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A set of thick carbonate rocks is developed in Gaoyuzhuang-Wumishan
Formations of Jixian System in Xiong ‘an New Area and its adjacent areas, with
diverse dolomite rock types, complex reservoir space, and large differences in
physical properties, which are the main layers of hydrocarbon and geothermal
resources. However, it is difficult to identify the paleokarstification, and the
paleoenvironmental characteristics are not clear. The major and trace elements,
carbon, oxygen and strontium isotopes of Gaoyuzhuang-Wumishan Formations
are analyzed based on field geological investigation, core observation, thin
section identification and physical property analysis. The results show that
dolomite and siliceous bands of Gaoyuzhuang-Wumishan Formations are
formed in the warm subtropical climate of seawater environment, which
are partially affected by meteoric water, characterized by interactive marine,
and the depth of water as a whole is relatively shallow, mainly in an
oxidizing environment, affected by different degree of terrestrial fluids. The fluid
temperature at the time of formation of the dolomite fillings is significantly
higher than that of the seawater in the same period, which is controlled by the
high temperature fluid transformation after burial. The calcite fillings exhibit a
meteoric water genesis, having precipitated under anoxic reducing conditions
at temperatures equivalent to those of dolomite. Four periods of carbonate
paleokarstification and depositional environments have been revealed, which
are marine syndiagenetic depositional period or eogenetic karst, shallow burial
period, medium-deep burial period or high-temperature paleoenvironment and
the hypergene period of meteoric water karstification.

karst reservoir, gaoyuzhuang-wumishan formations, geochemical characteristics,
palaeoenvironment, Xiong ‘an New Area and its adjacent areas
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1 Introduction

In the 1970s, the discovery of Rengiu oilfield opened the prelude
of large-scale oil and gas exploration in Meso-Neoproterozoic
carbonate rocks in Jizhong depression (Zhao et al., 2015). So far,
the buried hill in Jizhong Depression has experienced nearly half
a century of exploration and development, and a series of buried
hill reservoirs have been discovered (Guo et al., 2009; Zhao et al.,
2012; Liu et al., 2017). The report of proven oil and gas reserves in
Jizhong Depression shows that the proven reserves of buried hill
reservoirs account for more than half of the total proven reserves
(Yang et al., 2009), and these oil and gas resources are mainly hosted
in the dolomite reservoirs of Gaoyuzhuang-Wumishan Formations
of Jixian System (Pei et al., 2009; Feng et al., 2020). In addition, the
survey results of geothermal resources show that there are abundant
karst geothermal resources in the buried hills of Jizhong Depression
(Zhang et al., 2017; Wang et al., 2021), among which Xiong ‘an
New Area is a typical representative, and its geothermal reservoirs
are mainly karst reservoirs of Gaoyuzhuang-Wumishan Formations
(Dai et al., 2023; Qiao et al.,, 2023a). According to statistics, the
geothermal reservoir temperature of buried hill geothermal field
in Xiong ‘an New Area can reach more than 110°C, and the
single well production of geothermal reservoir can reach more than
120 m®/h (Gao et al., 2023). It can be seen that dolomite reservoirs of
Gaoyuzhuang-Wumishan Formations in Jixian System of Xiong ‘an
New Area not only contain a large amount of oil and gas resources,
but also contain abundant geothermal resources, which lays a solid
foundation for Xiong ‘an New Area to achieve the goal of zero
pollution and zero emission.

The predecessors have carried out seismic and drilling work
in Xiong ‘an New Area, and accumulated a large amount of
basic data. They have obtained a preliminary understanding of the
characteristics of geothermal reservoir distribution, temperature
distribution and hydrodynamics in Xiong ‘an New Area (Xiongetal.,
1985), and also studied the development and evolution of buried hill
structures in Jizhong Depression and its secondary structural units
(Gui et al,, 2021; Wang et al., 2022). In the past decade, especially
since the establishment of Xiong ‘an New Area in 2017, with the
exploration and development of geothermal geology, the research on
geothermal resources in Xiong ‘an New Area has been increasing,
and the results have been fruitful (Yue et al., 2022; Zhang et al.,
2022; Zhu et al., 2022; Li et al., 2023; Qiao et al., 2023b). Geothermal
resources evaluation is mainly carried out around reservoir
distribution, temperature and water yield (Guo et al, 2023). In
recent years, there have been some breakthroughs in the study of
karst reservoirs in Gaoyuzhuang-Wumishan Formations in this area,
including the characteristics of fracture development, development
pattern of karst reservoir and reservoir formation mechanism
(Lu et al., 2021; Yue et al.,, 2022; Guo et al., 2023). However, due
to the ancient geological age, complex evolution process and strong
later transformation of Gaoyuzhuang-Wumishan Formations, it
is difficult to identify the paleokarstification that formed the
reservoirs in this area, and the lack of constraints of various
geochemical means on karst reservoirs, and unclear characteristics
of paleoenvironmental differences between bedrock and fracture-
cavity fillings, which restricts the exploration and deployment of
geothermal resources in Gaoyuzhuang-Wumishan Formations to
a certain extent. Therefore, it is urgent to systematically study
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the paleokarstification and paleoenvironmental characteristics of
Gaoyuzhuang-Wumishan Formations.

Paleokarstification is one of the key factors in the formation
of pore system in carbonate reservoirs (Richard et al., 2005;
Li et al.,, 2008; Sun et al., 2024), which has an important influence
on the formation of pores, caves and fractures in reservoirs
(Kerans, 1988; Loucks, 1999; Loucks et al., 2004). The elemental
composition of marine carbonate rocks is sensitive to the physical
and chemical properties of sedimentary water and post-sedimentary
paleokarstification. It can be used to trace paleokarstification and
paleoenvironmental characteristics. In recent years, it has been
widely used in Precambrian strata (Ling et al., 2013; Xiong et al,,
2014; Ma et al., 2022; Li et al., 2023). Therefore, the study takes
the Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area
and its adjacent areas as the research objects. On the basis of field
outcrop investigation, core observation, microscopic identification
and porosity and permeability analysis, the characteristics of major
and trace elements and carbon, oxygen and strontium isotopes are
studied to explore the application of geochemical characteristics in
characterizing paleokarstification and paleoenvironment, with the
aim to provide support for the exploration and development of
geothermal resources in the Gaoyuzhuang-Wumishan Formations
in Xiong ‘an New Area.

2 Geological setting

Xiong ‘an New Area is located in the hinterland of Beijing,
Tianjin and Hebei. The administrative scope covers Xiongxian
County, Rongcheng County, Anxin County and surrounding areas,
with a total area of about 1796 km?. The structure is located in
the central part of the Jizhong Depression in the Bohai Bay Basin.
There are nine secondary structural units in the Jizhong Depression,
including three uplifts, four depressions and two slopes, namely,
Niutuozhen uplift, Rongcheng uplift and Gaoyang low uplift. Baxian
sag, Raoyang sag, Baoding sag and Xushui sag; Niubei slope and
Lixian slope. The faults in the area are widely developed, including
the NE-trending Rongcheng fault, Niudong fault, Baoding fault,
Gaoyang fault and Renxi fault, and the NWW-trending Rongnan
fault and Niunan fault (Figure 1).

As a part of the Bohai Bay Basin, Xiong ‘an New Area is
located on the eastern continental block of the North China
Craton in the geotectonic position (Zhao et al., 2005; Chang et al.,
2018). Since the Archean, it has mainly experienced five stages
of tectonic uplift: Lingyuan, Qinyu, Indosinian, Yanshan and
Himalayan (Yang et al, 2002). Under the action of multiple
tectonic-thermal activities, the basement continued to proliferate,
collage and expand, forming a unified crystalline basement in
Archean-Paleoproterozoic. Subsequently, the North China Craton
entered a stable stage of caprock evolution (Tang et al., 2013). The
Mesoproterozoic North China Craton experienced intracontinental
rifting (Zhai et al., 2011), and correspondingly deposited thick
carbonate rocks of Changcheng and Jixian Systems. Tectonic activity
is dominated by integral ascending and descending movement in
the Neoproterozoic-Paleozoic (Lu et al.,, 2008; Zhai et al., 2011).
The southward subduction of the Paleo-Asian Ocean in the late
Paleozoic and the collision between South China and North China
in the early Mesozoic have had an important impact on the evolution
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FIGURE 1

Distribution of tectonic units in Xiong ‘an New Area and its adjacent areas (modified from Zhao et al., 2015; Dai et al., 2023).

of the North China Craton (Zhu et al., 2017). The nearly north-
south extrusion caused the nearly east-west tectonic pattern of the
Bohai Bay Basin in the Indosinian movement (Li X. D. et al., 2024).
Since the Yanshan movement, the subduction of the ancient Pacific
plate has significantly changed the tectonic system of the North
China Craton, from the north-south compression to the NWW-
SE extension (LiFE et al, 2016; Yu et al., 2023), accompanied by
strong magmatic activity (Wang et al., 2019). At the same time, the
Bohai Bay Basin began to develop (Chang et al., 2018), and the
boundary faults had strong extensional block faulting activities. The
tectonic framework of the Jizhong Depression gradually formed, and
this process continued until the end of the Paleogene (Allen et al,
1997; Yang et al.,, 2002; Li et al., 2012). In the Miocene, Niutuozhen
and Rongcheng uplifts continued to uplift, and the denudation from
Wumishan Formation to Paleogene was further enhanced. In the
depositional period of the Minghuazhen Formation in the Pliocene,
the Xiong ‘an New Area and the entire Bohai Bay Basin entered the
post-rift thermal subsidence stage, and finally formed the current
tectonic framework (Li Z. H. et al., 2016).

The Archean and Lower Proterozoic complex metamorphic
rock basements are developed in Xiong ‘an New Area. The
sedimentary caprocks are mainly Mesoproterozoic and Cenozoic.
The Cenozoic clastic rocks in the main area of Xiong ‘an New Area
are directly covered on the Wumishan Formation of Jixian System
(Lu et al, 2021), and the Paleozoic and Mesozoic are seriously
eroded. The Gaoyuzhuang-Wumishan Formations of Jixian System
are a set of extremely thick dolomite strata of tidal flat facies.
The drilling thickness of Gaoyuzhuang Formation is as high as
about 1,000 m (Figure 2). Wumishan Formation can be divided
into four members from bottom to top, with a total thickness of
760-1,400 m (Dai et al., 2023).
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3 Sample collection and testing

The experimental samples in the study are from the core data
of Gaoyuzhuang-Wumishan Formations in Wells D03, D05 and
D16 of Xiong ‘an New Area, as well as the outcrop of Yixian and
Laishui countries (Figure 1), of which the samples of Wumishan
Formation are the main ones. The outcrops of Jixian System dolomite
strata in Yixian and Laishui countries are good, and the later
tectonic and magmatic activities are relatively weak, and there are
few interference factors. Core and field systematic sampling are
carried out, and mineralization alteration and strong weathering
areas are avoided as far as possible in the sampling process.
Bedrock samples of different lithologies from the Gaoyuzhuang-
Wumishan Formations are collected, with sizes of 5-10 cm, and
samples of fillings of not less than 30 g. On the basis of naked-
eye observation, using field tools such as geological hammers,
knives, and hydrochloric acid, the mineralization alteration and
weathering of carbonate formation can be roughly judged, such
as the hardness of carbonate rocks after weathering decreases,
the color is mostly oxidized, the hardness of carbonate rocks
changes after mineralization alteration, and the powder drops of
hydrochloric acid do not bubble, etc., and reject these samples
during sampling. Core sample collection is greatly affected by
the harvest rate of coring, and generally core samples are less
weathered. Field and core samples will also undergo a second
screening indoors, such as cutting bedrock, observing the sample
structure with a magnifying glass, and ensuring that samples that
are not weathered and mineralized are selected. More than 110
samples are obtained, and thin section identification, porosity and
permeability analysis and geochemical analysis are carried out
respectively.
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FIGURE 2
Generalized stratigraphic column of Proterozoic strata in Xiong ‘an New Area (modified from Dai et al., 2023).

The identification of thin section is based on the selection
of fresh, unaltered and weathered samples to be made into
thin sections, which are observed and photographed under the
optical microscope for the characteristics of mineral composition,
content, structure and structure, and finally the lithology is
accurately named according to the standard of DZ/T0275.1-5-
2015. The above process is completed at the Sichuan Keyuan
Testing Center of Engineering and Technology and the Karst
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Geological Resources and Environmental Testing Center. Porosity
and permeability analysis are carried out by firstly preparing
cylindrical samples with a diameter of about 25 mm and a length
of about 50 mm, and then using AP-608 overburden pressure
porosimeter to simulate the porosity and permeability under
the condition of net overburden pressure, and then using high-
pressure air as the source of pressure and helium as the medium
of the test.
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The samples are processed prior to geochemical testing, i.e.,
fresh samples are selected indoors, washed with deionized water,
pulverized, and ground to 200 mesh. The testing of samples for
major elements, trace elements and carbon and oxygen isotopes
are done at the Karst Geological Resources and Environmental
Testing Center. The testing standards of major elements are
GB/T3286-2012 and DZG93-07, and the testing instrument is A-
68 atomic absorption spectrophotometer, the testing standards of
trace elements are DS21420 and DZ/T0279.32-2016, and the testing
instrument is A-17 inductively coupled plasma mass spectrometer;
and carbon and oxygen isotopes are tested by MAT-253 mass
spectrometer. The test is based on GB/T6041-2002, and the reference
standard is the argillite of Vienna Pee Dee group (V-PDB), and
the test precision is 0.1%o. Strontium isotope testing of the samples
is completed at Sichuan Keyuan Testing Center of Engineering
and Technology, using a Triton Plus thermal ionization isotope
ratio mass spectrometer, using GBW04411 standard for the testing
process, with a testing accuracy of better than 0.01%.

4 Characteristics of karst reservoir in
Gaoyuzhuang-Wumishan formations

4.1 Petrological characteristics

On the basis of outcrops, core observation and thin section
identification, combined with the results of Lu et al. (2019) and
Guo et al. (2023), the main rock types of karst reservoirs in
Gaoyuzhuang -Wumishan Formations in Xiong ‘an New Area and
its adjacent areas are divided into five categories: crystal grain
dolomite, particle dolomite, microbial dolomite, siliceous dolomite
and breccia dolomite (Figure 3).

(1) Crystal grain dolomite. It mainly includes Micro-powder
crystal dolomite, fine crystal dolomite, medium crystal
dolomite and coarse crystal dolomite. Among them, micro-
powder crystal dolomite is the most important dolomite type
in Gaoyuzhuang -Wumishan Formations. The grain size is less
than 0.05 mm, and the structure is uniform (Figures 3a,b).
The composition of micro-powder crystal dolomite is relatively
pure, and the content is more than 90%. The grain size of
medium-coarse crystal dolomite is different, up to 1mm, with
a high degree of crystal authomorphism, dominated by line
contacts and visible mosaic contacts (Figures 3c,d).

(2) Particle dolomite. The content of particles is more than

60%. The microscopic observation results of thin sections

show that it is mainly doloarenite and intraclast dolomite

(Figures 3e,f), with medium roundedness and different sizes

of particle up to 5mm (Figure 3f). Some particles are point

and line contact, and some are not contacted, floating and
disorderly distributed. The pore filling between particles is
sparry dolomite cement (Figures 3e,f).

(3) Microbial dolomite. Mainly for different forms of stromatolite

dolomite (Figure 3g). Outcrop profiles, core and thin

section observation show that the Gaoyuzhuang-Wumishan

Formations mainly develop layered and wavy stromatolite

dolomite. Among them, light brown ‘dark layer’ dolomite

and sparry ‘bright layer’ dolomite can be seen under the
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microscope to be distributed in a stacked layer, occasionally a
small amount of siliceous, mostly microcrystalline, enriched
in siliceous zone bedding distribution (Figure 3g).

(4

~

Siliceous dolomite. Including primary sedimentary siliceous
banded dolomite and secondary metasomatic siliceous
dolomite (Figures 3h-j). Siliceous bands and nodular flint
are insoluble compound, and basically no dissolution occurs
(Figures 3h,i). Dolomite can be dissolved to form dissolution
pores (Figure 3h). In the siliceous dolomite of secondary
metasomatic origin, there is a phenomenon of incomplete local
silicification. Dolomite and siliceous are mixed. Due to the fact
that dolomite is more prone to dissolution, dissolution pores
are formed. Silica is insoluble and forms a lattice structure,
which is conducive to the preservation of pores, while the
high brittleness of silica makes it easy to form structural
fractures (Figure 3i).

Breccia dolomite. It is mainly breccia dolomite formed by
faults and karstification (Figures 3k,l). Fault breccia dolomite
is mainly developed in the vicinity of large fault zones.
The microscopic observation results show that the breccia
is poorly rounded, angular, 0.4-8 mm in size, and poorly
sorted. The main component is mud-powder crystal dolomite.
The breccia is not in contact with each other and is
distributed in a floating. The pore fillings between the breccias
are sparry dolomite cements (Figure 3k). The karst breccia
dolomite is mostly developed in the vicinity of large karst
caves and weathering crusts. The roundness and sorting of
the breccia are poor, and the composition of the breccia
is complex, including mud-powder crystal dolomite and
sandstone, with muddy mixed fillings, and the development of
some dissolution cave (Figure 3k).

4.2 Reservoir space type

The reservoir space of Gaoyuzhuang-Wumishan Formations in
Xiong ‘an New Area and its adjacent areas can be divided into
three categories: pores, caves and fractures based on the observation
of field profiles, cores and thin sections. Pores are divided into
primary pores and secondary pores, caves are secondary genesis,
and fractures include structural fractures, structural dissolution
fractures and stylolite according to the genesis. Among them, the
most favorable reservoir space is the dissolution pores, caves and
fractures by karstification.

(1) Pores. The primary pores are mainly intergranular pores
and intercrystalline pores (Figures 4a,b), which are mostly
developed in particle dolomite and crystal grain dolomite,
with small scale and limited reservoir space. The secondary
pores are mainly formed by dissolution. A large number
of honeycomb dissolved pores are observed in the core,
with a diameter of 1-2mm (Figure 4c). Thin section
observation shows the pores have non-selective dissolution
(Figures 4d,e), and the edges are occasionally filled with
sparry dolomite (Figure 4e).

Caves. Large-scale caves can be seen in the field, mainly
distributed near the weathering crust at the top of the
Wumishan Formation, mostly distributed in the area of
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FIGURE 3

Petrological characteristics of dolomite of Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area and its adjacent areas. (a) powder crystal
dolomite of Gaoyuzhuang Formation, Well D05, 3230.28 m; (b) siliceous powder crystal dolomite of Gaoyuzhuang Formation, Well D03, 2391.2 m; (c)
medium crystal dolomite of Wumishan Formation, Well DO5, 2157.3 m; (d) coarse crystal dolomite of Wumishan Formation, Yixian county; (e) sparry
calcarenite dolomite of Gaoyuzhuang Formation, Well D05, 3407.57 m; (f) sparry calcarenite dolomite of Wumishan Formation, Yixian county; (g)
stromatolite dolomite of Wumishan Formation, Yixian county; (h) siliceous bands dolomite of Wumishan Formation, Yixian county; (i) siliceous
dolomite of Wumishan Formation, Well D03, 1679.2 m; (j) siliceous dolomite of Gaoyuzhuang Formation, Yixian county; (k) breccia dolomite of
Gaoyuzhuang Formation, Laishui county; (1) breccia dolomite of Wumishan Formation, Well D05, 2157.3 m.

fracture activity, up to several meters in diameter (Figures 4f,g),
filled with collapse breccia and sandy-muddy deposits.
Dissolved pores are visible in the core, 1-5 cm in diameter,
partly half-filled with reddish-brown mud (Figure 4h).

(3) Fractures. The outcrop and core can identify X-type
joints (Figure 4i) and high-angle structural fractures almost
perpendicular to the bedding plane (Figure 4j). The structural
fractures are characterized by straight, smooth and uniform
width. Fractures under the microscope are common, among
which the surface of the dissolution fracture is mostly
irregular, uneven, and the width of the fractures changes
greatly, with obvious dissolution characteristics (Figure 4k).
Occasionally, along the stylolite with dissolution enlargement,
mostly filled with mud or asphaltene, and the reservoir space
is limited (Figure 41).

4.3 Reservoir physical property
By analyzing the physical properties of the core samples and

combined with previous research results, it is found that the physical
properties of dolomite karst reservoirs in Wumishan Formation of
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Jixian System are better, with the porosity of the buried depth in
the region of 4,000 m and shallower ranging from 0.5% to 22.4%,
the average porosity of 3.39%, the permeability mainly distributed
in the range of 0.01 mD-3,000 mD, and the average permeability
of 82.3 Md (Dai et al., 2019), and the buried depth in the region
below 4,000 m ranging from 2.2% to 19.5%, the average porosity of
6.3%, and the average permeability of 212.82 mD. The porosity in the
area below 4,000 m is 2.2%-19.5%, with an average porosity of 6.3%,
and the permeability is 0.01-2489 mD, with an average permeability
of 212.82 mD (Dai et al,, 2023). The porosity of the Gaoyuzhuang
Formation is mainly distributed in 1.2%-3.5%, up to 13.2%, and
the permeability is mainly distributed in 0.3 mD-7.9 mD, up to
160 mD (Dai et al., 2023). It can be seen that the correlation between
porosity and permeability is good according to the crossplot of
porosity and permeability, and in local areas, due to the existence
of fractures or strong dissolution, the porosity and permeability
show abnormally high values, and the physical properties of
karst reservoirs are characterized by a strong non-homogeneity
(Figure 5). The porosity and permeability of different lithologies
varies greatly, and the statistics found that the porosity of crystal
grain dolomite is 0.014%-10.47%, with an average of 2.83%, and
the permeability is 0.01 mD-3870 mD, with an average of 41.84 mD.
The porosity of particle dolomite is 0.51%-16.9%, with an average of
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FIGURE 4

D03, 810 m.

Macroscopic and microscopic characteristics of dolomite karst reservoirs in Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area and its
adjacent areas. (a) inter-breccia dissolved pores of Gaoyuzhuang Formation, Laishui county; (b) intergranular (dissolution) pores, Yixian county; (c)
honeycomb dissolution pores, Well D16, 1109.52 m; (d) honeycomb dissolved pores of Wumishan Formation, Yixian county; (e) dissolved pores of
Gaoyuzhuang Formation, and the edge was filled with sparry dolomite; (f) large cave of Wumishan Formation, Yixian county; (g) caves of Wumishan
Formation developed along faults, Yixian county; (h) dissolution pores of Wumishan Formation with reddish brown mud half-filled, Well DO5, 2157.3 m;
(i) X' type joints of Wumishan Formation, Laishui county; (j) structural fractures of Wumishan Formation, along fractures with dissolution enlarged, Well
D03, 1678.7 m; (k) dissolution-enlarged fractures of Wumishan Formation, Well DO5, 2888.78 m:; (1) dissolution-enlarged along irregular stylolite, Well

3.26%, and the permeability is 0.01 mD-102 mD, with an average
of 24.67mD (Figure5). The porosity of microbial dolomite is
0.32%-7.90%, with an average of 3.17%, and the permeability is
0.01 mD-285 mD, with an average of 17.97 mD. The porosity of
siliceous dolomite is 0.02%-9.52%, with an average of 2.69%, and
the permeability is 0.01 mD-264 mD, with an average of 16.39 mD.
The porosity of breccia dolomite is 0.50%-12.32%, with an average
of 5.1%, and the permeability is 0.01-13214 mD, with an average
of 532.33 mD (Figure 5). Overall the porosity and permeability
of breccia dolomite, particle dolomite and crystal grain dolomite
are better, and the porosity and permeability of siliceous dolomite
are the worst.

5 The results of geological testing
5.1 Major and trace elements

The contents of major and trace elements in 54 samples of the
Jixian System from outcrops in Yixian (No. CXD and LYS beginning)

and Laishui countries (No. ZJG beginning) and drilling cores (No.
D beginning), and some calculation results are shown in Table 1.

Frontiers in Earth Science

5.1.1 Major elements

(1) CaO, MgO and LOI contents. The contents of CaO, MgO
and LOI varied greatly among different lithologies, among
which the CaO contents of cave calcite fillings of Wumishan
Formation are distributed from 46.61% to 54.48%, with an
average of 52.59%, the MgO content ranges from 0.77% to
7.40%, with an average of 2.27%, and the ¥(CaO + MgO +
LOI) had a minimum value of 94.35%, with a maximum value
of 99.52%, and the average value is 98.62%. The contents of
CaO, MgO and LOI in the siliceous bands of Gaoyuzhuang-
Wumishan Formations are extremely low, with the content of
CaO ranging from 0.71% to 6.17%, with an average of only
2.39%, the content of MgO ranging from 0.44% to 3.95%, with
an average of 1.68%, and the ¥(CaO + MgO + LOI) with a
minimum value of 2.5%, a maximum value of 18.88%, and an
average of 7.79%. The CaO content of dolomite is distributed
from 16.98% to 30.79%, with an average of 27.50%, the MgO
content is distributed from 10.69% to 21.88%, with an average
0f 19.44%, and the ¥(CaO + MgO + LOI) content is distributed
from 54.67% to 99.53%, with an average of 89.59%. There is a
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The physical characteristics of carbonate rocks in Jixian System of Xiong ‘an New Area.

Porosity/%

Permeability/mD

0 Crystal Grain

F10'
F10°
H10°
F10'
F1
F10"
L1107

Particle ~ Microbial  Siliceous Breccias

Dolomite Dolomite Dolomite  Dolomite Dolomite

l Porosity B rermeability — Mean value

)

3)

Fronti

significant correlation between CaO and MgO. Among them,
CaO and MgO in cave calcite fillings of Wumishan Formation
have a negative correlation, and siliceous bands and dolomite
show a positive correlation (Figure 6).

The content of terrestrial elements (SiO,, Al,O;, Fe,Os;,
TiO,, P,0;). The content of terrestrial elements varies
greatly in different lithologies, and the content of terrestrial
elements in the same lithology also has some differences. The
content of total terrestrial elements in the siliceous bands of
Gaoyuzhuang-Wumishan Formations is the highest, ranging
from 81.09% to 97.59%, with an average of 92.47%, and SiO,
is the dominant one. The contents of total terrestrial elements
in calcite fillings of caves in Wumishan Formation are the
lowest, ranging from 0.089% to 4.98%, with an average of
0.87%, without TiO,. The content of total terrestrial elements
in dolomite of Gaoyuzhuang-Wumishan Formations varies
greatly, ranging from 0.25% to 44.57%, with an average of
9.83%, and the terrestrial element content is dominated by
Si0,, followed by Al,Oj, and only 7 dolomite samples contain
TiO, (Table 1). The analysis found that SiO, and Al,O5 of
dolomite and calcite fillings have a strong positive correlation,
and a negative correlation between SiO, and Al,O5 in siliceous
bands. CaO shows a negative correlation with SiO, and
Al,O;, while MgO has a poor correlation with SiO, and
Al,O; (Figure 6).

The contents of Na, O and K, O. The difference in Na, O content
of different lithologies is relatively small, in which the Na,O
contents of calcite fillings are 0.026% ~ 0.031%, with an average
of 0.029%. The siliceous bands are 0.0067% ~ 0.04%, with an
average of 0.027%, and dolomite is 0.016% ~ 0.035%, with an
average of 0.023%. The K,O contents of calcite fillings range
from 0.0019% to 0.0056%, with an average of 0.0068%. The
content of K,O in siliceous bands is 0.0021% ~ 0.064%, with
an average of 0.045%, and the K,O content of dolomite ranges
from 0.0061% to 1.91%, with an average value of 0.25%. The
average Na contents of calcite fillings, siliceous bands and
dolomite are 215.16 x 10°, 200.32 x 107 and 170.65 x 107,
respectively. Studies have shown that the Na content of calcite

ers in Earth Science
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(4)

5.1

formed in modern oceans ranges from 200 x 107 to 300 x
107%, while that of dolomite is less than 110 x 107 ~ 160 x
107° (Veizer, 1983), compared to carbonate minerals in normal
seawater, dolomite in Gaoyuzhuang-Wumishan Formations
has relatively high Na content. In addition, the correlation
analysis showed that Na,O content does not correlate with
MgO/CaO, and the Na,O contents of calcite fillings and
siliceous bands correlate negatively with Sr content, while the
Na, O content of dolomite correlates positively with Sr content.
The Na,O contents of calcite fillings do not correlate with
SiO, content, while the Na,O content of siliceous bands and
dolomite correlates positively with SiO, (Figure 6).

The content of Fe,O; and MnO. The contents of Fe,O; in
calcite fillings, siliceous bands and dolomite are 0.011% ~
0.025%, 0.017% ~ 0.44% and 0.037% ~ 1.79%, respectively, and
the average values are 0.016%, 0.096% and 0.32%, respectively,
and the corresponding average values of Fe contents are
112 x 107%, 672 x 107° and 2,240 x 107°. The contents of
MnO range from 0.0004% to 0.0011%, 0.0025%-0.027%, and
0.0025%-0.22%, with average values of 0.00064%, 0.0069%,
and 0.028%, respectively, and corresponding average values
of Mn content of 4.96 x 107°, 53.45 x 107°, and 216.9 x
107°, respectively. The content of Fe in carbonate minerals
formed in normal seawater in different periods is about 50
x 107%, and the average content of Mn is not more than 1 x
107° (Veizer, 1983). The lowest values of Fe and Mn contents
in all samples of Gaoyuzhuang-Wumishan Formations have
exceeded the range, and the highest value even exceeds it by
about 200 times. In addition, the results show that the Fe,O;
content of the dolomite is positively correlated with the SiO,
and MnO content, and weakly negatively correlated with the
CaO content (Figure 6).

2 Trace elements

The trace element content of the samples varied considerably

between lithologies, as evidenced by calcite fillings with significantly

higher Cu, Ni, Sr and Ba contents, and lower Pb and Li contents.

The siliceous bands have significantly lower Cu, Cr, Ni, Sr and Ba
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FIGURE 6

Crossplot of major and trace elements of different lithologies in Gaoyuzhuang-Wumishan Formations.

contents, and the overall trace element content is extremely low.
Dolomite has relatively high Zn, Cr, Co and Li values, while Sr and
Ba contents are low (Table 1). The Sr content of calcite fillings ranges

Frontiers in Earth Science

from 212 x 107 to 1,326 x 107°, with an average value of 618.75 x
1076
x 107, with an average value of 37.29 x 107. Previous studies have

, and the Sr content of dolomite ranges from 4.49 x 107°t097.9
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found that the Sr content of aragonite formed in modern oceans is
greater than (7,740 + 300)x107°, the Sr content of high-Mg calcite
is in the range of 400-5,000 x 10~%, and the Sr content of primary
dolomite is even lower, 245 x 107° to 600 x 10~® (Baker and Brun,
1985). Strong dolomitization reduces Sr content to 155 x 107¢ in
marine depositional environments, while sedimentary fluids with
extremely high salinity (up to salt rock saturation) can reduce the
Sr content to less than 43 x 107° ~ 150 x 107 (Lu and Meyers,
1998), in addition, recrystallization and meteoric water leaching also
lead to a reduction of Sr content in carbonate rocks. Comparison
found that the Sr contents of calcite fillings are much smaller than
that of aragonite, and most of them are smaller than the lowest Sr
content of high-Mg calcite. The Sr content of dolomite is less than
that of carbonate minerals formed by strong dolomitization, and
most of them are less than that of carbonate minerals formed under
extremely high salinity fluid. The results show that the Sr content of
dolomite is positively correlated with the Na content (Figure 6), and
weakly negatively correlated and weakly positively correlated with
the distributions of authigenic element CaO and terrestrial element
Si0,, respectively (Figure 6).

5.2 Carbon and oxygen isotopes

Carbon and oxygen isotope values of 71 samples of the Jixian
System from outcrops in Yixian (No. CXD and LYS beginning),
Laishui countries (No. Z]JG beginning) and drilling cores (No. D
beginning) are shown in Table 2. The results show that there are
large variations in carbon and oxygen isotope values of different
lithologies. The 8'*C values of dolomite in Gaoyuzhuang Formation
are between —1.72%o and 1.34%o, with an average of —0.38%o, and
the 8'%0 values range from —9.85%o to —2.95%o, with an average of
~6.36%o. The 8"*C values of dolomite fillings in fracture-cavity of
Gaoyuzhuang Formation range from —7.44%o to —1.43%o, with an
average of —3.46%o, and the 830 values differ from the bedrock with
a wide range of values, ranging from —17.84%o to —6.57%o, with an
average of —12.99%o, and §'80 values are obviously negatively biased
(Figure 7; Table 2) The samples from the Wumishan Formation can
be divided into dolomite, siliceous bands, fracture-cavity dolomite
fillings and calcite fillings according to lithology, in which the carbon
and oxygen isotope values of dolomite in Wumishan Formation are
generally similar to those of Gaoyuzhuang Formation, reflecting
their generally similar depositional environments. The §"*C values
of dolomite are —3.9%o ~ 0.96%o, with an average of —0.51%o, and
the 8'80 values are —9.65%0 ~ —4.42%o, with an average of —6.41%o.
The 8'3C values of siliceous bands are —4.25%o ~ —0.53%o, with an
average of —1.36%o, and the §'80 values are —12.4%o ~ —7.07%o,
with an average of —8.94%o. The §'°C values of dolomite fillings
in fracture-cavity are —1.89%o ~ —0.47%o, with an average value
of —1.04%o, and the 8'0 values are significantly negative, with a
large range of changes, ranging from —17.19%o to —8.48%o, with
an average value of-11.87%o. The 8'°C values of calcite fillings
are significantly negative, ranging from-10.67%o to-8.13%o, with an
average of —9.02%o, and the §'30 values range from -9.81%o to
—7.38%o, with an average of —8.63%o (Figure 7; Table 2). Overall,
the 6'3C and 8'30 values of different fillings have some differences,
and compared with the dolomite and siliceous bands, the carbon
and oxygen isotope values of fracture-cavity fillings are negatively
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biased. Among them, the §'80 values of fracture-cavity dolomite
fillings are obviously negatively biased, and the §'*C values of
calcite fillings are negatively biased (Figure 7; Table 2), reflecting the
characteristics of two types of fracture-cavity fillings with different
filling paleoenvironments.

5.3 Strontium isotope

A total of 30 carbonate rock samples are analyzed by
strontium isotope analysis in this study, including calcite fillings,
siliceous bands, mud-powder crystal dolomite, medium-coarse
crystal dolomite, siliceous dolomite, breccia dolomite and
stromatolite dolomite, and the results of the tests are shown in
Table 3 and Figure 8. The ¥Sr/*Sr values of different lithologies
vary widely (Figure 8), with the 8 Sr/%Sr values of the four calcite
filling samples ranging from 0.712112 to 0.713570, with an average
value of 0.712676. The ¥ Sr/*®Sr values of the micro-powder crystal
dolomite vary greatly, ranging from 0.706345 to 0.717464, with an
average value of 0.709785. The *’Sr/*¢Sr values of two medium-
coarse crystal dolomite samples are 0.706235 and 0.712081. The
873r/%Sr values of siliceous dolomite are 0.709042~0.715747,
with an average of 0.711237. The ¥Sr/%*Sr values of the two
particle dolomites are 0.710245 and 0.716808. Breccia dolomite
and stromatolite dolomite have only one sample each, with ¥ Sr/%Sr
values of 0.709235 and 0.705305, respectively. On the whole, the
875r/%Sr values of calcite fillings, siliceous dolomites and particle
dolomites are significantly higher than those of the other lithologies.

6 Discussion

6.1 Paleosalinity and paleotemperature of
seawater

The carbon and oxygen isotope compositions of carbonate rocks
are controlled by sedimentary water, and the carbon and oxygen
isotope compositions of sedimentary water are affected by water
salinity (Li et al,, 2023). Keith and Weber (1964) proposed an
equation to calculate the salinity index Z of sedimentary water by
using 813C value and §'80 value (which is not the absolute value
of the salinity, but only positively correlates with the paleosalinity,
and a value of Z less than 120 is freshwater, and more than 120 is
marine environment): Z = 2.048 x (8'3C + 50) + 0.498 x (8'%0 + 50),
where §"°C and 8'%0 are both standardized values of the PDB, and
the paleosalinity is calculated by using the equation, and the results
are shown in Table 2.

The Z values of different lithologies in Gaoyuzhuang-
Wumishan Formations vary greatly, reflecting different formation
environments. The Z values of dolomite in Gaoyuzhuang Formation
range from 120.33 to 126.41, with an average of 123.35, indicating
that the dolomite in Gaoyuzhuang Formation is mainly deposited
in the marine environment. The Z values of the two siliceous band
samples are 121.62 and 121.54, respectively, indicating that the
siliceous band is formed in the same environment as the dolomite.
The Z values of dolomite fillings are 103.18~117.75, all of which
are less than 120, and are of freshwater genesis. The Z values of
different lithologies in the Wumishan Formation are similar to
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those in the Gaoyuzhuang Formation. The Z values of dolomite are
117.07~126.4, with an average value of 123.07, indicating that the
dolomite of the Wumishan Formation, like that of the Gaoyuzhuang
Formation, is dominated by marine deposits, and locally affected
by the injection of freshwater. The Z values of calcite fillings range
from 100.95 to 106.66, with an average value of 104.52, reflecting
that calcite fillings are of typical freshwater genesis. The Z values of
dolomite fillings are 115.72~121.23, with an average of 119.27, and
the Z values of half of the samples are less than 120, indicating that
the dolomite fillings are mixed with freshwater and seawater. The Z
values of the siliceous bands range from 114.61 to 122.67, with an
average of 120.07, and only one of the six samples has a Z value of
less than 120, reflecting that the siliceous bands, like dolomite, is
mainly marine deposits, and locally affected by freshwater.

The correlation analysis of §"°C and 880 with Z shows
that the §"°C of Gaoyuzhuang-Wumishan Formations correlate
well with Z values, with correlation coefficients of 0.9195 and
0.9698, respectively, However, the correlation between 8§80 and
Z is poor, and the correlation coefficients are 0.6529 and 0.091,
respectively (Figure 9). It indicates that §"*C and §'%0 of carbonate
rocks are affected differently by the salinity of sedimentary water,
and 8'3C is more affected by the salinity of sedimentary water.

The 8'80 value is closely related to the temperature of
the deposition medium (Leng, 2006). When the salinity of the
deposition medium remains constant, the higher the temperature,
the lower the 80 value (Zhang et al., 2023). Therefore, the
8130 value can reflect the relative level of paleotemperature. Some
predecessors proposed and calibrated the equation: T (°C) =
15.976-4.2 x 80 + 0.13 x (8'80+0.22) to calculate the paleo-
seawater temperature (Yang et al., 2017; Ren et al,, 2018). It is
worth noting that the equation is more applicable to post-Mesozoic
strata, and for the Jixian System, a correction for age effects is
required before applying the equation. The average §'®O values of
the samples of Gaoyuzhuang-Wumishan Formations are —8.05%o
and —8.18%o, respectively, and the average 880 value of the
Quaternary marine carbonate rocks is —1.2%o as the standard. The
880 values of Gaoyuzhuang-Wumishan Formations are corrected
to be equivalent to that of the Quaternary samples with 6.85%o
and 6.98%o, respectively, and then the paleo-seawater temperatures
of Gaoyuzhuang-Wumishan Formations are obtained by using the
equation. The results are shown in Table 2.

It shows that paleo-seawater temperature of the Gaoyuzhuang
Formation (dolomite and siliceous bands deposition period) ranges
from 1.8°C to 29.58°C, with an average of 15.09°C, and the
dolomite fillings are 14.83°C ~ 77.21°C, with an average of 48.49°C.
Paleo-seawater temperature of the Wumishan Formation (dolomite
and siliceous bands deposition period) ranges from 6.23°C to
42.26°C, with an average of 16°C. The calcite fillings range from
17.66°C to 28.75°C, with an average of 23.27°C, and the dolomite
fillings is 22.49 ~ 71.83°C, with an average of 40.63°C. On the
whole, the average temperature of the paleo-seawater during the
deposition period of Gaoyuzhuang-Wumishan Formations is 15°C
~ 16°C, which is generally the temperature of seawater in a
warm climate. Pesonen et al. (2021) indicated that the North China
Plate was in the low latitude area north of the equator in the
Mesoproterozoic Jixian Epoch, which shows that Gaoyuzhuang-
Wumishan Formations are formed in the warm subtropical climate
of seawater environment. The fluid temperature at the time of
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TABLE 2 The results of carbon and oxygen isotopes of Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area and its adjacent areas.

Sample | Stratum Lithology  8*C(PDB)%. | 88O(PDB)%o 8'®Oc,rection | Paleosalinity | Paleotemperature

no.
CXD06 0.83 -5.23 1.75 126.40 9.13
CXD12 0.86 -7.3 -0.32 125.43 17.32
CXD16 0.57 -6.32 0.66 125.32 13.30
CXD18 0.62 -6.71 0.27 125.23 14.87
CXD19 0.96 -6.28 0.7 126.14 13.15
D5-15 -0.48 -7.47 -0.49 122.60 18.04
D5-16 -0.7 -6.33 0.65 122.71 13.34
D5-18 -1 —6.61 0.37 121.96 14.47
D5-19 -0.97 -6.2 0.78 122.23 12.83
D5-21 -1.55 -6.11 0.87 121.08 12.48
D5-22 -1 -6.37 0.61 122.08 13.50
D5-23A -1.44 -9.23 -2.25 119.75 25.96
D5-24 Wamishan . 0.09 —-6.42 0.56 124.29 13.70
K Dolomite
D5-25 Formation -1.96 -9.65 -2.67 118.48 27.97
D5-27 -0.9 -6.78 0.2 122.08 15.16
LYS13 —-0.87 -4.98 2 123.04 8.22
LYS16 -39 -4.5 248 117.07 6.51
LYS17 -0.23 —4.42 2.56 124.63 6.23
LYS19 -0.7 -5.43 1.55 123.16 9.87
LYS20 —-0.28 -6.39 0.59 123.54 13.58
LYS20-1 -14 -8.59 -1.61 120.15 2299
LYS21 -0.15 -6.38 0.6 123.82 13.54
LYS22 -0.14 —4.89 2.09 124.58 7.89
LYS20-2 0.36 -4.7 2.28 125.70 7.21
Z)G14 0.16 —6.47 0.51 124.41 13.90
ZJG16 0.03 -7.08 -0.1 123.84 16.40
CXDO01 -8.13 -8.02 -1.04 106.66 20.43
CXD02 -89 -9.81 -2.83 104.19 28.75
CXDO03 Wamishan ‘ ‘ -9.73 -9.52 -2.54 102.63 27.34
. cave calcite fillings
CXD04 Formation -9.53 -9.66 -2.68 102.97 28.02
CXD05 -8.51 -7.51 -0.53 106.13 18.21
CXD07 -9.06 —-8.76 -1.78 104.38 23.77

(Continued on the following page)
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TABLE 2 (Continued) The results of carbon and oxygen isotopes of Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area and its adjacent areas.

Sample  Stratum Lithology | 8"*C(PDB)%. &'®O(PDB)%o | 8'¥Oc¢oyrection | Paleosalinity | Paleotemperature

Nno.
CXDO08 -8.63 —-8.68 -1.7 105.30 23.40
CXD09 -8.92 -9.05 -2.07 104.52 25.11
CXD10 -8.64 -7.38 -0.4 105.93 17.66
CXD13 -8.29 -7.94 -0.96 106.37 20.08
CXD15 -9.28 -8.24 -1.26 104.19 2141
CXD17 -10.67 -9.03 -2.05 100.95 25.02
D3-1 -0.66 -11.03 -4.05 120.46 34.89
D3-2 -1.32 -9.57 -2.59 119.83 27.58
D3-3 -1.03 -10.2 -3.22 120.11 30.67
D16-1 -1.89 —15.48 -8.5 115.72 60.59
Dl16-2 ) Karst pores and -1.08 -16.95 -9.97 116.65 70.21
‘Wumishan .
i fractures dolomite
Formation |
D35-1 fillings -0.85 -17.19 -10.21 117.00 71.83
LYS30 -0.47 -10.29 -3.31 121.21 31.12
LYS22 -0.62 -10.21 -3.23 120.95 30.72
LYS31 -0.71 -9.27 -2.29 121.23 26.15
LYS32 -1.74 -8.48 -1.5 119.51 2249
CXD11 -0.54 -7.07 -0.09 122.67 16.36
CXD14 —4.25 -8.01 -1.03 114.61 20.39
LYS12 -1.09 -7.99 -1.01 121.09 20.30
‘Wumishan -
. siliceous bands
Formation
LYS14 -0.97 -7.33 -0.35 121.66 17.45
ZJG11 -0.53 -12.4 -5.42 120.04 42.26
ZJG15 -0.77 -10.82 -3.84 120.33 33.81
D5-30 -1.5 -5.18 1.67 121.65 9.43
D5-31 -0.38 -2.95 39 125.05 1.80
LYS03 1.34 -7.3 —-0.45 126.41 17.87
LYS08 -1.72 -5.23 1.62 121.17 9.61
7]G02 -0.15 -5.42 1.43 124.29 10.32
Gaoyuzhuang .
K Dolomite
Formation
Z]G04 0.21 —6.56 0.29 124.46 14.79
ZJGO05 0.34 -8.25 -14 123.89 22.04
D3-4 -0.38 -7.75 -0.9 122.66 19.82
D3-6 -1.01 -9.85 -3 120.33 29.58
LYS04 0.32 —6.64 0.21 124.65 15.12

(Continued on the following page)
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TABLE 2 (Continued) The results of carbon and oxygen isotopes of Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area and its adjacent areas.

Sample Stratum Lithology  8™C(PDB)%. &'O(PDB)%. 8'®O(qpection Paleosalinity Paleotemperature

no.
LYS06 -1.25 —4.88 1.97 122.31 8.33
D5-32A G h -1.22 —6.39 0.46 121.62 14.10
aoyuz Tlang siliceous bands
Formation
Z]JG07 -0.74 -8.53 -1.68 121.54 23.31
LYS33 -7.44 -17.84 -10.99 103.18 77.21
LYS04 Karst pores and -1.65 -14.27 -7.42 116.81 53.88
Gaoyuzhuang
X fractures
Formation . .
LYS07 dolomite fillings -33 —6.57 0.28 117.27 14.83
D3-5 -1.43 -13.29 —6.44 117.75 48.05
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FIGURE 7
Carbon and oxygen isotope crossplot of Gaoyuzhuang Formation (left) and Wumishan Formation (right).

formation of the dolomite fillings in Gaoyuzhuang-Wumishan  dolomite of the Wumishan Formation range from 0.02 to 13.82,
Formations is significantly higher than the seawater temperature of ~ with an average value of 4.67, and 5 out of 25 samples have Sr/Ba
the same period, suggesting that the pre-existing dissolution pores  less than 1 according to Table 1, indicating that the paleowater
are modified by high-temperature fluids at a later stage. depth of Gaoyuzhuang-Wumishan Formations is relatively shallow,

with the characteristics of interactive marine, and Gaoyuzhuang

Formation is slightly more modified by freshwater. Only two of
6.2 Paleowater depth and offshore the nine samples of siliceous bands from Gaoyuzhuang-Wumishan
distance Formations have Sr/Ba greater than 1, indicating the siliceous bands

is deposited close to the shore and is greatly affected by freshwater

The relative depth of paleowater and the relative distance  injection.

from the shore are mainly estimated by different geochemical The magnitude of river injection in the ocean can indirectly
characterization parameters, and the common characterization  determine the offshore distance of the depositional environment,
parameters include Sr/Ba value and ¥Sr/*¢Sr value (Ren et al,  and the strontium isotope can reflect the relative magnitude
2018). It is generally believed that Sr tends to be enriched in the  of river injection to a certain extent. The strontium isotopic
deep sea, while Ba is mostly enriched in coastal water and its  composition of seawater is independent of latitude and depth,
corresponding sediments, so the Sr/Ba value of freshwater sediments ~ and is mainly controlled by three sources of crustal, mantle,
is less than 1, and that of marine sediments is greater than 1 and redissolved strontium, in which crustal-derived strontium
(Ren et al., 2018; Dan et al, 2021). It can be seen that the Sr/Ba  is mainly from weathering material of paleocontinental sialic
values of the dolomite of the Gaoyuzhuang Formation range from  rock, mantle strontium from mantle-derived material brought out
0.18 to 4.86, with an average value of 1.78, and only 5 out of by hydrothermal activity at mid-ocean ridges, and redissolved
12 samples have Sr/Ba greater than 1, the Sr/Ba values of the  strontium from chemical weathering of marine carbonate rocks
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TABLE 3 The results of ¥7Sr/%6Sr from Gaoyuzhuang-Wumishan Formations in Xiong ‘an New Area and its adjacent areas.

Sample no. Stratum Lithology
CXD02 Calcite fillings 0.712112 0.000008
CXD05 Calcite fillings 0.712354 0.000006
CXD08 Calcite fillings 0.712668 0.000005
CXD13 Calcite fillings 0.713570 0.000006
CXD12 Micro-powder crystal dolomite 0.708346 0.000008
CXD18 Micro-powder crystal dolomite 0.706992 0.000007
CXD19 Micro-powder crystal dolomite 0.707224 0.000008
D5-22 Micro-powder crystal dolomite 0.709724 0.000007
LYS13 Micro-powder crystal dolomite 0.707141 0.000008
LYS16 Micro-powder crystal dolomite 0.711594 0.000009
LYS17 Micro-powder crystal dolomite 0.710375 0.000010
‘Wumishan Formation
LYS19 Micro-powder crystal dolomite 0.706345 0.000007
ZJG13 Micro-powder crystal dolomite 0.711584 0.000006
Z)G14 Micro-powder crystal dolomite 0.710094 0.000008
ZJG16 Micro-powder crystal dolomite 0.708908 0.000007
LYS21 Medium-coarse crystal dolomite 0.706235 0.000006
D5-18 siliceous dolomite 0.709904 0.000008
D5-19 siliceous dolomite 0.709419 0.000007
D5-23 siliceous dolomite 0.711906 0.000006
D5-24 siliceous dolomite 0.709391 0.000007
D5-16 Breccia dolomite 0.709235 0.000007
LYS20 stromatolite dolomite 0.705305 0.000009
LYS06 Micro-powder crystal dolomite 0.711412 0.000008
Z]G04 Micro-powder crystal dolomite 0.717461 0.000008
LYS03 Medium-coarse crystal dolomite 0.712081 0.000008
D5-32 siliceous dolomite 0.709042 0.000007
Gaoyuzhuang Formation
LYS04 siliceous dolomite 0.713253 0.000008
Z]G07 siliceous dolomite 0.715747 0.000009
D5-31 Particle dolomite 0.710245 0.000007
7]G02 Particle dolomite 0.716808 0.000007
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(Banner, 1995; Guacaneme et al., 2021). The mean strontium isotope
value of crustal-derived sialic rock is 0.720, the global mean of
crustal-derived strontium isotope is 0.7119 (Li Z. T. et al., 2024),
the value of redissolved strontium isotope is 0.708 (Liu et al,
2007), the mean strontium isotope value of Mesoproterozoic
seawater is about 0.705 (Shield and Veizer, 2002; Chen et al,
2022), and mantle-derived strontium of 0.7035 (Li X. D. et al,
2024) (Figure 8). The continental weathering products with high
87Gr/%0Sr are transported to the ocean via rivers, which leads to
the increase of ¥ Sr/**Sr value in seawater. The ¥Sr/%Sr values
vary considerably between lithologies, and are all greater than the
mean value of the Mesoproterozoic seawater (Figure 8), suggesting
Gaoyuzhuang-Wumishan Formations were modified by crustal-
derived strontium, including large amounts of river injection and
supergene karstification. It is found that the 8Sr/%Sr values of
dolomite in Gaoyuzhuang Formation are mostly greater than 0.71,
the dolomite in Wumishan Formation is mostly less than 0.71,
and the ¥Sr/%Sr values of calcite fillings in Wumishan Formation
are all greater than 0.712 (Table 3), showing that Gaoyuzhuang
Formation is more affected than Wumishan Formation by crust-
derived strontium, which further reveals the closer offshore distance
and environmental characteristics of interactive marine. The calcite
fillings are of meteoric water genesis, which is greatly affected
by crust-derived strontium. The result shows that 8Sr/%Sr values
are negatively correlated with Sr/Ba (Figure 10). As mentioned
above, Ba is mostly enriched in coastal water and its corresponding
sediments. The smaller the Sr/Ba reflects the greater influence of
freshwater, and the closer the offshore, the greater river injection,
i.e., the greater the influence of crustal-derived strontium, resulting
in the increase of ¥ Sr/*Sr.

In addition, the contents of major and trace elements can also
reflect the relative magnitude of river injection. Figure 6 and Table 1
show that Na,O content does not correlate with MgO/CaO, and
the Na,O contents of calcite fillings and siliceous bands correlate
negatively with Sr content, while the Na,O content of dolomite
correlates positively with Sr content. The Na,O contents of calcite
fillings do not correlate with SiO, content, while the Na,O
content of siliceous bands and dolomite correlates positively with
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SiO,, indicating that siliceous bands and dolomite samples are
jointly controlled by marine fluids and terrestrial fluids during
the depositional period, with the siliceous bands being more
significantly affected by terrestrial fluids. As mentioned earlier, the
Fe and Mn contents of Gaoyuzhuang-Wumishan Formations are
much greater than carbonate minerals formed in normal seawater,
indicating Gaoyuzhuang-Wumishan Formations are injected with
exogenous fluids rich in Fe and Mn during the depositional period.

6.3 Redox environment

Previous studies of redox conditions in the paleocean have
relied on redox-sensitive elements, and Ni/Co is commonly used
to characterize the redox environment of sedimentary water.
Before applying redox-sensitive elements to the study of redox
environment, the extent to which each element is influenced by
non-autogenous factors (e.g., detrital sources and diagenesis) needs
to be assessed. The contents of Ni and Co in the samples are
weakly correlated with the contents of terrestrial elements (2SiO,
+ AlLO; + Fe,0; + P,O5 + TiO,) (Figure 11), indicating that the
contents of Ni and Co in the samples are less affected by terrestrial
elements. When Ni/Co value is greater than 7, it indicates that
the sedimentary water is an anoxic reducing environment, when
Ni/Co value is less than 5, it indicates that the sedimentary water
is an oxidizing environment, and when the ratio is between 5 and
7 it indicates a weakly oxidizing environment (Jones and Manning,
1994). The Ni/Co values of Gaoyuzhuang and Wumishan Formation
are 2.72 ~ 5.26 and 0.49 ~ 10.97, with the average values of 3.85
and 4.45, respectively, of which only one sample of the dolomites of
Gaoyuzhuang Formation has Ni/Co greater than 5, which is 5.26,
and the other samples are less than 5. Among the 25 dolomite
samples of Wumishan Formation, only one sample has Ni/Co greater
than 7, and there are seven samples whose Ni/Co is between 5 and
7, and the remaining 17 samples are less than 5. The siliceous bands
of Gaoyuzhuang-Wumishan Formations all have Ni/Co less than
5. The above characteristics indicate that Gaoyuzhuang-Wumishan
Formations are in an oxidizing environment during the depositional
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period, and the paleowater depth is shallow, which is consistent
with the conclusion drawn from the analysis of the previous analysis
of paleowater depth and the distance to the offshore. It is worth
noting that the Ni/Co values of calcite fillings range from 6.74 to
7.70, only one sample is 6.74, and the Ni/Co values of the other
seven samples are greater than 7 (Table 1), indicating an anoxic
reduction environment. As mentioned earlier, the samples belong
to the calcite fillings of caves in the Wumishan Formation, and the
caves are formed in a period of exposure to strong oxidizing, low-
temperature meteoric water leaching. When the vertical infiltration
of meteoric water along the dolomite of the Wumishan Formation,
due to water-rock interactions and degassing of dissolved CO, in the
water, the unsaturated, open-atmosphere freshwater gradually turns
into a relatively closed, oxygen-deficient, supersaturated fluid, thus
precipitating calcite.

6.4 Filling paleoenvironment and
paleokarst developmental periods

Carbon and oxygen isotopes of Carbonate rocks are
characterized by different abundances with different geological
background conditions, and have smaller late-stage alteration
and good regional comparability, making them good indicators
for studying paleoclimate and recovering paleoenvironments
(Brasier et al., 1990; Tribovillard et al., 2006; Pu et al., 2016). Carbon
and oxygen isotopes of bedrock can reflect changes in depositional
environments and Chronostratigraphic boundaries (Brasier et al.,
1990), and fracture-cavity dolomite or calcite fillings are formed by
the precipitation of later karst fluid after the transformation of parent
rock. Due to the different dissolution environments such as fluid
properties, temperature and pressure conditions, the §'*C and §'0
values from which the dolomite is precipitated are different, and thus
can be used to indicate paleokarst environments. The §'*C-8'%0
relationship diagrams of Gaoyuzhuang-Wumishan Formations are
drawn respectively based on the test data Table 2.

The results show that the Gaoyuzhuang Formation (bedrock
and fillings) mainly has three different types of paleokarst
environments (Figure 7). Type I is syndiagenetic or eogenetic karst
environment, which mainly forms marine with §'*C ranging from
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~3.3%o to 1.34%o, and §'80 ranging from —8.25%o to —2.95%o. The
siliceous bands and dolomite fillings in the range of carbon and
oxygen isotopes abundance of bedrock are the results of syngenetic
deposition and filling, respectively. Type II is the karst environment
of shallow burial. The samples have relatively low 810, which is
negative than bedrock of Type I, while the §'°C is basically the
same as the bedrock, and having no obvious negative bias. The §'*C
ranges from —1.01%o to —0.74%o, and §'%0 ranging from —9.85%o
to —8.53%o. Only one dolomite and one siliceous band samples fall
into the interval. The temperature in the shallow burial environment
is slightly higher than that in the syngenetic or eogenetic karst
environment, and 8'%0 is sensitive to the temperature, when the
temperature rises, %0 is active, resulting in a negative deviation of
880, and only 1 out of 11 dolomite samples in the Gaoyuzhuang
Formation falls into this interval, indicating the shallow burial karst
environment is not the main period for the formation of dolomite in
the Gaoyuzhuang Formation. Type III is the medium-deep burial or
high-temperature paleoenvironment, which is mainly characterized
by the obvious negative deviation of §'*0 value (less than-12%o). The
study suggests that §'%0 value less than —12%o can’t be formed in the
low-temperature meteoric water, while it reflects that the formation
of dolomite fillings has relationship with the medium-deep buried
or high-temperature paleoenvironment. The dolomite fillings of the
Gaoyuzhuang Formation mainly fall into this interval, reflecting that
the dolomite fillings are mainly formed in the medium-deep burial
and high temperature conditions.

Based on the §'3C-8'%0 relational diagram shown in Figure 7,
the Wumishan Formation (bedrock and fillings) can be divided
based on their paleokarst depositional environments into 4 different
types. Type I is syndiagenetic or eogenetic karst environment,
with 8'*C and 8'0 distributions range basically the same as
the background value area of bedrock, indicating that the karst
environment is similar to that of carbonate deposition, and reflects
a short exposure karstification after carbonate deposition, which is
the characteristics of eogenetic karst. The §'*C is —4.25%o0 ~ 0.96%o
and 8'%0 is —8.01%0 ~ —4.42%o in the syngenetic period. Four
out of six siliceous bands fall into the interval, reflecting that the
siliceous bands are mainly formed by syngenetic or quasi-syngenetic
deposition. Type II is shallow buried karst environment, §*C is
~1.96%0 ~ —0.47%o, 8'%0 is —11.03%o ~ —8.48%o. Dolomite fillings
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mainly fall into the interval, and only one siliceous band and three
dolomite samples fall into the interval, indicating that shallow buried
karst environment is the main period for the formation of dolomite
fillings, while siliceous bands and dolomite are mainly formed in
the syngenetic period. Type III is a medium-deep burial or high-
temperature paleoenvironment, with §'®0 significantly negative
deviation, less than —12%o. It shows that three dolomite fillings
and a siliceous band samples are found in the interval, indicating
that some dolomite fillings are formed in medium-deep burial
environment. The results show that siliceous bands are developed in
syngenetic period, shallow burial and medium-deep burial or high-
temperature paleoenvironment, but mainly in syngenetic period,
indicating that the siliceous bands are subject to different degrees of
thermal disturbance in the burial process. Type IV is meteoric water
karst environment, affected by meteoric water, 83C and 60 have
obvious negative bias. 813C is less than —6%o, and 820 is —9.81%o
~ -7.38%o. It is found that all calcite fillings fall into the interval,
which is obviously different from dolomite fillings and bedrock.
The calcite filled in the cave wall is mainly composed of meteoric
water, which gradually changes from unsaturated to supersaturated
in the vertical infiltration process, thus precipitating and forming
cave calcite fillings, similar to the genesis of modern cave stalactite.

7 Conclusion

Based on outcrops and cores observations, major and trace
elements, carbon and oxygen isotopes and strontium isotope in
Gaoyuzhuang-Wumishan Formations, the following conclusions
can be drawn.

(1) The Gaoyuzhuang-Wumishan Formations are predominantly
composed of crystal grain dolomite, particle dolomite,
microbial dolomite, siliceous dolomite and breccia dolomite.
The physical properties of different lithologies vary greatly,
crystal grain dolomite, particle dolomite and breccia
dolomite reservoirs having better physical properties, and
siliceous dolomite reservoirs having the worst physical

properties.
(2) Dolomite, siliceous bands and fillings have different
paleoenvironmental characteristics. The dolomite and

siliceous bands are formed in a warm subtropical climate
of seawater environment, which are partially influenced by
meteoric water. They have the characteristics of interactive
marine, and the depth of water as a whole is relatively shallow,
mainly in an oxidizing environment, affected by different
degrees of terrestrial fluids. The fluid temperature at the time
of formation of the dolomite fillings is significantly higher
than that of the seawater in the same period, indicating that
the pre-existing fracture-cavity is transformed by the high-
temperature fluid after burial. The calcite fillings exhibit a
meteoric water genesis, having precipitated under anoxic
reducing conditions at temperatures equivalent to those
of dolomite.
(3) Four periods of carbonate paleokarstification and depositional
environments have been revealed: the first period is marine
syndiagenetic depositional period or eogenetic karst, during
which the dolomite is dominated by dissolution and the filling

Frontiers in Earth Science

21

10.3389/feart.2025.1624161

is relatively weak. The second period is shallow burial period,
which is the main period for the formation of dolomite fillings
in Wumishan Formation. The third period is the medium-deep
burial period or high-temperature paleoenvironment, and the
dolomite fillings of Gaoyuzhuang-Wumishan Formations are
mainly formed in the period. The fourth stage is the hypergene
period of meteoric water karstification, which is characterized
by the formation of cave calcite fillings.
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