were crushed
in an agate mortar to mesh powder (finer than 200). Analyses of
the major, trace, and REE were conducted in Qingdao Sparta
Analysis and Testing Co. Ltd. For major elemental analysis, each
powder sample was mixed with oxidant (lithium tetraborate)
and cosolvent (LiBr) followed by melting and analyzing via an
X-ray fluorescence spectrometer (ZSX Primus II) with 1% of
accuracy. The major elements were examined using the methods
described by Zhang et al. (2020a). Table 1 shows the contents of
the major elements. Each sample powder was dissolved in a
mixture of ultrapure HF and ultrapure HNO3 at 200℃ for 24
hours for trace-element analysis. Following the powder’s digestion,
the vials were exposed to air followed by heating at 130 ℃ for
three hours to dry the samples. After that, 2 mL of ultrapure
HNO3 and 5 mL of ultrapure water were used to dilute the dried
samples. Rare earth and trace elements were measured via an

Fig. 2. (a) Lingshan Island geological map schematic showing the locations of the sections under investigation (modified from Zhang et al.,
2020b) and (b) Fajiaying Formation lithostratigraphy with stratigraphic positions of the samples (modified from Gao and Li, 2018).
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atomic inductively coupled plasma mass spectrometer (ICP-MS;
Nu Company, UK). Generally, element concentrations were
analyzed with an accuracy of greater than 1%. Zhang et al.
(2020c) provides more information on the analytical method
for trace and REE. The specific trace and rare earth elements are
listed in Table 2.

4. RESULTS

4.1. Petrological and Sedimentary Characteristics

The Qiancengya, Chuanchang and Dayukou outcrops showed

predominantly black shales with some lighter grey ones (Fig. 3).
The sandstone and shale from a rock sequence with distinct
rhythmic layers, and the outcrop contains numerous soft-sediment
deformation structures (Fig. 4a–c). The sandstones were observed
as fine-grained with a few siltstones and a thin layer of shale. In
the Laohuzui section, the rock sequence was primarily based on
earthy brown sandstone and shale with obvious rhythmic layers
(Fig. 4d). In addition, a set of the conglomerate was developed
in this section, and grains in the conglomerate were found to be
angular and splintery (Fig. 4e), indicating the proximity of
provenance. 

The detrital particles of sandstones in the Fajiaying Formation

Fig. 3. Lithostratigraphy of the Fajiaying Formation, including photographs of sample locations and representative features of the succession
(after Wang, W.X. et al., 2022).
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were primarily angular to subangular and poorly sorted (Fig.
4f–h). The larger grains were found to be angular and splintery,
while the smaller grains were round to sub-rounded (Fig. 4f–h),
indicating the nearness of provenance. It is worth noting that
the sandstone particles in all sections had a clear preferred
orientation (Fig. 4f–h), showing the direction of water flow.

4.2. Geochemistry

4.2.1. Major oxides

The SiO2 content ranged from 48.42 to 70.17 wt% while the
range of more stable elements i.e., TiO2 and Al2O3 contents was
found to be 0.41–0.87 and 11.6–18.80 wt%. While the less stable
elements i.e., CaO, Na2O, and K2O are varied ranging from
0.66 to 11.98 wt%, 1.62 to 4.08 wt%, and 1.95 to 4.78 wt%,
respectively. When compared to post-Archean Australian shales

(PAAS; Fig. 5a), the samples exhibited higher average Na2O,
CaO, and MgO content. In general, the major element contents
were lower than the upper continental crust (UCC) values,
except for CaO (Fig. 5b).

Strong relationships between SiO2 with MgO (Fig. 6a) and
CaO (Fig. 6b) suggested that carbonate may have originated from
the same source. The TiO2, and K2O have a strong positive correlation
with Al2O3 (Fig. 6c, d), indicating that these elements are probably
hosted within the clay minerals. 

4.2.2. Trace and rare earth elements

The trace elements were normalized by PAAS (Fig. 7a) and
UCC (Fig. 7b), respectively. Compared to the post-Archean
Australian shales, the Sr content of the shale was enriched (mean:
347.44 ppm), similar to UCC. The content of Ba (between 539.42
and 1487.58 ppm, with an average of 893.31 ppm) was significantly

Fig. 4. Sedimentary characteristics in the outcrop on Lingshan Island and photographs of the sandstones’ textural characteristics in thin sec-
tions taken with cross-polarized light. (a) The rhythmic layers by sandstone and shale in the Qiancengya section; (b) Chuanchang section; (c)
Dayukou section; (d) The rock sequence by sandstone and shale in the Laohuzui section; (e) Conglomerate of the Laohuzui section; (f–i) Pho-
tomicrographs of sandstones from (f ) the Chuanchang section, (g) the Dayukou section, (h) the Qiancengya section and (i) the Laohuzui sec-
tion, presenting the grain’s rounding and sorting. Grains were found to be angular and splintery, indicating the nearness of provenance.
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higher than that of the UCC and PAAS. The Zr content was
similar to that of the UCC but slightly lower than that of the
PAAS. With an average content of 30.65 ppm, Cu abundance
was found to be similar to that of the UCC, but lower than that
of the PAAS. The Pb, U, and Y contents are less than that of the
UCC but similar to PAAS. The contents of Rb and Th are less

than those of the PAAS but higher than the PAAS. The other
elements (Sc, V, Cr, Co and Ni) are relatively depleted in the
UCC, and are also significantly lower than the PAAS. 

Ratios of the specific trace and rare earth elements are listed in
Table 3. The total REE content (ΣREE) of the studied samples
was observed over a range of 166.40 to 265.20 ppm (average =

Fig. 5. Spider plot of major element compositions of Fajiaying Formation shale samples, normalized against PAAS (a) and UCC (b). Data from
Taylor and McLennan are used for UCC and PAAS (1985).

Fig. 6. Cross-plots of major elements for the shale samples studied.
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216.62 ppm) with the (ΣLREE/ΣHREE) ratio covering a range
of 9.61 to 15.15 (average = 11.47). The Eu anomaly (Eu/Eu*)
ranges from 0.61 and 0.81 (average = 0.73). Figure 7a depicts the
PAAS-normalized REE curves (Taylor and McLennan, 1985).
Weak enrichment in LREE (La, Pr, Ce, Sm, Nd, Eu) and a nearly
flat distribution of HREE (Tb, Gd, Dy, Er, Ho, Tm, Nd) can be
seen in the PAAS-normalized REE patterns of the studied samples
(Fig. 7a). The abundance of LREE suggests that the REE primarily
come from detrital sources. Shale-like patterns can be seen in
the PAAS-normalized REE patterns of the studied samples, but
no obvious Eu anomaly was visible (Fig. 7c). The studied
samples’ chondrite-normalized REE patterns typically displayed a
considerably inclined trend with a negative Eu anomaly, while
the HREE exhibited a flat trend (Fig. 7d). All patterns exhibited
pronounced fractionations between the LREE (ranges from
152.03 to 302.62 ppm, average of 216.62 ppm) and HREE
(ranges from 14.64 to 21.43 ppm, average of 17.33 ppm). The
studied shales yield LaN/YbN, LaN/SmN, and GdN/YbN ratios of
9.50–18.29, 3.80–5.27, and 1.29–1.97, respectively. The values
show that LREEs are abundant and HREEs are scarce in the
analyzed samples.

5. DISCUSSION

5.1. Factors Affecting the Clastic Sediment Chemistry

Numerous factors, such as post-depositional alteration, and
mechanical sorting and recycling during sediment transport
and deposition can influence clastic sediment chemistry (e.g.,
Nesbitt and Young, 1982; Taylor and McLennan, 1985; McLennan
et al., 1993; Fedo et al., 1995). When analyzing the geochemistry
of clastic sediments, it is indispensable to identify the influence
of these factors.

5.1.1. Post-depositional alteration process

The sedimentary rocks’ geochemistry can be modified by
post-depositional alteration. Primarily, silicification and K-
metasomatism are two essential post-depositional geological
processes (Cullers et al., 1993; Fedo et al., 1995). During the
silicification process, certain elements can be removed (i.e., Ca,
Mg and Na), while Si and, on occasion, K can be added (Cullers,
1995). The studied shale samples exhibited narrow K2O/Na2O and
SiO2/Al2O3 ranges, suggesting post-depositional K-metasomatism
or silicification was insignificant (Fig. 8a). Although the samples

Fig. 7. Spider plot of trace element compositions of Fajiaying Formation shale samples, normalized against (a) PAAS and (b) UCC. (c) PAAS
and (d) chondrite normalized Rare Earth Element (REE) plots for investigated shales from the Fajiaying Formation. Chondrite normalization
values are from Taylor and McLennan (1985).
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have varying K2O/Na2O ratios, this is most likely due to mixed
detrital provenance rather than K-metasomatism (Fig. 8b).
Ternary A-CN-K diagram (Fig. 8c) displays that the majority of
studied samples fall within the expected weathering trends,
suggesting negligible K-metasomatism.

5.1.2. Sedimentary recycling and hydrodynamical 

sorting

Elements with low mobility and insolubility play an essential
role as proxies during the recycling process (Fathy et al., 2021).
Therefore, the distribution of Hf, Zr, Sc, and Th has been used

to track the sedimentary recycling role within the sediments
(e.g., Mclennan et al., 1993; Absar, 2021; Wang, W.X. et al., 2022).
During sedimentary recycling, there was a significant change in
the Th/Sc ratio with a significant increase in Zr/Sc ratio (McLennan,
1989; McLennan et al., 1993). Hence, the assessment of sedimentary
sorting as well as recycling can be carried out by using Th/Sc
and Zr/Sc ratios. The studied shales’ geochemical composition
was found to be regulated by the composition of the source
rather than sediments recycling, as evidenced by the fact that
the majority of studied samples have varying Zr/Sc and Th/Sc
ratios and are clustered along the primary compositional trend

Fig. 8. (a) (Fe2O3 + MgO)/Al2O3 vs. K2O/Na2O; (b) SiO2/Al2O3 vs. K2O/Na2O; (c) A-CN-K diagrams for the Fajiaying Formation shales sedimentary
rocks.

Fig. 9. Evaluation of sedimentary recycling sources for the Early Cretaceous shales in the Fajiaying Formation using (a) Zr/Sc vs. Th/Sc plot
and (b) Al/Si vs. K/Si plot (modified after Wang, W.X. et al., 2022).
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(Fig. 9).
The detrital particles of sandstones in the Fajiaying Formation

present poor sorting and roundness, and high rock fragments
and feldspar contents (Fig. 4f–i), indicating the immaturity of
the sediments. Sediment recycling and sediment maturity in the
study area are also evaluated using the shale’s index of compositional
variability (ICV). The formula for determining the ICV is as
follows (the oxides were calculated by molecular proportions):

ICV = (K2O + Fe2O3 + Na2O + MgO + CaO + MnO + TiO2)/
Al2O3 (Cox et al., 1995).

The ICV value for first-cycle products in tectonically active
regions is typically greater than 1 (Van de Kamp and Leake,
1985) while it varied over a range of 1.18 and 3.34 for the shales
in the Fajiaying Formation (Table 1). These values are significantly
greater than the PAAS (0.80), which indicates that the shales are

first-cycle and compositionally immature with no hydrodynamical
sorting effect.

The Al/Si and K/Si ratios serve as indicators of sediment
sorting (Fathy et al., 2021; Wang, W.X. et al., 2022). The value of
these ratios in fine-grained sediments is typically higher than
those in coarse-grained sediments (Fathy et al., 2021). The Al/
Si ratio varies between 0.15 and 0.31, whereas the K/Si ratio
ranges between 0.04 and 0.10 (Table 2). The ratios of Al/Si and
K/Si are correlated strongly in this study (R2 = 0.80; Fig. 9b),
which confirms that there is no hydrodynamical sorting effect.
Furthermore, the density, size, and shape of grain are the
primary factors that influence sorting (Fathy et al., 2021; Wang,
W.X. et al., 2022). The degree to which sedimentary sorting
affects clastic grain can be inferred from its size, density, and
shape. The sedimentary features of the Fajiaying Formation are
the rock sequences with obvious rhythmic layers of sandstone

Fig. 10. Thin-section photomicrographs showing the textural features of shales from the Qiancengya (a), Chuangchang (b), Dayukou (c), and
Laohuzui (d) sections. The diameter of the visual field is 1 mm.



Geochemistry of the Early Cretaceous saline lacustrine shales 447

https://www.springer.com/journal/12303 https://doi.org/10.1007/s12303-023-0010-0

and shale (Fig. 4a–d). Here, thin-section photomicrographs
(Fig. 10) of shale from four different sections were used to
distinguish the hydrodynamic sorting. Photos of shale from
sections other than Laohuzui revealed distinct sedimentary
bedding and uniform clastic particle distribution (Fig. 10),
indicating weak hydrodynamic sorting.

The geochemistry of the shales would be utilized to infer the
sedimentary history of the source area (e.g., provenance, tectonic
setting and paleoweathering conditions) after ensuring that
the shale chemistry in the area of the study has not been
influenced by post-depositional alteration, mechanical sorting,
and recycling.

5.2. Provenance Characteristics

The concentrations of trace, major, and REEs of sediments
can provide valuable information about unknown provenance
(e.g., Madhavaraju et al., 2016; Armstrong-Altrin et al., 2017).
For instance, some elements (Ti, Al, and Zr) are insoluble under
low temperatures in aqueous solutions, which can be used to
determine the parent rock’s composition. On the bivariate plot
of Al2O3 and TiO2, the studied shale samples are primarily
located in the granite field (Fig. 11a) confirming that the samples
studied in this study originated from felsic igneous rocks, as
suggested by the TiO2 and Zr binary diagram (Fig. 11b). The
studied samples are plotted close to the granite provenance field
on the Co/Th and La/Sc discrimination diagrams (Fig. 11c),
indicating the felsic igneous rocks as the regional source. The
binary diagram of Hf and La/Th (Fig. 11d) further supports the
above result. Additionally, K2O versus Rb diagram also exhibited a
similar conclusion (Fig. 11e; after Floyd et al., 1989), where most
of the samples were plotted within the range of intermediate to
acidic rocks along the magmatic trend.

Roser and Korsch’s (1988) discriminant function diagram is
extensively utilized in sedimentary provenance studies. With
the help of this diagram, it is possible to distinguish between
mafic (P1), intermediate (P2), felsic (P3), and recycled quartzose
(P4) provenances. Most samples in our study were plotted in the
felsic igneous provenance field (Fig. 11f), indicating the majority of
sediments were based on felsic rock types. Furthermore, the
studied shale samples plot in the granitic rocks field on the [La/
Yb]/ΣREE diagram (Fig. 11g; after Floyd and Leveridge, 1987).

Furthermore, the relative size and REE patterns of Eu anomaly
can be used to infer the origins of sedimentary rocks (Taylor
and McLennan, 1985). It has been found that negative Eu
anomalies and higher LREE/HREE ratios are related to felsic
igneous rocks, while lower ratios and slightly positive anomalies
can be observed in mafic igneous rocks (Cullers, 1994; Cullers
and Podkovyrov, 2000; Armstrong-Altrin et al., 2017). The studied

shale samples contain higher LREE/HREE ratios (9.61–15.15,
average, 11.47) and slight Eu anomalies, supporting a potential
source of felsic igneous rock.

In conclusion, the studied saline lacustrine shales likely formed
through weathering of felsic igneous and metamorphic rocks,
with minor contributions from intermediate igneous rocks. Similar
findings from studies conducted with sandstone samples have
been reported (Fan et al., 2020; Ma et al., 2021).

5.3. Tectonic Settings 

Plate tectonic processes occurring in the sedimentary depositional
basin can be reflected in the geochemistry of clastic sediments
(Fathy et al., 2021). First, this study employed the Th-Sc-(Zr/
10), La-Th-Sc, and Th-Co-(Zr/10) discriminatory plots, as well
as the K2O/Na2O versus SiO2 diagram, to better establish the
sample’s tectonic background (Bhatia and Crook, 1986; Roser
and Korsch, 1986; Wang, W.X. et al., 2022). The studied shale
samples predominantly plot in the active continental margin
(ACM) field in the discrimination diagram of K2O/Na2O versus
SiO2 (Fig. 12a; after Roser and Korsch, 1986), while they primarily
plot in or adjacent to the continental island arc (CIArc) and
ACM fields in the discrimination diagrams of Sc-La-Th (Fig.
12b), Sc-Th-Zr/10 (Fig. 12c), and Zr/10-Th-Co (Fig. 12d) (after
Bhatia and Crook, 1986). Three diagrams imply that the source
region consisted of an ACM and a continental arc.

In addition, concentrations of the REE were also used to reflect
tectonic settings (Bhatia and Crook, 1986). The La and Ce values
of the Fajiaying Formation shale samples are similar to those of
rocks found in a passive continental margin. Provenance rock
types have RREE values and LREE/HREE ratios similar to those
found in ACMs, but La/Yb and LaN/YbN ratios point to a CIArc
as their tectonic setting. Input from basic and felsic materials
suggests terrigenous origins near the continental shelf, where
the anomaly and Ce/Ce* ratio are weakly negative. 

Based on the aforementioned geochemical evidence and
understanding of the correlation between CIArc and continental
margins, it was concluded that the sediments used to construct
the Fajiaying Formation originated primarily from an ACM and
a CIArc.

5.4. Paleoweathering Condition and Climatic Change

Igneous rock decomposition results in the preferential residual
Al2O3 enrichment in the soil profile and the removal of alkaline
cations i.e., K+, Na+, and Ca2+. Thus, the relationship between
alkaline REE and alkali can be used to assess the severity of
weathering in clastic sediments (Nesbitt and Young, 1982).
Therefore, the weathering condition is commonly inferred from
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the terrigenous sediment’s geochemical composition (e.g.,
Madhavaraju et al., 2017, 2019; Armstrong-Altrin et al., 2017;
Absar, 2021).

Paleoweathering proxies such as (CIA = [Al2O3/(Al2O3 + CaO*

+ K2O + Na2O)] × 100; Nesbitt and Young, 1982) and (CIW =
[Al2O3/(Al2O3+ Na2O + CaO*)] × 100; Harnois, 1988) have been
successfully used to interpret the source area’s weathering condition
(Fathy et al., 2021; Ramirez-Montoya et al., 2021 and references

Fig. 11. Geochemical diagrams of tectonic setting for the Fajiaying Formation samples. (a) TiO2 vs. Al2O3 diagram (Hayashi et al., 1997); (b)
TiO2 vs. Zr diagram (Roser and Korsch, 1988); (c) Co/Th vs. La/Sc (Condie, 1993); (d) La/Th vs. Hf diagram (Floyd and Leveridge, 1987); (e) K2O
vs. Rb diagram (Floyd et al., 1989); (f ) discriminant diagram for multi-major elements (Verma and Armstrong-Altrin, 2013); (g) La/Yb vs. ∑REE
(after Roser and Korsch, 1988). The discriminant functions are: F1 = (1.773TiO2) + (0.0607Al2O3) + (0.760TFe2O3) + (−1.500MgO) + (0.616CaO)
+ (0.509Na2O) + (−1.224K2O) − 9.090; F2 = (0.445TiO2) + (0.070Al2O3) + (−0.25TFe2O3) + (−1.142MgO) + (0.438CaO) + (1.475Na2O)+ (1.426K2O) − 6.681.



Geochemistry of the Early Cretaceous saline lacustrine shales 449

https://www.springer.com/journal/12303 https://doi.org/10.1007/s12303-023-0010-0

therein).
Where CaO* indicates the incorporated calcium in silicate

minerals and all oxides were expressed in molar concentrations
(Fedo et al., 1995). According to McLennan’s methodology, CaO
associated with non-silicate minerals (phosphate and carbonate)
was excluded (1993): (1) Using the formula CaO’ = CaO − 10/3

× P2O5, CaO in apatite was corrected for P2O5 data. (2) If CaO’
is greater than Na2O, the final CaO* value is set to that of Na2O;
otherwise, it is set to CaO’.

The CIA values for Fajiaying Formation shales ranged from
40.68 to 67.16 wt%, while the CIW values range from 58.77 to
83.26 wt% (Table 1). The average CIA and CIW values revealed
the exposure of studied samples to a low chemical weathering
condition. Furthermore, the CIA versus ICV diagram suggests
that the source weathering is relatively weak, or that there is no
chemical weathering based on compositionally mature alumina-
rich minerals (Fig. 13a). This result is supported by the A-CN-K
ternary diagram (Fig. 8c). Furthermore, bivariate Scatter Plot of
K2O + Al2O3 + Na2O and SiO2 show that the source area was an
arid environment (Fig. 13b). This study can thus interpret the
extremely weak chemical weathering in source terrain under
arid conditions, which is consistent with the greenhouse climate
background in East China during the Early Cretaceous (Zhang
et al., 2020a, 2021a; Wang, X.X. et al., 2022). 

It should be noted that the shale sample’s CIA values from
different sections may differ due to the different weathering
intensities in the source composition. In general, the CIA and
CIW values of the studied shale samples increased from the bottom
to the top of the formation, indicating the increased chemical
weathering (Table 1 and Fig. 14). The association between climate
change and chemical weathering conditions was evaluated using
paleoclimatic proxy indexes such as Sr/Cu, Rb/Sr, and Al2O3/
MgO. Sr/Cu values were observed to decrease gradually as
formation height increased, while Rb/Sr and Al2O3/MgO values
increased gradually (Fig. 14). Obviously, the paleoclimate shifted
from dry and hot to warm and wet conditions. Thus, it is concluded
that a such change in paleoclimate resulted in a gradual increase
in weathering degree (Fig. 14).

Fig. 12. (a) K2O/Na2O vs. SiO2, (b) Sc-La-Th, (c) Th-Sc-Zr/10, and (d)
Zr/10-Th-Co diagrams for the shales from the Fajiaying Formation
(Bhatia and Crook 1986). Trace elements are plotted in ppm. ACM =
active continental margin; CIArc = continental island arc; ARC, OIA =
oceanic island arc; PM = passive margin.

Fig. 13. (a) CIA vs. ICV diagram (after Nesbitt and Young, 1984; Cox et al., 1995). The grey field represents the average CIA value. (b) Geo-
chemical diagrams of paleoclimate condition (Suttner and Dutta, 1986).
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6. CONCLUSIONS

The geochemistry of the salt lacustrine shale deposits from
the Early Cretaceous has led to the following results.

(1) There was no discernible change in sediment source from
the bottom to the top of the formation in the investigated saline
lacustrine shales, suggesting that they developed from the
weathering of felsic igneous rocks.

(2) According to the results of several tectonic discrimination
diagrams, the sediments originated from a CIArc and ACM
environment.

(3) In the source terrain, the process of chemical weathering
was very weak because of the arid conditions. It is essential to
observe that the change from a dry, hot climate to a warm, humid
climate coincided with an obvious rise in chemical weathering.
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