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A B S T R A C T   

The Huanghua Depression in the Bohai Bay Basin has experienced significant development of massive NNE-NE 
faults, influenced by the Eocene activation of the Lanliao Fault and its subsequent Oligocene dextral intensifi-
cation. These faults serve as a conduit for connate fluid and magmatic hydrothermal fluid (MHF), thereby 
forming a complex fluid system. Gaining an understanding of these fluid activities is essential for research into 
mass balance and hydrocarbon migration within shales. This study explores the origin and distribution of 
analcime, aligns the fluid evolution stage with different analcime types, and constructs a comprehensive water- 
rock reaction sequence. The study identifies six types of analcime based on occurrence characteristics (occurring 
as laminae, lens, fracture filling, bioshell filling, vein marginal crystal and cement). The above six types of 
analcime is further classified into hydrothermal fluid origin analcime (HFOA: include analcime cement, vein 
marginal crystal, lens, fracture filling and bioshell filling) and connate fluid origin analcime (CFOA: analcime 
laminae) based on major elemental indicators (Si/Al and 10K/(10K + Na)). HFOA has lower 

∑
REE (rare earth 

element) and strong positive correlation between 
∑

REE and LILEs (large ionic lithophilic elements); while CFOA 
has higher 

∑
REE and weak positive correlation between 

∑
REE and LILEs. Different analcime types correlate 

with varying fluid properties and transport stages. HFOA forms during MHF upwelling. After the MHF entering 
and mixing with the lake water, thermal repulsions between the crystal particles made it move to form fine- 
grained sedimentary layer, the connate fluid trapped in pores directly precipitate to form CFOA, or form 
CFOA by modifying clay minerals and feldspars. Considering the tectonic context, we infer that the formation of 
analcime was primarily driven by high-frequency, low-intensity magmatism, governed by the activation of 
Lanliao deep fault. The study of analcime can aid in identifying and classifying fluid activity processes, offering a 
novel perspective for investigating sedimentation and diagenesis in continental shales.   

1. Introduction 

Fluid migration is now recognized as playing a major role in virtually 
all geologic processes (Cathles, 1990). Magmatic hydrothermal fluid 
(MHF), derived from mantle sources, serves as carrier for material and 
energy transfer. They significantly influence sedimentary and diagenetic 
evolution within basins (Fyfe, 1997; Liu et al., 2019). The duration and 
magnitude of MHF activities are coupled to the tectonic evolution of the 

crust, controlled by the development of regional basement fractures and 
shallow fracture systems (Oliver, 1986; Luo et al., 2017; Zhu et al., 2020; 
Tao et al., 2022; Cheng et al., 2022). MHF interacts with connate fluid 
and lake water along the fracture upwelling pathway, the mixing of 
shallow oxygenated groundwater with the basinal fluids results in var-
iable fluid properties (Garven, 1995; Boles et al., 2004). This interaction 
results in the formation of mineral assemblages through complex 
water-rock interactions with the surrounding rock (Bennett et al., 2008; 
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Prol-Ledesma et al., 2010; Urubek et al., 2015; Han et al., 2021). Hy-
drothermal mineral elemental composition has different enrichment 
patterns at different stages of fluid evolution due to migration and 
crystallization mechanisms. This variability provides a foundation for 
the inversion of fluid evolution and tectonic activities (Barrat et al., 
2000; Zhang, 2008; Himmler et al., 2013; Columbu, 2018; Zwicker 
et al., 2018). Hydrothermal systems are widely developed in the faulted 
basins of eastern China, driven by the activation of Cenozoic deep faults 
and mantle-derived magmatism (Ochoa et al., 2007; Sun et al., 2014; Su 
et al., 2011). At present, studies on the evolution of MHF mainly focus on 
the hydrothermal mineral assemblage in fractures. However, the evo-
lution mechanisms of MHF during the mixing stage with connate fluid 
and lake bottom water remain unclear, and the complete "water-rock" 
reaction sequence of hydrothermal liquids is lacking. 

The evolution of Paleoproterozoic shales in the Huanghua Depres-
sion within the Bohai Bay Basin aligns with the activation of Lanliao 
deep fault during the Paleocene-Early Eocene period (Zhang et al., 2011; 
Ye, 2013; Luo et al., 2017; Cheng et al., 2022). Previous studies iden-
tified multiple phases of MHF activities within the stratigraphy using 
hydrothermal mineral primary fluid inclusion homogeneous tempera-
tures, Laser ablation spectroscopy of solid organic matter, and chlorite 
thermometers (Song et al., 2015; Lin et al., 2017; Han et al., 2021). 
These work also determined the affinity between hydrothermal fluids 
and MHF by comparing the standardized partition curves of REEs (Guo 
et al., 2016; Cheng et al., 2018; Zheng et al., 2018; Yang et al., 2018; Ma 
et al., 2020). Despite the determination of the source and activities 
period of these hydrothermal fluids, the mode is rarely discussed. The 
primary challenge lies in the absence of an indicator mineral that can 
stably exist across various active environments and evolutionary stages 
of hydrothermal fluids. 

Previous studies have demonstrated a strong correlation between 
analcime formation and factors such as climate, paleoenvironment, and 
hydrothermal activity (Do Campo et al., 2007; English, 2001; Gall and 
Hyde, 1989; Keller, 1952; Sanchez-Valle et al., 2005; Savage et al., 2007; 
Bristow and Milliken, 2011; Varol, 2020; McHenry et al., 2020). 
Furthermore, analcime in shales has been reported to be related to 
reservoir development(Zhu et al., 2012; Iijima, 2001; Iijima and Hay, 
1968; Bradley, 1928, 1929; Cole and Picard, 1978; Zhang et al., 2015; 
Ma et al., 2020). The integration of analcime with other minerals can be 
attributed to the thermodynamic equilibrium resulting from 
hydro-chemical alterations and kinetically controlled non-equilibrium 
dissolution (Iijima, 2001; Chipera et al., 2008). Analcime formed in 
high-alkalinity magmatic hydrothermal environments is distinguished 
by the enrichment of LILEs compared to interbedded mudstones, which 
may serve as a basis for identifying MHF activities in shales (Li, 1992; 
Fang et al., 2020; Yang et al., 2020). The study found that the Paleocene 
shale in the Bohai Bay Basin recorded the highest content of analcime 
(64.6%) in continental shales in China. The analcime consists of six 
types (occurring as laminae, lens, fracture filling, bioshell filling, vein 
marginal crystal and cement), and its distribution aligns with regional 
faults and magmatism in the plane, this suggests its potential as an in-
dicator mineral for tracing hydrothermal fluid activity and evolution. 

In this study, we conducted XRD, SEM, and LA-ICP-MA tests on 
samples from 10 wells in the Cangdong Sag of the Bohai Bay Basin. We 
performed extensive characterization and in situ chemical analysis of 
analcime carried out in micron-scale fractures and laminae. HFOA and 
CFOA are identified based on major elemental indicators (Si/Al, and 
10K/(10K + Na)). The intensity and evolution stage of fluid activity 
were elucidated using to REEs and LILEs. In conjunction with the tec-
tonic setting, we correlated the fluid evolution stage with the type of 
analcime, thereby constructing a comprehensive water-rock reaction 
sequence based on the formation model of analcime in hydrothermal 
systems. This research provides a new perspective on the micron-scale 
fluid tracing and evolution of shale in the faulted lake basins. 

2. Geological setting 

The Bohai Bay Basin is an extensional (rift) basin developed on the 
basement of the Paleozoic North China Craton. Its formation was caused 
by the subduction of the Pacific plate to the Eurasian plate, the north-
ward push and collision of the Indian plate, and the impacts of thermal 
diapirism of the continental plates (Fig. 1A) (Liang et al., 2016; Dmi-
trienko et al., 2016; Zhao et al., 2019; Wu et al., 2020; Wang et al., 
2022). The Cenozoic tectonic activity in the central structural belt of the 
Bohai Bay Basin was primarily governed by the dextral strike-slip of the 
Tanlu and Lanliao Faults, as well as their pull-apart effect. During the 
Paleocene-early Eocene period (the Kongdian Fm-Mbr 4 of the Shahejie 
Fm depositional period), the Pacific Plate’s subduction and retreat in the 
SE direction led to a stress field extending NW-SE across eastern China. 
This induced the upwelling of deep materials and large-scale extensional 
tectonics, reactivating the Lanliao Fault that had formed during the 
Mesozoic. Furthermore, the subduction direction of the Pacific Plate to 
the Eurasian Plate changed from NW to near-EW during the middle 
Eocene (Mbr 3 of the Shahejie Fm -Mbr 2 of the Shahejie Fm depositional 
period) (Zhang et al., 2011; Ye, 2013; Luo et al., 2017; Cheng et al., 
2022), which promoted the southward extension of the dextral activities 
of the Tanlu Fault zone and activation of the Lanliao Fault (which tra-
verses the central section of the Bohai Bay Basin). The lithosphere of the 
North China Craton underwent significant destruction (Luo et al., 2017; 
Cheng et al., 2022), and this disruption was primarily attributed to a 
shear-stress component that triggered the dextral movement of the NE 
strike-slip fault zone within the Cangdong Sag. The accelerated west-
ward subduction of the Pacific Ocean into the Eurasian continent during 
the Oligocene (Mbr 1 of the Shahejie Fm-the Dongying Fm depositional 
period) has led to the intensified dextral activity within Tanlu and 
Lanliao Fault zones. Consequently, the positive extension of the central 
structural belt in the Bohai Bay Basin has been significantly attenuated, 
whereas the impact of the strike-slip component has sharply intensified. 
At present, the Cangdong Sag functions as a secondary structural unit 
situated between the Kongdian, Dongguang, Xuhei, and Cangxian Up-
lifts in the southern region of the Huanghua Depression (Fig. 1A and B). 
From a planar perspective, the sag exhibits a trumpet-like morphology, 
diverging in the NE and converging in the SW. Its area is approximately 
1760 km2 (Yang et al., 2009; Cheng et al., 2018; Zhao et al., 2019; 
2019b). Multiple transfer faults have developed within this region 
(Jiang et al., 2015; Pu et al., 2016). 

The strata in the Cangdong Sag, arranged chronologically, comprise 
the Paleogene Kongdian, Shahejie, and Dongying Formations; Neogene 
Guantao and Minghuazhen Formations; and Quaternary Pingyuan For-
mation (Luo et al., 2017; Li et al., 2021; Xin et al., 2022) (Fig. 2). The 
Kongdian Formation is 2000–3000 m thick. This study primarily focuses 
on the second member from the Kongdian Formation, which is distrib-
uted over an area of approximately 500 km2 and has a thickness ranging 
from 400 to 600 m. It predominantly consists of clayey and calcareous 
shale, along with dolomite (Fig. 2). During this period, the Cangdong 
Sag was in the sag stage, governed by initial rifting, and underwent 
minor tectonic activities. The primary depositional environment was an 
oxygen-depleted semi-deep to deep lake. The climate during this for-
mation was relatively dry with high paleo-salinity levels (Zhao et al., 
2018; Zhao et al., 2019; Li et al., 2020). 

3. Methods 

The materials used in this study includes 500m of drill cores and 119 
samples of thin sections from ten wells (GX1、GX2、GX3、GD1、 
GD2、GD3、GD4、GD5、GD6、GD7). The data generated include 73 
field emission scanning electron microscope (FESEM) samples, laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
analysis of 11 samples, and X-ray diffraction (XRD) analyses of 2081 
samples. 
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Fig. 1. Tectonic map of the Bohai Bay Basin and the Cangdong Sag. A. Sketched structural map of the Cenozoic BBB (revised from Wang et al., 2022). The Inset map 
shows the position of the BBB and plate interactions around the Eurasian Plate. Abbreviations: JS-Japan Sea; ECSSB-East China Sea Shelf Basin; JZ.D-Jizhong 
Depression; HH.D-Huanghua Depression; LQ.D-Linqing Depression; LH.D-Liaohe Depression; BZ.D-Bozhong Depression; LDW.D-Liaodongwan Depression; JY. 
D-Jiyang Depression; CX.U-Cangxian Uplift; XH.U-Xunheng Uplift; NH.U-Neihuang Uplift; CN.U-Chengning Uplift; DY.S-Dongying Sag; QD.S-Qingdong Sag; WB. 
S-Weibei Sag; LZW.SLaizhouwan Sag; B. Simplified structural map of the regional setting of the Cangdong Sag (modified after Zhao et al., 2018; Xin et al., 2022). 

Fig. 2. Cenozoic strata and basin evolution of the Cangdong Sag (modified after Ye, 2013; Liu et al., 2018; Cheng et al., 2022).  
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3.1. X-ray diffraction analysis 

The mineralogical analysis of the samples was performed using XRD 
at the State Key Laboratory of Heavy Oil Procession, China. Initially, the 
samples were powdered to a 200 mesh using an agate mortar. Analysis 
was undertaken using an X’pert Pro MPD with CuKα at 40 kV, 40 mA, a 
mineral diffraction angle (2θ) step width of 0.016◦, and a 2θ measuring 
range of 5–60◦. The mineral compositions were determined by computer 
analysis of diffractograms. Following this, the weight percentages of 
each identified mineral were quantitatively calculated. 

3.2. Scanning electron microscopy 

The SEM analysis was conducted at the China University of Petro-
leum (East China), using a Zeiss Crossbeam 550 SEM, which is inte-
grated with a Bruker energy dispersive X-ray spectroscopy (EDS) 
XFlasher Detector 430-M analysis system. The EDS scanning resolution 
for this particular system is 20 μm. The observations of the SEM images 
were conducted on carbon-coated, freshly prepared shale samples that 
have been glued to aluminum stubs. The operating conditions employed 
included an extra high tension (EHT) of 10 kV and a 1 probe setting of 
2.0 nA. 

3.3. Laser ablation inductively coupled plasma mass spectrometry 
analysis 

The trace elements analysis of silicate minerals was conducted using 
LA-ICP-MS in the State Key Laboratory of Mineral Deposit Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sciences. The laser 
ablation (LA) system is a GeoLasPro 193 nm ArF excimer laser, and the 
inductively coupled plasma mass spectrometry (ICP-MS) is an Agilent 
7900. During the analysis, the laser operating frequency was 5 Hz, the 
energy density was 4–5 J/cm, and the beam spot was selected to be 32 
μm and 44 μm depending on the sample. Prior to testing, the ICP-MS 
performance was optimized with SRM610, and the content measure-
ment was derived through the multiple external standard method 
employing total normalization. The external standard is usually USGS 
glass (NIST610, NIST612, BCR-2G, BIR-1G, and BHVO-2G). CGSG-1 and 
CGSG-2 are used as quality control samples. The recommended values 
for the elemental content of these silicate glasses were based on the 

GeoReM database. The processing of the analytical data (including the 
selection of sample and blank signals, instrument sensitivity drift 
correction elemental content correction, and calculation) was done 
using the ICPMS Data Cal software. 

4. Results 

4.1. Mineral composition and lithofacies 

More than 67% of the shales of the second member of the Kongdian 
Formation in Cangdong Sag exhibit a laminar structure (Fig. 3). These 
laminar units contain analcime, carbonate, clay, felsic, and organic 
laminae. Taking Well GX-1 as a representative example, the XRD results 
of 1080 samples indicate that the second member of the Kongdian 
Formation is mainly composed of carbonate minerals (proportion of 
content: 0%–95%; average content: 31.6%), feldspar (proportion of 
content: 0%–68%; average content: 19.2%), quartz (proportion of con-
tent: 1%–47%; average content: 17.7%), clay minerals (proportion of 
content: 1%–41%; average content: 15.0%) and analcime (proportion of 
content: 0%–59%; average content: 14.6%). Subsequent components 
include pyrite (proportion of content: 0%–42%; average content: 0.6%), 
and various carbonate minerals including ankerite (proportion of con-
tent: 0%–86%; average content: 20.5%), calcite (proportion of content: 
0%–70%; average content: 8.1%), dolomite (proportion of content: 0%– 
95%; average content: 3.3%), along with feldspar including plagioclase 
(proportion of content: 0%–45%; average content: 13.0%) and potas-
sium feldspar (proportion of content: 0%–23%; average content: 6.2%) 
(Fig. 3). 

4.2. Analcime occurrence and assemblage 

Field emission scanning electron microscopy and scanning of 
elemental distribution in micron-scale areas were used to detect and 
describe analcime in the shales of the second member of the Kongdian 
Formation. The analcime can be divided into six distinct types based on 
occurrence characteristics (occurring as laminae, lens, fracture filling, 
bioshell filling, vein marginal crystal and cement). Analcime laminae 
was further divided into ADML, ACL, A-CCL, and A-PML based on the 
component differences in the laminae and interlaminar patterns 
(Table 1). 

Fig. 3. Vertical variation of mineral content in GX-1 well of Ek2 in Cangdong depression of Bohai Bay Basin.  
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4.2.1. Analcime laminae 
The study examines analcime laminae interbedded with carbonate 

minerals, clay, felsic, organic, and pyrite laminae in four distinct forms: 
(a) analcime laminae-dolomite laminae-mixed laminae (ADML); (b) 
analcime laminae-clay laminae (ACL); (c) “analcime + calcite laminae”- 
clay laminae (A-CCL); and (d) “analcime + pyrite laminae”-mixed 
laminae (A-PML) (Fig. 4). 

4.2.1.1. Analcime laminae-dolomite laminae-mixed laminae (ADML). 
Analcime laminae develops between dolomite laminae and mixed 
laminae (Fig. 4A). Within analcime laminae, the content of analcime is 
more than 80% with a particle size of 3–10 μm. The calcite content was 
less than 15% with a particle size of 3–8 μm and corrosion mark on the 
surface (Fig. 4B). 

4.2.1.2. Analcime laminae-clay laminae (ACL). In this assemblage, the 
analcime laminae was mostly distributed in the interlayer of the clay 
laminae (Fig. 4D–E). The content of analcime within this layer exceeded 
95%. The automorphic particles measured between 5 and 10 μm in size, 
with the interparticle spaces being filled by organic-rich clay minerals 
(Fig. 4F). 

4.2.1.3. “Analcime + calcite” laminae-clay laminae (A-CCL). Analcime 
and calcite were found in the same laminae within the A-CCL assem-
blage (Fig. 4G–H). The size of analcime (3–15 μm) was slightly smaller 
than that of calcite (5–20 μm) (Fig. 4I). The clay laminae primarily 
comprised illite, interbedded with the “analcime–calcite” laminae 
(Fig. 4G–H). 

4.2.1.4. “Analcime + pyrite” laminae-mixed laminae (A-PML). Anal-
cime, when distributed within the A-PML assemblage, is either found in 
independent laminae or coexist with pyrite within the same laminae 
(Fig. 4J). Additionally, pyrite encapsulated granular analcime or in the 
form of radial needles (Fig. 4L–K). 

4.2.2. Fracture filling analcime (FFA) 
FFA is distributed along the fracture edges, ranging in size from 20 to 

150 μm, while hydrocarbon fills the center. Unstable analcime laminae 
form from the fracture edges towards both sides, with an extension 
distance typically less than 200 μm (Fig. 5A–B). 

4.2.3. Vein marginal crystal analcime (VMA) 
VMA formed on the edges of hydrothermal mineralized veins which 

consist of calcite and barite. The analcime within the calcite veins 
exhibited a higher degree of automorphism and frequently fractured 
(Fig. 5C). In contrast, the analcime in the barite vein displayed an 
extreme automorphism towards the vein side, but the outlines on the 
side facing the substrate were not distinct. Within the core of the 

analcime, the residual substrate components could be observed, 
appearing circular and flaky under the microscopic examination 
(Fig. 5D). 

4.2.4. Bioshell filling analcime (BFA) 
BFA fills the bio-cavities or bio-debris sheltered spaces, along with 

dolomite, quartz, potassium feldspar, and clay minerals (Fig. 5E–F). The 
analcime transitioned from granular to cement-like fillings without any 
obvious particle shape (Fig. 5G). Pyrite is observed in the form of ag-
glomerates or cuboids (Fig. 5H). Pyritization frequently occurred along 
the edges of intact algal calcareous shells, which have phosphorus-rich 
cores (Fig. 5I–J). 

4.2.5. Analcime lens 
Analcime lens predominantly presented as an elliptical and lentic-

ular aggregates oriented in one direction (Fig. 5K). Clay minerals filled 
the interparticle spaces of analcime (Fig.5L). 

4.2.6. Analcime cement 
Analcime cement and pyrite cement jointly functioned as cement to 

fill the spaces between silty detrital particles (Fig. 5M–N). The concen-
tration of analcime was notably higher in areas where the detrital par-
ticles were predominantly located (Fig.5M). These detrital particles 
included quartz, potassium feldspar, and plagioclase. Notably, the 
quartz surfaces were extensively eroded, while the potassium feldspar 
exhibited enlarged rims during the later stages (Fig.5O). 

4.3. Geochemical characteristics 

4.3.1. Major elements 
In-situ laser ablation experiments were conducted to detect the 

major elements. The results showed that the Si/Al range of analcime was 
2.17–2.64, (average: 2.44). The main components included Na2O, Al2O3, 
and SiO2; others included MgO, K2O, CaO, MnO, and FeO (Table 2). 
Analcime laminae (ACL, A-CCL, and A-PML) exhibited low Na2O and 
Al2O3 contents but high MgO, K2O, and CaO contents. A-CCL and A-PML 
had higher FeO contents compared to ACL. FFA and VMA contained high 
Na2O and Al2O3 contents but a negligible amount of MgO, K2O, and 
CaO. The Na2O contents of BFA and analcime lens were similar to that of 
FFA and VMA, but the Al2O3 contents were slightly lower. The MgO, 
K2O, and CaO contents were higher than that of FFA, VMA, and analcime 
cement, but lower than that of analcime laminae (ACL, A-CCL, and A- 
PML). 

4.3.2. Trace and rare earth elements 
The enrichment of trace elements in analcime laminae (ACL, A-CCL, 

A-PML) was significantly higher than that observed in FFA, BFA, VMA, 
analcime lens, and analcime cement (Fig. 6A–B). Among these, A-PML 
exhibited the higher enrichment with large-ion lithophile and side-
rophile elements than ACL and A-CCL. There were obvious differentia-
tions of Co, Ni, Cu, Zn, Pb, and Bi (Fig. 6A). In the case of ACL, the 
enriched large-ion lithophile and siderophile elements were Co and Ni, 
whereas the other elements were mostly depleted (Fig. 6A). In contrast, 
the elements in A-CCL were mostly depleted, except for the siderophile 
elements and Mo, which were enriched (Fig. 6B). There was a strong and 
consistent trend of Cs enrichment in FFA, BFA, analcime lens, VMA and 
analcime cement. However, the enrichment of the other elements was 
substantially varied, although most of them were obviously depleted 
compared to the upper crust. This trend is significant but not the main 
focus of analysis due to the overall low contents of trace elements in FFA, 
BFA, analcime lens, VMA and analcime cement. 

The concentration of REEs in the analcime from the second member 
of the Kongdian Formation was low, ranging from 0.0582 to 31.7720 
ppm. This average concentration of REEs of the six analcime occurrence 
types were much lower than that of (i) the post-Archean shale in 
Australia (184.77 ppm) and (ii) the upper continental crust (UCC) 

Table 1 
Analcime classification table.  

Occurrence Thick of A- 
La. 

Size of A- 
Gr. 

Associated materials 

Laminae ADML 20–50 μm 3–10 μm Dolomite, Calcite, Clay 
minerals 

ACL 20–50 μm 5–10 μm Clay minerals 
A-CCL 20–80 μm 3–15 μm Calcite, Clay minerals 
A- 
PML 

40–300 μm 5–20 μm Pyrite, Clay minerals 

Filling FFA / 20–150 
μm 

Pyrite, Hydrocarbon 

BFA / 3–10 μm Pyrite, Hydrocarbon 
Lens / 10–25 μm Clay minerals 
Vein marginal 

crystal-VMA 
/ 50–300 

μm 
Calcite, Barite 

Cement / / K-feldspar, Albite, Plagioclase, 
Quartz, Pyrite  

J. Wang et al.                                                                                                                                                                                                                                    
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(146.4 ppm) (Table 2). The chondrite-normalized curve presented an 
obvious right-sloping trend (Fig. 7), with moderate differentiation in the 
light REEs among ACL, A-CCL, A-PML, BFA, and analcime lens. How-
ever, no obvious differences were observed among the occurrence types 
for heavy REEs. The Ce content was normal, while Eu depletion was 
obvious in all Analcime types except analcime cement (Table 3). The 
REE contents in FFA, VMA, and analcime cement were too low to be 
accurately calculated. 

5. Discussion 

5.1. Analcime origin 

The Si/Al ratio in analcime within the study area ranges from 2.17 to 
2.74, with a majority distribution between 2.2 and 2.5. This corresponds 

to non-tuffaceous source in saline lake and hydrothermal depositional 
genesis according to the Si/Al classification scheme proposed by 
Coombs and Whetten (1967) (Fig. 8). However, no reliable analysis has 
been proposed to classify these causes beyond combining microscopic 
petrological features. Based on in-situ quantitative elemental tests, this 
research distinguishes analcime with different genesis in low to medium 
Si/Al (2.2–2.5), providing a basis for discussing the fluid tracing ability 
of analcime. 

Previous studies have shown that 10K/(10K + Na) can be used to 
indicate hydrothermal fluid activities (Giggenbach, 1988; Boschetti 
et al., 2022). Analcime can be further divided into HFOA and CFOA 
based on origin (Fig. 9). CFOA contain three types analcime laminae 
(ACL, A-CCL, and A-PML), the 10K/(10K + Na) of these analcime 
laminae (0.27–0.82) is close to the shale of the Kongdian Fm 
(0.41–0.93), high K content may be influenced by clay minerals and 

Fig. 4. Occurrence characteristics of laminar analcime A. analcime lamina-dolomite lamina-mixed lamina, (ADML) (GX 3284m); B. the internal structure of the 
analcime lamina in ADML, there is no fixed morphology of analcime and calcite, and the surface dissolution of calcite is obvious (GX 3284m); C. the internal structure 
of the dolomite lamina in ADML, the dolomite is pelleted, filled with clay minerals between grains, the surface has corrosion marks (GX 3284m); D. analcime lamina- 
clay lamina, (ACL)(GX 2931m); E. microscopic element distribution of ACL (GX 3180m); F. the internal structure of the analcime lamina in ACL, analcime is filled 
with organic-rich clay minerals (GX 3180m); G. “analcime + calcite lamina”-clay lamina, (A-CCL) (GX 3241m); H. microscopic element distribution of A-CCL (GX 
3241m); I. the internal structure of the analcime lamina in A-CCL; J. “analcime + pyrite lamina”-mixed lamina, (A-PML)(GX 3374m); K. analcime + pyrite lamina- 
mixed lamina, (A-PML)(GX 3119m); L. analcime is wrapped by pyrite (GX 3119m). 
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Fig. 5. Occurrence characteristics of FFA, BFA, analcime lens, VMA, and analcime cement A. fracture filled with analcime and hydrocarbon materials, analcime 
laminae are derived on both sides of the fracture with poor continuity (GX 3180m); B. fracture filled with analcime and hydrocarbon materials, from horizon A (GX 
3180m); C. analcime particles formed at the edge of calcite vein (GD 3810m); D. analcime particles formed at the edge of barite vein (GD 3810m); E. analcime, 
pyrites, and organic matter coexisted in intact shells (GX 2932m); F. the sheltered spaces were filled with dolomite, quartz, potassium feldspar, and clay minerals (GX 
2932m); G. the analcime transitioned from granules to the shape of cement fillings without any obvious particle shape (GX 2932m); H. analcime, pyrites, and organic 
matter coexisted in intact shells, the pyrite was in the shape of agglomerates or cuboids (GX 2938m); I. pyritization occurs in the shell of algal fossils (GX 2932m); J. 
phosphorus-rich algal fossils are pyritized, pyrite is distributed in annular zones with concentric ring structure (GX 2932m); K. analcime lens predominantly pre-
sented as elliptical and lenticular aggregates oriented in one direction (GX 3018m); L. analcime lens had a clear outline (GX 3018m); M. distribution of analcime 
cement (GX 3379m); N. analcime cement and pyrite jointly acted as cement to fill the spaces between silty detrital particles (GX 3379m); O. distribution charac-
teristics of cement and clastic particles (GX 3379m). 
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alkaline connate fluid. HFOA contain VMA, analcime cement, analcime 
lens and two types of analcime filling (FFA and BFA), the 10K/(10K +
Na) value of HFOA is lower than 0.24. Among HFOA, the FFA and VMA 
have the lowest 10K/(10K + Na) value (<0.04), this reflect the domi-
nant role of MHF during their formation. Furthermore, FFA and VMA 
possess excellent mineral morphology and commonly coexist with hy-
drothermal minerals such as calcite and barite, which provides petro-
graphic evidence that FFA and VMA originated from hydrothermal 
fluids. The value of 10K/(10K + Na) of BFA (0.02–0.11) and analcime 
cement (0.01–0.15) is higher than FFA and VMA but lower than anal-
cime lens (0.14–0.21). Although the 10K/(10K + Na) of BFA and 

analcime cement are relatively similar, the petrological characteristics 
indicate differences in their K sources. Analcime cement existed as 
interparticle cement together with pyrite, (Fig. 5M-O). Pyrite was 
enriched with Mo and other characteristic trace elements that repre-
sented high-temperature alkaline hydrothermal fluids, suggesting that 
these fluids were alkaline and rich in K and Na under a reducing envi-
ronment. Thus, it is plausible that analcime cement contains high K 
contents. BFA was formed within biological shell or inside their shel-
tered spaces, some of the BFA was in direct contact with the clay min-
erals in the original components and the resultant effect might be high K 
contents. Although the enrichment mechanisms of these two types are 

Table 2 
In-situ major elements of analcime in Ek2 of Cangdong Sag.  

SAMPLE Na2O MgO Al2O3 SiO2 P2O5 K2O CaO MnO FeO Si/Al TYPE 

S10 11.2525 0.3427 19.0707 59.188 0.0045 0.4897 1.1894 0.0113 0.3965 2.64 ACL 
S10 10.6895 1.1659 17.766 51.0487 0.0175 0.5418 7.3767 0.0812 2.6804 2.46 ACL 
S10 11.4504 0.7375 17.3789 55.4528 0.0116 0.5564 3.7901 0.0462 0.4776 2.43 ACL 
S10 11.0489 0.6605 19.0986 56.6698 0.0115 0.9651 2.6397 0.0238 0.7669 2.52 ACL 
S10 12.2146 0.1643 20.0785 58.3452 0.0044 0.4239 0.2988 0.0022 0.4264 2.47 ACL 
S10 11.9742 0.3279 19.5542 56.2966 0.0084 0.4009 1.4562 0.0161 1.7374 2.45 ACL 
S10 11.6911 0.5118 19.8235 57.3338 0.015 0.5728 1.4742 0.0221 0.4921 2.46 ACL 
S10 10.9251 1.1501 18.3987 54.5573 0.013 0.6681 4.4284 0.0641 1.6308 2.52 ACL 
S10 11.1282 0.6346 18.0317 56.0531 0.0029 0.7743 2.3972 0.0301 2.7697 2.64 ACL 
S8 9.5576 1.025 19.1515 57.3988 0.0175 2.0406 1.4678 0.0211 1.1938 2.55 A-CCL 
S8 10.4352 0.733 19.3979 57.5821 0.0377 1.2453 1.3434 0.1693 1.1141 2.52 A-CCL 
S8 10.7796 0.3666 19.6207 59.2063 0.0464 0.8159 0.5389 0.0046 0.5621 2.56 A-CCL 
S8 10.2142 0.3857 18.9562 58.327 0.0277 1.6032 1.9194 0.0099 0.469 2.62 A-CCL 
S8 10.2406 0.4003 18.8157 60.5493 0.0101 0.9451 0.3131 0.0055 0.659 2.74 A-CCL 
S8 10.9632 0.4713 20.1562 58.051 0.0551 1.1662 0.3384 0.0054 0.7219 2.45 A-CCL 
S8 10.8594 0.3976 20.2465 58.2489 0.0316 1.0728 0.3885 0.0046 0.6837 2.45 A-CCL 
S8 10.1232 0.6958 19.2566 58.5073 0.0268 1.3517 0.8283 0.014 1.1025 2.58 A-CCL 
S8 9.4157 0.8629 19.0601 58.4117 0.5677 1.4949 1.15 0.017 1.4078 2.6 A-CCL 
S8 9.9959 0.7234 19.4088 58.3721 0.0333 1.4632 0.9324 0.009 0.964 2.56 A-CCL 
S12–2 11.831 0.2898 20.8857 57.4827 0.0482 0.874 0.0162 0.0017 0.5027 2.34 A-PML 
S12–2 12.04 0.2008 20.6731 57.7413 0.0539 0.8401 0.0465 0.0014 0.3541 2.37 A-PML 
S12–2 11.6145 0.2705 20.6624 57.9076 0.0325 0.9666 0 0.0015 0.4581 2.38 A-PML 
S12–2 11.0641 0.4149 20.5717 57.9407 0.038 0.123 0.0531 0.0027 0.7132 2.39 A-PML 
S12–2 11.4653 0.3376 20.3298 58.1756 0.0386 0.9865 0.0471 0.0018 0.5404 2.43 A-PML 
S12–2 10.1732 0.471 19.8382 58.821 0.1087 1.5864 0.1256 0.0031 0.7775 2.52 A-PML 
S12–2 10.3971 0.4048 20.2146 57.947 0.1211 2.0065 0.1253 0.0033 0.6634 2.44 A-PML 
S12–2 10.0489 0.5817 19.8867 59.9507 0.14 2.0269 0.1707 0.004 1.0707 2.48 A-PML 
S12–2 10.1423 0.4497 19.9037 58.5952 0.1315 1.7523 0.1613 0.0039 0.764 2.5 A-PML 
S12–2 10.2227 0.4581 19.6836 58.7576 0.1136 1.7231 0.1962 0.0029 0.7496 2.54 A-PML 
S12–1 13.5113 0.0002 20.4741 58.0081 0 0.0034 0 0 0 2.41 FFA 
S12–1 13.4457 0.0002 20.3691 58.1786 0 0.0034 0 0 0 2.43 FFA 
S12–1 13.2171 0.1969 20.426 58.2825 0 0.0091 0.0228 0.0008 0.0178 2.43 FFA 
S12–1 13.4792 0.0037 20.6681 57.8314 0 0.0104 0 0.0002 0.0004 2.38 FFA 
S12–1 13.4679 0.0007 20.8355 57.6897 0 0.0035 0 0 0 2.35 FFA 
S12–1 13.4119 0.0002 20.6793 57.9018 0 0.0039 0 0 0 2.38 FFA 
S12–1 13.7195 0.0035 20.5146 57.7457 0 0.0064 0 0.0001 0.007 2.39 FFA 
S12–1 13.3514 0.0005 20.4702 58.1713 0 0.0039 0 0 0 2.42 FFA 
S12–1 13.2414 0.0009 20.2615 58.4868 0 0.0067 0 0 0 2.45 FFA 
S3180 13.1469 0.0001 21.7668 57.061 0.0036 0.007 0 0 0.0072 2.23 VMA 
S3180 13.1352 0.001 21.849 56.9882 0 0.0091 0.002 0.0002 0.0079 2.22 VMA 
S3180 13.1267 0.0002 21.6171 57.2245 0.0023 0.0007 0 0.0004 0.0127 2.25 VMA 
S3180 12.8911 0 21.8731 57.2126 0 0.0088 0 0.0004 0.0074 2.22 VMA 
S3180 13.155 0.0022 21.725 57.0895 0.0021 0.0091 0 0.0002 0.0104 2.23 VMA 
S3180 13.1933 0.0002 22.1575 56.6287 0.0017 0.0069 0 0 0.0053 2.17 VMA 
S3180 13.0011 0.0002 21.9454 57.0178 0.0047 0.0072 0.013 0.0008 0.0041 2.21 VMA 
S3180 12.9431 0.0001 21.88 57.0178 0.0032 0.0071 0.0042 0 0.006 2.22 VMA 
S9 13.0848 0.053 20.1929 58.4465 0.0076 0.0783 0.0372 0.0009 0.0874 2.46 BFA 
S9 13.1115 0.0438 20.0997 58.4642 0.0264 0.1002 0.0691 0.0014 0.0747 2.47 BFA 
S9 13.1774 0.1179 19.7316 58.4895 0.0026 0.0887 0.1432 0.0031 0.2307 2.52 BFA 
S9 16.5256 0.0396 20.4008 57.8213 0.008 0.0584 0.0957 0.0011 0.0407 2.41 BFA 
S9 13.0761 0.1264 19.9572 58.4077 0.0077 0.0917 0.1875 0.0024 0.1306 2.49 BFA 
S12–1 12.8891 0.0716 20.6235 57.8949 0.0006 0.2518 0.0944 0.0016 0.1236 2.39 lens 
S12–1 12.9348 0.1023 20.4244 57.6664 0.0247 0.2532 0.0978 0.0024 0.4415 2.4 lens 
S12–1 13.2435 0.4222 20.1889 56.7721 0.0252 0.1878 0.7424 0.0121 0.3399 2.39 lens 
S12–1 12.4622 1.038 19.6769 55.005 0 0.2787 0.6996 0.0314 2.6555 2.38 lens 
S12–1 13.2377 0.1527 20.3951 57.5933 0.0096 0.0839 0.2532 0.0033 0.1911 2.4 lens 
S12–1 12.7476 0.3095 20.4573 57.3942 0.0248 0.1644 0.4991 0.0083 0.3057 2.38 lens 
S4-2 11.8212 0.0215 20.1321 59.7809 0.0019 0.1618 0.02 0 0.0494 2.52 cement 
S4-2 12.373 0.0021 20.5698 59.024 0.0016 0.0144 0.0041 0 0.0003 2.44 cement 
S4-2 8.9926 0.006 20.8096 58.5934 0.0001 0.2762 3.0258 0.0003 0.0734 2.39 cement  
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Fig. 6. Spider web diagram of standardized trace elements of analcime in Ek2 of Cangdong Sag A. Spider web diagram of standardized trace elements of analcime 
laminae (ACL + A-CCA + A-PML); B. Spider web diagram of standardized trace elements of FFA, BFA, analcime lens, vein marginal crystal analcime, and anal-
cime cement. 

Fig. 7. Chondrite-normalized curve of analcime in Ek2 of Cangdong Sag.  
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different, there were good corresponding relationships with the infor-
mation provided by their occurrences (Fig. 5K-L). Analcime lens has the 
highest 10K/(10K + Na) value in HFOA, it was entirely surrounded by 
clay minerals. The concentrated appearance of analcime lens forms 
weak layering characteristics, which are most similar to ACL in CFOA, 
their 10K/(10K + Na) are also closest to each other. 

Considering these differences, the analcime with six occurrence 
types can be divided into two origin: (i) HFOA, consisting of FFA, BFA, 
analcime lens, VMA, and analcime cement; and (ii) CFOA, comprising 
ACL, A-CCL, and A-PML. 

5.2. Fluid tracing and evolution 

As previously noted, the stress field of the Bohai Bay Basin stretched 
in the NW-SE direction during the Paleocene-early Eocene period (spe-
cifically, the Kongdian Fm-Mbr 4 of the Shahejie Fm depositional 
period), causing the upwelling of MHF. The formation of the second 
member of the Kongdian Formation coincided with the activation time 
of the Lanliao Fault. Additionally, the Kongdian Formation was also 
connected to the concealed and downward deep fracture zone of the 
Huanghua-Dezhou-Dongming strike-slip structural belt, which 

Table 3 
In situ Rare Earth Elements of analcime in Ek2 of Cangdong Sag.  

TYPE 
∑

REE 
∑

LREE 
∑

HREE L/H (La/Yb)N (Ce/Yb)N (La/Sm)N (Gd/Yb)N (Gd/Yb)N δCe δEu 

ACL MAX 63.5168 56.1983 7.3185 10.4839 13.4654 9.5779 4.4163 2.0366 1.4171 0.9848 
MIN 10.0321 9.1585 0.8736 6.1566 6.1351 5.9028 2.6356 1.0582 0.7516 0.623 
AVE 31.5686 28.1018 3.4668 8.4547 8.4248 7.1717 3.6053 1.5091 1.2283 0.7389 

A-CCL MAX 42.5473 39.1077 3.4396 16.1162 27.8653 23.7318 7.5379 3.5454 1.2034 1.1528 
MIN 12.864 11.7943 1.0697 9.9446 9.7546 6.6093 4.5377 0.8287 0.9636 0.4903 
AVE 27.021 24.9555 2.0656 12.2199 16.2887 12.802 5.2928 2.276 1.0657 0.7369 

A-PML MAX 52.485 49.6381 4.2862 17.436 24.4416 21.9847 6.1046 2.9268 1.243 1.0603 
MIN 15.7842 14.3313 1.4529 9.8637 7.7693 6.6674 3.5651 0.9511 0.978 0.4166 
AVE 31.772 29.1948 2.5771 11.2249 12.1576 9.96 4.6073 1.6054 1.0666 0.6898 

FFA MAX 0.0565 0.6472 0.0285 5.2427 / / / / / / 
MIN 0.0121 0.0004 0 0.4872 / / / / / / 
AVE 0.0672 0.053 0.0142 3.8407 / / / / / / 

VMA MAX 0.1361 0.1275 0.0161 14.8438 / / / / / / 
MIN 0.0279 0.022 0.0041 1.4797 / / / / / / 
AVE 0.0582 0.0502 0.008 7.2705 / / / / / / 

BFA MAX 3.8633 0.6045 0.0296 22.4903 24.218 20.9836 8.2499 4.6225 1.2178 1.0066 
MIN 1.2986 0.1994 0.0128 15.5938 14.1858 9.5291 2.1592 1.4205 0.5465 0.2695 
AVE 2.7803 0.4322 0.0234 18.1683 18.3282 13.0387 5.16 3.0536 0.9439 0.6331 

Analcime lens MAX 13.028 12.1128 1.4657 13.2356 12.0917 9.7495 9.9451 3.0937 1.1698 1.0439 
MIN 3.763 3.3871 0.3759 5.3727 5.53 4.282 1.9607 1.2721 0.8438 0.349 
AVE 7.1725 6.4217 0.7508 9.2353 8.9564 6.8331 4.7265 1.7611 1.0433 0.6078 

Analcime cement MAX 4.0815 3.9118 0.2412 23.048 / / / / / / 
MIN 0.0434 0.0224 0.0052 1.07 / / / / / / 
AVE 1.4508 1.3744 0.0764 9.675 / / / / / /  

Fig. 8. Si/Al ratio comparison of analcime distributed in shale analcime.  
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corresponded to the Lanliao Fault and traverses the central part of the 
Bohai Bay Basin. As it descends, the fracture zone can traverse the 
detachment plane of the extended tectonic system to reach the mantle. 
During the depositional and burial processes in the evolution of the 
second member of the Kongdian Formation, the Eocene activation of the 
Lanliao Fault and its Oligocene dextral intensification had dominant 
impacts on the formation of the NNE-NE trending fault groups in the 
Cangdong Sag. The cumulative effect of these concealed faults, along 
with the concealed fracture zone of the Huanghua-Dezhou-Dongming 
strike-slip structural belt and the abyssal Lanliao Fault, facilitated the 
connection between the deep mantle and the shallow buried diagenetic 
and sedimentary systems. The authors of previous studies have also 
suggested that various stages of Paleogene basalts in the Huanghua 
Depression originated from primary mantle-derived magma (Li et al., 
2016; Wang et al., 2018). MHF from the deep mantle upwelled relied on 
deep faults as the migratory channels. In the process, characteristic 
minerals such as analcime, barite, calcite, pyrite, and anhydrite were 
precipitated (Bennett et al., 2008; Yang et al., 2020; Han et al., 2021). 

In the second member of the Kongdian Formation, analcime 

distribute around faults, the closer to the fault, the higher the analcime 
contents, the stronger the impact of MHF (Fig. 10). In addition to the 
analcime formed in the Huanghua Depression (controlled by the Lana-
liao Fault), analcime also developed in the Paleogene shale of the Liaohe 
Depression (controlled by the Tanlu Fault) (Sun et al., 2014; Song et al., 
2015; Fang et al., 2020). Considering regional structure, magmatic ac-
tivities, and the petrological information of analcime and their associ-
ated minerals, we propose that the upwelling of mantle-derived magma 
under the control of tectonic activities by abyssal faults was the decisive 
factor for analcime enrichment. 

Han et al. (2021) reported the existence of complex mineral assem-
blages formed by hydrothermal activities in the mudstone fractures near 
the basaltic layer of the study area. The inclusions, observed at tem-
peratures ranging from 84 ◦C to 354 ◦C, could potentially be attributed 
to a gradual crystallization process, transitioning from high to low 
temperatures during a multi-phase hydrothermal evolution. A possible 
sequence would be pyrobitumen-natrolite-chlorite-barite-calcite (only 
represents the order of formation, not the transformation relationship). 
In this process, the mineral species in the fluids reduced and gradually 

Fig. 9. The origin of analcime. CFOA: connate fluid origin analcime, HFOA: hydrothermal fluid origin analcime.  

Fig. 10. Analcime content and fracture distribution in Cangdong sag. A. Structural map of Ek2 bottom and distribution of sampling well locations (modified after Luo 
et al., 2017; Zhao et al., 2018); B. The distance between the sampling well and the fracture is negatively correlated with the content of analcime in the Ek2. 
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became stable, and the degree of crystallization was more consistent. 
Considering the preceding discussion, we propose that VMA and FFA 

might represent different stages of crystallization during the migration 
of MHF. VMA is generated from MHF near the magma, water-rock re-
actions caused the extremely automorphic analcime to be distributed 
along the edges of the veins. FFA is generated from MHF far from the 
magma. As the fluids migrated to the shallow part of the formation, the 
temperature and pressure decreased. Under the control of mineral 

dissolution-precipitation equilibrium, ions in the fluid crystallize to 
form calcite veins, barite veins, and analcime at depth, and form only 
analcime in shallow fractures. 

Hydrothermal fluid alterations are expected to primarily affect 
migratory fluid elements or LILE (Ottonello et al., 1979; Woodhead 
et al., 1993). This study confirms this expectation by demonstrating the 
ΣREE of HFOA was significantly lower than that of CFOA. Furthermore, 
the Rb, Sr, and Ba contents of both analcime types were strongly 

Fig. 11. Enrichment patterns of Rb, Cs, Sr, Ba, and 
∑

REE. A1-A4. “LILE of analcime and clay minerals (Rb, Cs, Sr, Ba)-
∑

REE”; B1–B4. “LILE of clay minerals (Rb, Cs, 
Sr, Ba)-

∑
REE”; C1–C4. “LILE of analcime (Rb, Cs, Sr, Ba)-

∑
REE”. (X-A, Element-X content of analcime, X = Rb, Cs, Sr, Ba; X–C, Element-X content of clay minerals, 

X = Rb, Cs, Sr, Ba). 
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correlated with 
∑

REE. Specifically, 
∑

REE decreased with increasing 
intensity of fluid activities (Fig. 11A1-A4). The Rb contents of HFOA 
were stable (Fig. 11A1-A2), whereas the Sr and Ba contents were posi-
tively correlated with 

∑
REE (Fig. 11A3-A4). This pattern did not exist in 

the clay substrate (Fig. 11B1–B4). Although the 
∑

REEs of CFOA were 
significantly different from that of HFOA, there were positive correla-
tions with Rb, Sr, and Ba. Calculations of the R2 led to the conclusion 
that ACL > A-PML > A-CCL (Fig. 11C1–C4). This reflected that CFOA 
were affected by fluid reformations, while differences existed within the 
fluid type and activities intensity. 

Accordingly, the degree of positive correlation between Sr and Ba 
with 

∑
REE indicates the intensity of fluid activities. The HFOA repre-

sented the results of the activities of MHF in the micron-scale fractures at 
different stages. The three types of CFOA are differentially affected by 
MHF. 

5.3. Mechanism of analcime formation in shales 

VMA represents MHF activities near the magma, while FFA repre-
sents MHF activities far away from the magma. Analcime cement 
occurred together with pyrite, filled the spaces between silt-grade clastic 
particles. Notably, quartz underwent significant erosion (Fig. 12A), and 
a low-K annular edge was observed in potassium feldspar (Fig. 12B–C). 
Na ions contributed to the formation of analcime cement, whereas, K 
ions formed secondary rings around the clastic particles of potassium 
feldspar. The analcime lens and BFA are mostly concentrated in para-
pelagic distribution, discontinuous but with laminar characteristics, the 
10K/(10K + Na) values of them ranged from 0.02 to 0.11, falling be-
tween CFOA and other HOFA types. It possibly as results of MHF ac-
tivities in shallow bioconcentrated and weakly stratified strata. 

Additionally, samples of well GX1 show that HFOA and CFOA 
appeared as a vertical set, which indicate that the formation process of 
CFOA was also affected by MHF. The hydrothermal deposition model 
provides a reasonable explanation for this type of distributional char-
acteristics. When the hydrothermal fluids upwelled into the lake water, 
thermal repulsions between the crystal particles made it difficult for the 
particles to form aggregates and precipitate. Instead, the dispersed 
particles moved far away from the jet outlets and eventually formed a 
fine-grained sedimentary layer (Trofimovs et al., 2008; Jiao et al., 
2018). Analcime laminae is often formed when this layer is modified by 
Na-rich and high-salinity lacustrine water (Zheng et al., 2006; Li et al., 
2016). The combination of different laminae types and minerals might 
reflect different fluid information (Williams, 1996; Pavelić et al., 2022). 

Based on the aforementioned discussion, we proposed that the hy-
drothermal deposition model was the basis for the formation of analcime 
laminae in the study area. This mechanism was affected by high- 
frequency, low intensity tectonic activities throughout the entire depo-
sitional period of the second member of the Kongdian Formation. 

Consequently, various CFOA might reflect climatic information and that 
on multi-stage hydrothermal activities. VMA and FFA were the results of 
evolution and crystallization of MHF in micron-scale fractures in 
different stages, the formation of VMA may earlier than FFA. Fluids 
entered the silty belts as cement and filled the interparticle spaces to 
form analcime cement. The formation of analcime lens and BFA was 
affected by the original rock structure and distributional characteristics 
of the bioclasts (Fig. 13). 

6. Conclusion 

Huanghua Depression is located at the intersection of global-scale 
tectonic zones, has experienced six phases of magmatic activity. 
Against this background, the hydrothermal fluids from deep mantle- 
derived magma were the main sources of fluids. During the formation 
of the shales in the second member of the Kongdian Formation, these 
fluids were upwelled and exchanged with original sedimentary com-
ponents of the shale through tensile fractures and ultimately entered the 
bottom water of the lake, resulting in the formation of analcime as a 
fluid-tracing mineral. 

Analcime can be categorized into six types based on occurrence 
characteristics (occurring as laminae, lens, fracture filling, bioshell 
filling, vein marginal crystal and cement). Analcime laminae is further 
divided into ADML, ACL, and A-CCL. The above six types of analcime is 
further classified into hydrothermal fluid origin analcime (HFOA: 
include analcime cement, vein marginal crystal, lens, fracture filling and 
bioshell filling) and connate fluid origin analcime (CFOA: analcime 
laminae) based on major elemental indicators (Si/Al and 10K/(10K +
Na)). HFOA has lower 

∑
REE (rare earth element) and strong positive 

correlation between 
∑

REE (rare earth element) and LILEs (large ionic 
lithophilic elements); while CFOA has higher 

∑
REE and weak positive 

correlation between 
∑

REE and LILEs. Analcime with these two origins 
appeared together in a vertical direction. 

The degree of positive correlation between Sr and Ba with 
∑

REE 
indicates the intensity of fluid activities, 

∑
REE decreased with 

increasing fluid activities intensity. The three types of CFOA are differ-
entially affected by MHF. The HFOA represented the results of the ac-
tivities of MHF in the micron-scale fractures at different stages, VMA 
represents MHF activities near the magma, while FFA represents MHF 
activities far away from the magma. When the fluids entered the silty 
belt under the influence of ion fractionation and crystallization, anal-
cime serves as cement and filled the interparticle spaces to form anal-
cime cement. The original structure of shale and the distributional 
characteristics of the bioclasts affected the formation of VMA and BFA. 
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