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A B S T R A C T

Analcime, a key mineral especially in organic matter-rich sediments, plays a critical role hydrocarbons gener
ation from kerogen. However, its effect on hydrocarbon generation from type I kerogen remains unclear. In this 
study, semi-open thermal simulation experiments were conducted on lacustrine shale to investigate the rela
tionship between analcime and hydrocarbon generation. Semi-open pyrolysis experiment was performed on type 
I kerogen in organic-rich shale containing of 15 %, 27 %, and 35 % analcime concentrations across a temperature 
range of 300 ◦C to 500 ◦C. The analcime collected from the study area is sedimentary and diagenetic, charac
terized as low-silica analcime formed by chemical reactions between clay minerals and sodium-rich alkaline 
water. Results demonstrate that increasing analcime contents significantly enhances hydrocarbon yields of oil 
and gas while reducing activation energy, indicating that analcime accelerates hydrocarbon generation from 
kerogen. However, the durations of hydrocarbon generation appear to decline with increasing analcime contents. 
Thus, analcime influences hydrocarbon generation by increasing the conversion rate and reducing the generation 
cycle primarily due to its catalytic effects. Specifically, analcime promotes organic matter decomposition through 
acidic catalysis and adsorption, establishing an efficient catalytic system.

1. Introduction

Extensive research has focused on how inorganic minerals influence 
hydrocarbon generation from kerogen during thermal evolution. These 
minerals can significantly enhance the cracking of complex organic 
matter, breaking it down into oil and gas. Studies show that clay min
erals [1–5], carbonate minerals [6,7], and transition metal elements 
[8–11] catalyze kerogen’s thermal evolution [12–14]. For instance, one 
study found that increased acidity of kerogen with added minerals 
(CaCO3 < kaolinite < montmorillonite < alumina) results in a gradual 
increase in the yield of low molecular weight hydrocarbon components, 
indicating the existence of inorganic acid catalysis [15]. Additionally, 
presence of carbonates increased the yield of hydrocarbons and aro
matic compounds in oil shale. Alkali metals (Na, K) and alkaline earth 
metals (Ca, Mg) in carbonate (MnnCO3) exhibit catalytic effects similar 
to K2CO3, Na2CO3, CaCO3 and MgCO3, promoting hydroxyl-OH 

functional group formation and CO2 generation while reducing CH4 
yield [16]. Despite these insights, the role of analcime in hydrocarbon 
generation remains a topic of fierce debate [17,18]. Zeolite, a similar 
mineral, plays a catalytic hydrogenation role and effectively increases 
oil production, with catalytic effect originated from its surface and 
interlayer acid groups. The surface acid groups facilitate hydrocarbon 
cracking, alkanes isomerization, and conversion of olefins to saturated 
hydrocarbons, while the interlayer acid groups promote dihydroxylation 
[17]. However, limited research explores the dynamic matching rela
tionship and influencing mechanism of different products of hydrocar
bon generation between analcime and organic matter, which constrains 
the in-depth understanding of the co-evolution of analcime and organic 
matter.

Zeolite minerals are a class of framework-structured silicate minerals 
primarily composed of Na, Ca, and Al elements. During diagenetic 
evolution, their catalytic activity effectively promotes hydrocarbon 
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generation [19–21]. However, zeolite cementation can destroy primary 
pores and fractures, which reduces the reservoir properties of the rock 
and inhibits burial compaction during mineral consolidation and 
diagenesis [22]. Additionally, the dissolution of zeolite increases its 
porosity, enhancing the reservoir’s capacity. Some scholars have sug
gested that the diagenetic evolution of zeolite may also influence the 
fracturing properties of shale [23].

As a zeolitic mineral, analcime has the chemical formula Na 
[AlSi2O6]⋅H2O. It is a low-silicon zeolite with the lowest silicon- 
aluminum ratio (Si/Al)of any zeolite with a trioctahedral or 24-dihedral 
crystal structure [24]. The molecular structure of analcime features 
silicon-oxygen tetrahedrons connected by bridging oxygen, forming 
either a four-membered or six-membered closed-ring structure in the 
plane and a cage-like structure in space. Due to its unique molecular 
sieve structure and catalytic properties, analcime serves as a hydrogen 
source during the process of hydrocarbon generation from organic 
matter.

Scientists have identified analcime in the sedimentary strata of 
numerous basins, with an average content of 14.5 % and a maximum 
content of 59 % [24–26]. Due to its high compressibility and solubility in 
reservoir waters analcime plays a significant role in the formation of 
high-quality oil and gas reservoirs [27]. Consequently, there is both 
scientific significance and economic value in examining analcime gen
eration from source rocks in lake basins.

Table 1 summarizes the impact of zeolites on hydrocarbon genera
tion as demonstrated in previous studies. These investigations reveal 
that zeolites exert varying effects on the evolution of hydrocarbon 

generation from organic matter, influenced by factors such as the type of 
zeolites, the type of organic matter, the thermal maturity of the organic 
matter, and experimental methodologies employed [28–31]. Conse
quently, these findings indicate that zeolites play a significant role in 
kerogen thermal evolution.

Existent within sedimentary rocks, analcime exhibits diverse origins 
and intricate formation mechanisms. Analcime is classified into four 
categories based on their genesis types: volcanic material alteration 
analcime, mineral transformation analcime, hydrothermal analcime and 
primary analcime [29,33–35].

First, volcanic provenance is formed through the reaction of highly 
active volcanic glass with a sodium-rich alkaline solution, which is then 
transformed into the intermediate product alkali zeolite (e.g., clinopti
lolite, mordenite). Most zeolite minerals in nature are derived from 
volcanic materials [36–39]. Conversely, non-volcanic materials origi
nate from the reaction of aluminosilicate gel or aluminosilicate minerals 
(e.g., montmorillonite, kaolinite, feldspar) with sodium-rich alkaline 
water, typically found in saline-alkaline lake basin sediments that lack 
volcanic materials [34]. Third, lacustrine hydrothermal deposition oc
curs when hydrothermal sedimentary rocks associated with the hydro
thermal geyser become active at the bottom of the lake in the 
continental rift basin [40]. Lastly, direct crystallization occurs in 
igneous rocks. The Si/Al ratios and mineral structure of analcime vary 
according to their different origins [23]. Consequently, these factors 
lead to variations in the catalytic effects on source rocks.

The extensive research on the effects of common minerals on hy
drocarbon generation from organic matter has provided a deeper un
derstanding of the influence of analcime on the hydrocarbon generation 
process (see Table 1). However, the relationship between the amount of 
analcime and the evolution process of organic matter has not been 
studied systematically. Therefore, this study conducted semi-open 
thermal simulation experiments on low-maturity shale samples con
taining type I kerogen with varying analcime content to evaluate the 
hydrocarbon generation effect of analcime and its related mechanisms. 
Low-maturity shale samples were chosen to closely examine the entire 
thermal maturation process, making this study one of the first compre
hensive examinations of the impact of analcime on oil and gas genera
tion, while closely replicating geological conditions.

2. Geological setting

The Bohai Bay Basin is the most significant petroliferous basin found 
in the Asia-Pacific region, covering an impressive area of 200,000 km2 

(Fig. 1a). The Huanghua Depression is a faulted basin formed through a 
series of rifts and Neogene sag phases. It is located deep within the Bohai 
Bay Basin, with a general NE-SW orientation. The Huanghua Depression 
is approximately 250 km long and 50–100 km wide (Fig. 1b), covering a 
total area of about 17,000 km2 [41]. Following Mesozoic-Cenozoic 
subsidence and uplift events, the Huanghua Depression developed into 
the Cangdong Sag (Fig. 1c), covering a total area of about 1760 km2.

The Paleogene strata specifically, the Kongdian, Shahejie, and Don
gying formations in Eastern China are considered crucial source rock 
beds for discovered hydrocarbons. The Kongdian Formation, which is 
the focus of this study, is the primary hydrocarbon-generating unit and 
consists of three sub-members (i.e., Ek3, Ek2, Ek1 from bottom to top) 
(Fig. 1d). The sedimentary environment of the Kongdian Formation was 
a brackish lake. The lithology of the Kongdian Formation predominantly 
consists of thick dark mudstones interbedded with dolomites and 
argillaceous dolomites [45].

3. Samples and methods

3.1. Samples

Three samples from the Paleogene Kongdian Formation were 
collected from the A1 and A2 wells in the Cangdong Sag located in the 

Table 1 
Summary of the documented effects zeolites have on hydrocarbon generation 
from previous studies.

Main Conclusion Deficiency Cause of 
difference

Analcime has a catalytic effect 
on hydrocarbon generation 
from source rocks, which can 
lower the temperature reached 
during hydrocarbon 
generation and accelerate the 
rate of hydrocarbon 
generation [32].

Catalysis is mainly limited to 
the contact surface between 
igneous rocks and source 
rocks.

1) Form of 
analcime 
2) Ratio of 
analcime/OM 
3) Number of 
temperatures 
being studied 
4) Experiment 
equipment/ 
conditions

On-line ZSM− 5 catalytic 
upgrading of shale oils results 
in a significant reduction in the 
overall nitrogen content 
within the derived shale oils 
[29].

​

The adsorption of F- by ore can 
be influenced by the amount of 
analcime organic matter 
consumption, the size of 
analcime-modified ore 
particles, stirring time, and 
other factors [28].

Limited to the study of water 
adsorption performance, the 
adsorption performance of 
oil and gas was not covered.

Analcime plays a catalytic role 
and effectively increases 
hydrocarbon production. 
Considering the chemical 
characteristics of analcime, 
catalytic effect arises from its B 
acid and L acid groups. The 
former can promote 
hydrocarbon cracking, 
isomerization of alkanes, and 
conversion of olefins to 
saturated hydrocarbons, while 
the latter can enhance 
dihydroxylation [31].

There is a single type of 
analcime and few 
experimental samples.

The pyrolysis degradation of 
polyolefin plastics to aromatic 
hydrocarbons is catalyzed by 
zeolites [30].

​
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Bohai Bay Basin (Fig. 1c). Thin sections were prepared for each sample, 
and analyses were conducted to determine the total organic carbon 
content (TOC) and perform scanning electron microscopy. Additionally, 
semi-open pyrolysis experiments and kinetic analyses were conducted 
for the three samples, along with measurements of gas and liquid 
products. Hydrocarbon generation kinetics were assessed for the three 
samples, along with the specific operational methodology. To ensure 
that the hydrocarbon generation and expulsion processes of the samples 
closely simulated natural geological conditions, columnar samples were 
also utilized in the thermal simulation experiments. A sample drilling 
machine was employed to extract six pillars, each with a diameter of 
2.5 cm and a length of 2.5 cm, from the same piece of shale to complete 
the thermal simulation experimental analysis.

3.2. Experiments

3.2.1. X-ray diffraction, thin section analysis, and scanning electron 
microscopy

The collected samples were ground into a powder using an agate 
mortar in preparation for the X-ray diffraction (XRD) test. The powder 
was then analyzed using the Bruker D2 PHASER instrument, allowing 
for diffractograms to be processed by the Rietveld refinement method 
[46], which accurately determined mineral compositions of the samples. 
The acceleration voltage was set to 30 kV, and the electron beam current 
was 10 mA, while the emission slit and receiving slit were configured to 
0.6 mm and 8 mm, respectively.

Regarding the thin section analysis, rock samples were polished or 
ground to create thin sections. These sections were then examined under 
both single and orthogonal polarizations at magnification levels ranging 
from 20–400x.

Shale samples were prepared by polishing them with argon ions 
using Ilion 697. The polishing process took approximately two hours. 
The FEI Quanta FEG450 field emission scanning electron microscope 
was employed to examine the shale samples polished with argon ions 
using Ilion 697. This examination allowed for the determination of pore 
properties. It is important to note that the shale samples were polished 
for about two hours, while the microscope utilized a minimum visible 
aperture of 2 nm.

3.2.2. Organic petrographic analysis, total organic content and vitrinite 
reflectance (Ro)

First, the sample was ground into a powder of approximately 
0.5 mm. The sample and epoxy resin were placed in a cylindrical mold at 
a 1:1 ratio and solidified for 24 hours before the light sheet was 
removed. The light sheet was then examined under a reflective micro
scope, using white light and fluorescence alternately. The microscopic 
components of the organic matter were identified based on the charac
teristics in reflected light, including reflection color, reflection intensity, 
structural morphology, protrusions, internal reflection, and color, 
morphology, and intensity under fluorescence. The percentages of 
microscopic groups such as sapropelite, exinite, vitrinite, and inertinite, 
were determined by point counting.

To effectively conduct the total organic carbon analysis, the assessed 
sample size was reduced to a range of 170–200 mesh. After being 
neutralized with distilled water, inorganic carbon was removed from the 
samples using a 12.5 % hydrochloric acid solution, and the samples 
were subsequently dried in an oven at 60–80 ◦C. The quantity of TOC in 
the treated powdered samples was then measured.

The vitrinite reflectance of samples was measured using the MSP400 
measured, in accordance with the standard ASTM D7708–14 [47].

3.2.3. Semi-open pyrolysis experiments
The thermal simulation experiment utilized a semi-open hydrocar

bon generation thermal simulation device developed by the Wuxi Pe
troleum Geology Research Institute. This device simulates the lithostatic 
pressure applied to the samples through the upper and lower axes. The 
cylindrical sample was placed in a stainless-steel autoclave body with a 
diameter of 3.8 cm and a height of 14.0 cm. Table 2 presents seven 
temperature points, specifically 300–475 ◦C for samples 1 and 3, and 
300–500 ◦C for sample 2. To replicate the actual geological conditions 
experienced at different burial depths, various parameters, including 
lithostatic pressures and fluid pressures at the hydrocarbon expulsion 
threshold were set at each temperature point according to specific 
physical depths. These parameter settings are detailed in Table 2.

Before commencing the experiment, 60 mL of distilled water was 
injected into the kettle and heated at a rate of 2 ◦C per minute until the 
target temperature was reached. During the constant-temperature 
heating process which took approximately 72 hours, the hydrocarbon 

Fig. 1. Location and tectonic units of the study area. (a) Location of Bohai Bay Basin [42]; (b) Division of Basic Structural Units of Bohai Bay Basin[43]; (c) 
Geological sketch map and the sedimentary facies of the Cangdong Sag showing the location of the sampling well; (d) Paleogene stratigraphic of Huanghua 
Depression[44].
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discharge valve opened when the actual fluid pressure exceeded the 
initially set fluid pressure of the hydrocarbon expulsion threshold. 
Generated hydrocarbons were then discharged into a gas-liquid sepa
ration tank, which was continuously cooled to below zero for separation, 
storage, and collection. During the simulation experiment, a cold trap 
was also utilized to collect the condensate oil discharged with the gas. 
Dichloromethane was subsequently used to wash the reactor and the 
inner wall of the pipeline to collect the light oil. The light oil was then 
combined with the discharged oil of the thermal simulation experiment. 
After the experiment, dichloromethane was used to extract product from 
each rock sample, where the oil collected oil represent the retained oil at 
the corresponding temperature point. The gas products were then 
analyzed using gas chromatography, while the liquid products were 
examined through gas chromatography-mass spectrometry (GC-MS). 
Subsequently, the compounds were grouped into chemical classes.

3.2.4. Gas chromatography and gas chromatography-mass spectrometry 
(GC-MS)

The Agilent 7890B was used for gas component analysis. The gas 
vacuum bag injection technique was employed, allowing for the analysis 
of C1-C5 hydrocarbon gases and H2 in a single injection, thereby 
improving efficiency. The GC oven temperature was initially set at 30 ◦C 
and maintained for 10 minutes, then gradually increased to 180 ◦C at a 
rate of 10 ◦C per minute, and finally held at this temperature for 
20–30 minutes.

In the thermal simulation experiment, approximately 20 mg of n- 
hexane was combined with the collected oil and allowed to precipitate 
for 24 hours, thereby removing asphaltenes. The remaining components 
were then adsorbed on an alumina separation column and sequentially 
eluted with n-hexane, a mixture of dichloromethane and n-hexane (v:v, 
1:2), and finally a mixture of dichloromethane and methanol (v:v, 93:7). 
These solvents were used to elute saturated hydrocarbons, aromatic 
hydrocarbons, and non-hydrocarbon components, respectively. The 
saturated hydrocarbon components were subsequently subjected to GC- 
MS analysis.

The chromatographic column used in this study was the HP-5MS 
(30 m). The initial temperature was held at 50 ◦C for one minute, then 
increased to 100 ◦C at a rate of 20 ◦C. It was subsequently raised to 315 
◦C at a rate of 3 ◦C per minute and maintained at that temperature for 
16 minutes. An Agilent 5977 quadrupole mass spectrometer was 
employed, operating with a quadrupole temperature of 150 ◦C. The EI 
ion source was set to a bombardment energy of 70 eV, with a temper
ature of 230 ◦C. The scanning method simultaneously utilized full scan 
(50–550 amu) and selected ion scanning. The primary selected ions 
included m/z 85, 123, 191, and 217. Relative quantitative analysis of the 
compounds was performed using the m/z 191 mass chromatogram ob
tained from the selected ion scanning signal, which was manually in
tegrated. This analysis involved determining the peak areas of the 
related compounds and calculating relevant parameters.

3.2.5. Hydrocarbon generation kinetics
The open system pyrolysis experiments on the three shale samples 

were conducted using Rock-Eval II. 10 mg of the sample was crushed to 

approximately 100 mesh and placed in the sample holder for experi
mentation. The initial temperature of the experiment at 200 ◦C, and 
various heating rates were applied. The final temperature was set at 600 
◦C. The hydrocarbon generation kinetic parameters of the three shale 
samples were obtained using Kinetics 2015, and the parallel first-order 
kinetic reaction model was employed to calculate the pre-exponential 
factor of the shale samples and the corresponding activation energy 
distribution [48]. 

x(T) =
∑N

i=1
x∞(i)

{

1 − exp
[ ∫ T

T0

exp
(

−
Ei

RT
+ ln Ai − ln D

)

dT
]}

where, x(T) is the total conversion rate when the reaction reaches 
temperature T, %; x ∞ (i) is the proportion of reaction x (i) in the total 
reaction, %; N is the total number of reactions; T0 is the starting tem
perature of the reaction, ◦C; T is the instantaneous temperature of the 
reaction, ◦C; Ei is the apparent activation energy of the i-th reaction, 
kcal/mol; R is the gas constant; Ai is the pre-exponential factor of the i-th 
reaction, s− 1; D is the heating rate, K/s.

4. Results

4.1. Original petrology and geochemical characteristics of unheated 
samples

The sample information is presented in Table 3. The TOC content 
across the three samples ranges from 5.51 wt% to 7.87 wt%. Macerals 
identified in the shale samples include sapropelite, exinite, vitrinite, and 
inertinite, aligning with findings from previous research [48]. The 
sapropelite content exceeds 80 % in all three samples. The average py
rolysis peak temperature (Tmax) value ranges from 435◦C to 438.8 ◦C, 
and the vitrinite reflectance (Ro) ranges from 0.53 % to 0.57 % indi
cating low maturity. However, Tmax and Ro values may be suppressed in 
kerogen type I [48]. The pyrolysis hydrocarbon generation potential 
yield (S1+S2) range from 39.23 to 62.22 mg HC/ g rock.

The mineralogical analysis results determined by XRD are summa
rized in Table 4. The mineral composition comprises quartz, feldspar, 
plagioclase, clay (chlorite, illite, montmorillonite), calcite, ankerite, and 
analcime. The shale samples predominantly composed of detrital min
erals and carbonates with varying analcime content. The carbonate 
(calcite + ankerite) content ranges from 9 wt% to 25 wt%, averaging 
18 wt%; Silicon (quartz+ K-feldspar+ plagioclase) content ranges from 
28 wt% to 37 wt%, with an average of 32 wt%; and the clay content 
ranges from 17 wt% to 24 wt%, averaging 20.7 wt%. Notably, the 
analcime content varies significantly, ranging from 15 wt% to 35 wt%, 
with an average of 25.7 wt%. In summary, despite differences in anal
cime content, the three samples share a similar mineral composition.

4.2. Occurrence characteristics of analcime

Analcime is commonly found in fine-grained lacustrine sediments 
within the Cenozoic strata of the Bohai Bay Basin, occurring in in
terlayers alongside organic matter or micritic carbonate. The lamina 
combinations exhibit variability (Fig. 2a-b), with laminae thicknesses 
ranging from tens to hundreds of microns. During the initial stages of 
diagenesis, analcime supports the lacustrine shale structure, preventing 
compaction and retaining some reservoir space (Fig. 2c). In the later 
stages, this analcime occupied space is predominantly filled with oil. 
Analcime is primarily exists as granular particles, with sizes ranging 
from 3 μm to 40 μm (Fig. 2e), and it frequently coexists with organic 
matter (Fig. 2c-f).

4.3. Total hydrocarbons

Hydrocarbon generation yields both liquid and gas products. The 
liquid products include retained and discharged oil, while the gas 

Table 2 
Boundary conditions of pyrolysis experiments.

Sample Depth 
[m]

Temperature 
[◦C]

Lithostatic pressure 
[MPa]

Formation pressure 
[MPa]

PY− 300 3116 300 75 31
PY− 325 3449 325 83 34
PY− 350 3651 350 88 37
PY− 375 4538 375 109 45
PY− 400 5171 400 124 52
PY− 475 5472 475 138 55
PY− 500 6000 500 144 60

Note: sample PY number refers to the simulated temperature of the sample in ◦C.
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products comprise methane (CH4), heavy hydrocarbon gas (C2–C5) and 
non-hydrocarbon gases such as CO2, H2, and N2. The yield characteris
tics of generation products obtained from the thermal simulation 
experiment are presented in Table 5 and Table 6. Experimental results 
indicate that the three lacustrine shale samples exhibit strong hydro
carbon generation potential, though product types vary depending on 
the thermal simulation temperature.

As shown in Table 5, the thermal simulation process (i.e., 300–500 
◦C) can be divided into three stages based on the changes in total hy
drocarbon and total oil yield.

Overall, total hydrocarbon and oil yields increase gradually at lower 
temperatures compared to higher temperatures, such as 300 ◦C. Spe
cifically, at lower temperatures and low-maturity, total hydrocarbon 
yields range from 72.37 to 299.76 mg HC/ g rock, while the total oil 
yields range from 71.2 to 270.76 mg HC/ g rock. As the temperature 
rises to the range of 325–375 ◦C, the total hydrocarbon yields increase 
from 427.28 to 852.46 mg HC/ g rock, and peak total oil yields range 
from 680.61 to 746.02 mg HC/ g rock. However, as the temperature 
further increases from 375 to 500 ◦C, both peak total hydrocarbon and 
oil yields decline sharply, with values ranging from 402.37 to 816.26 mg 
HC/ g rock for hydrocarbon and 195.72–731.07 mg HC/ g rock for oil. 
At this stage, gaseous hydrocarbons are generated in large quantities, 
leading to increased gas yield, and reduced total hydrocarbon and oil 
yields owing to polymerization, corresponding to the secondary 
cracking stage of crude oil.

Regarding total gaseous products, yield changes can be divided into 
three main stages. First, the total gas yield demonstrates a gradual in
crease as the simulated temperature rises. In the early stage, kerogen 
parent material undergoes thermal degradation, resulting primarily in 
substantial amount of liquid product, while the gaseous yield remains 
small. In the second stage (325–375 ◦C), the production of gaseous hy
drocarbons increases significantly as the temperature increases, facili
tating the increase in gas yield accompanied by a decrease in the liquid 
hydrocarbon yield, which corresponds to the secondary cracking stage 
of crude oil. Lastly, in the third stage (375–500 ◦C), residual organic 
matter in the source rock is released and converted to gas, leading to a 
decrease in the retained oil yield. During this stage, gaseous hydrocar
bon yield continues to grow, albeit at a diminishing rate.

The pyrolysis yields of total hydrocarbon, total oil, and total gas 
varied with analcime content. Notably, the peak yield for the 35 % 
analcime shale was significantly higher than that of the 27 % and 15 % 
analcime shale. Additionally, the peak temperature for total hydrocar
bon products and total oil in the 35 % analcime shale (350 ◦C) was 
approximately 25 ◦C lower than that of other analcime-containing shale 
samples (375 ◦C) (Fig. 3).

4.4. Characterisation of gas products

The gaseous products primarily consist of hydrocarbon gases C1– C5, 
and other alkane gases, with their isomeric components (see Table 6), as 
well as non-hydrocarbon gases, mainly composed of H2. The variation in 
CH4 yield occurs in three distinct stages. Initially, the yield remains 
relatively stable at temperatures ranging between 300 and 325 ◦C. It 
then begins to increase gradually within the temperature range of 
325–375 ◦C. Finally, from 375–500 ◦C for samples 2 and 3, the yield 
shows a sharp increase, increasing from 11.28 mg HC/g rock to 
48.54 mg HC/g rock in sample 2. The C2 production displays a gradual 
increase with temperature, peaking between 5.65 and 14.28 mg HC/g 
rock. Initially, C3–C4 yields progressively increases in sync with rising 
temperature but later drop rapidly. Furthermore, beyond 400 ◦C, C2– C3 
yields from the 35 % analcime shale are significantly higher than those 
of the other shale samples. The total amount of nC4 yield for the 35 % 
analcime shale also increases with rising temperature to 400 ◦C, sur
passing the yield of lower analcime content at corresponding tempera
tures. Additionally, H2 production rate increases steadily with rising 
simulation temperature for all three samples.Ta
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4.5. Molecular biomarkers analysis

The derived carbon number distribution range of n-alkanes observed 
in the original sample predominantly spans C13–C32, with a single-peak 
pattern. The primary peak carbon numbers are C17 or C21, showing a 

notable preference for odd-numbered carbons. The ΣC21–ΣC22+ ratio 
ranges from 0.92 at 350 ◦C for analcime-15 % to 6.09 at 325 ◦C for the 
analcime-27 % (Fig. 4a), with the highest ratio of 6.09 observed at 325 
◦C for and the lowest ratio of approximately 1.09 at 500 ◦C for the 
analcime-27 %.

Table 4 
Mineral composition of shale samples.

Sample number Quartz 
[wt%]

K-feldspar 
[wt%]

Plagioclase 
[wt%]

Calcite 
[wt%]

Ankerite 
[wt%]

Analcime 
[wt%]

Clay 
[wt%]

Other 
[wt%]

Clay

Chlorite 
[wt%]

Illite 
[wt%]

Illite 
/montmorillonites 
[wt%]

1 17 8 6 7 18 15 24 5 3 51 46
2 15 9 4 8 12 27 21 4 3 54 43
3 18 11 8 9 0 35 17 2 2 55 43

Fig. 2. Occurrence characteristics of analcime in fine-grained sedimentary rocks. (a) Thin section image under plane polarized light shows the fusiform distribution 
characteristics of analcime, Well A1, 2566.12 m; (b) Thin section image under plane polarized light shows the laminae distribution characteristics of analcime, Well 
A1, 2575.47 m; (c) Thin sections under fluorescence shows analcime-filled space occupied by oil, Well A1, 2566.12 m; (d) SEM image shows shale comprised clay, 
analcime (Anl), and organic matter (OM), Well A1, 2575.47 m; (e) SEM image shows Subhedral globules of analcime, Well A1, 2575.47 m; (f) The QEMSCAN image 
shows organic matter, in which fractures are partially filled with analcime, Well A1, 2566.12 m.

Table 5 
Hydrocarbon products from the pyrolysis experiments on shales with different analcime contents.

Sample number Temperature 
[◦C]

Ro 
[%]

Discharged oil 
[mg HC/ g rock]

Retained oil 
[mg HC/ g rock]

Total 
oil 
[mg HC/ g rock]

Total 
gas 
[mg HC/ g rock]

Total hydrocarbon products 
[mg HC/ g rock]

1 PY− 300 0.61 9.36 205.08 214.44 3.04 217.48
PY− 325 0.74 21.66 204.71 226.37 9.13 235.50
PY− 350 1.01 121.68 275.00 396.68 30.60 427.28
PY− 375 1.18 190.98 489.63 680.61 29.99 710.60
PY− 400 1.41 189.74 46.17 235.91 182.80 418.72
PY− 475 2.35 190.22 7.98 198.20 204.17 402.37

2 PY− 300 0.60 5.41 65.79 71.20 1.17 72.37
PY− 325 0.75 14.02 153.07 167.09 4.89 171.97
PY− 350 1.00 38.17 500.46 538.63 29.42 568.04
PY− 375 1.21 449.49 281.58 731.07 52.37 783.44
PY− 400 1.42 382.15 54.08 436.23 121.80 558.03
PY− 500 2.50 189.46 6.26 195.72 394.94 590.66

3 PY− 300 0.63 16.79 117.59 134.38 14.48 148.86
PY− 325 0.73 38.11 232.66 270.76 29.00 299.76
PY− 350 0.98 375.18 370.84 746.02 106.44 852.46
PY− 375 1.19 351.08 243.91 594.99 175.45 770.44
PY− 400 1.44 254.99 58.51 313.50 450.18 763.68
PY− 475 2.37 219.54 11.30 230.84 585.42 816.26
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During thermal simulation process (Ro = 0.60 %–2.50 %), the car
bon number distribution range of the n-alkanes in the thermal simula
tion product remains consistently at between C13–C32, with C17 as the 
primary peak carbon.

Among these indicators, the odd-even dominance index (OEP) is a 
commonly utilized maturity parameter (Fig. 4b). At higher maturity 
stage, a decrease in the OEP ratio was observed [49–51]. The OEP values 
of the samples ranged from 1.03–1.29 at 300 ◦C, with a decline occur
ring as the temperature increased, consistent with the maturing process. 
Notably, while a decrease was observed up to 400 ◦C, temperatures 
exceeding this threshold resulted in minimal change, containing 27 % 

and 15 % analcime change noted for all three samples. The isoprenoid 
alkane series compounds exhibit greater thermal stability than n-al
kanes, and is therefore predominantly retained during the degradation 
[52].

The primary isoprenoid products identified in this thermal simula
tion experiment were phytane (Ph) and pristane (Pr). As the thermal 
simulation progressed, Ph underwent demethylation, converting to 
pristane (Pr). The Pr/C17–Ph/C18 ratios effectively indicate the degree of 
thermal evolution of organic matter, decreasing as thermal simulation 
temperatures increases (Fig. 4c and d). This reduction, corresponding to 
a transition from Ro = 0.60 % to Ro = 2.50 %, reflects the structural 

Table 6 
Amounts of different gases produced during pyrolysis of shales of different analcime contents.

Sample 
number

Temperature 
[◦C]

C1 

[mg HC/ 
g rock]

C2H6 

[mg HC/ 
g rock]

C2H4 [mg 
HC/ g 
rock]

C3H8 [mg 
HC/ g 
rock]

C3H6 [mg 
HC/ g 
rock]

iC4 

[mg HC/ 
g rock]

nC4 

[mg HC/ 
g rock]

C4H8 [mg 
HC/ g 
rock]

iC5 

[mg HC/ 
g rock]

nC5 

[mg HC/ 
g rock]

H2 

[mg HC/ 
g rock]

1 PY− 300 3.34 0.50 0.00 0.45 0.00 0.08 0.17 0.00 0.06 0.17 0.60
PY− 325 3.94 0.97 0.00 0.69 0.00 0.11 0.30 0.00 0.08 0.23 1.11
PY− 350 7.58 2.19 0.00 1.53 0.02 0.23 0.72 0.00 0.16 0.49 1.38
PY− 375 10.85 3.37 0.00 2.40 0.01 0.33 1.14 0.00 0.23 0.62 1.04
PY− 400 14.98 7.03 0.00 5.63 0.04 0.71 2.77 0.02 0.49 1.29 1.66
PY− 475 20.66 5.65 0.00 2.25 0.00 0.19 0.09 0.00 0.00 0.03 7.76

2 PY− 300 1.16 0.22 0.00 0.13 0.00 0.04 0.05 0.00 0.03 0.03 1.49
PY− 325 2.95 0.85 0.00 0.46 0.00 0.10 0.18 0.00 0.06 0.08 1.69
PY− 350 22.14 4.22 0.00 1.43 0.00 0.25 0.36 0.00 0.15 0.11 7.24
PY− 375 11.28 4.47 0.00 3.01 0.04 0.39 1.37 0.01 0.25 0.58 2.09
PY− 400 18.20 9.87 0.00 7.56 0.12 0.73 2.85 0.03 0.26 0.62 2.76
PY− 500 48.54 14.28 0.00 1.78 0.04 0.09 0.20 0.00 0.02 0.07 11.65

3 PY− 300 4.54 1.01 0.00 1.25 0.03 0.16 0.47 0.00 0.13 0.47 2.62
PY− 325 8.20 2.62 0.00 1.96 0.03 0.29 0.84 0.02 0.21 0.68 2.35
PY− 350 13.91 5.57 0.00 4.07 0.00 0.64 1.93 0.00 0.48 1.33 2.19
PY− 375 13.82 5.87 0.00 4.54 0.04 0.58 2.33 0.03 0.46 1.37 3.17
PY− 400 16.47 9.08 0.00 7.97 0.09 0.94 4.02 0.05 0.68 1.92 3.26
PY− 475 35.47 13.41 0.00 5.78 0.00 0.47 0.32 0.00 0.00 0.07 9.11

Fig. 3. Yields of total hydrocarbon products (a), total oil (b), total gas (c) in the pyrolysis experiment.
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hydrocarbons breakdown and the ratios diminish. Although yields in the 
three samples were similar, the 35 % analcime shale exhibited lower 
maturity compared to the 15 % analcime shale.

5. Discussion

5.1. Formation mechanisms of analcime

The analcime content of the shale samples analyzed was 15 %, 27 %, 
and 35 %, with an average content of 25 % (Table 3), indicating rela
tively high analcime content. These values align well with analcime 
content results from rock-thin section observations and XRD analysis on 
samples from the same geographical region [26]. The analysis also 
revealed that the authigenic analcime in the study area, Bohai Bay Basin 
is primarily formed through the chemical reaction of clay minerals and 
sodium-rich alkaline water. This conclusion is supported by a significant 
negative correlation between the analcime and the clay minerals 

content, with a Se value of 0.562 (Fig. 5), suggesting that clay minerals 
are the primary source of analcime formation, consistent with the 
observed average clay mineral content of 21 %. Additionally, volcanic 
activity in the study area was limited, with no evidence of other types of 
analcime. The comprehensive analysis strongly indicates that the sole 
source of analcime in the study area is due to mineral transformation 
[26].

Analcime typically forms under the influence of strongly alkaline 
sedimentary waters or formation fluids that are rich in Na+. This Na+

can be converted into analcime through exchanges with ions such as 
Mg2+, Ca2+, K+, clay minerals, plagioclase, and other minerals. This 
type of analcime generally occurs during low-temperature stages, pre
dominantly from the syn-diagenetic stage to early diagenetic stage. 
Analcime formed under these conditions is typically scattered in distri
bution, fills voids in the rock, and exhibits low euhedral crystallinity. 
The Si/Al ratio of this analcime ranges from 2.00–2.28, characteristic of 
low-silicon analcime [53–55].

Fig. 4. Aliphatic hydrocarbon molecular composition characteristics of the hydrocarbons.

Fig. 5. The correlation between analcime and clay contents in the study (a). Transformations of minerals in fine grained rocks occurring in the study area (b).
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5.2. The effect of analcime on the activation energy of hydrocarbon 
generation

The generation of oil from source rocks is a thermal degradation 
process of kerogen, occurring over geological time scales. Assuming that 
the pre-exponential factor A and activation energy E, which are kinetic 
parameters obtained under high-temperature and rapid conditions in 
the laboratory, are consistent with those governing the evolution of 
organic matter over geological period, the laboratory -derived kinetic 
parameters can be applied to these calculations.

The range and main frequency of the activation energy distribution 
serve as indicators to differentiate hydrocarbon generation ability 
among samples. Specifically, a broader activation energy distribution 
range corresponds to a prolonged hydrocarbon generation period for 
organic matter and indicate a wide variety of reaction types. Conversely, 
a narrow activation energy distribution range indicates a shorter hy
drocarbon generation period for organic matter.

The magnitude of the peak activation energy indicates the level of 
difficulty involved in hydrocarbon generation. Thus, a lower highest- 
frequency activation energy suggests a lower temperature threshold 
for hydrocarbon generation, resulting in earlier generation. Conversely, 
a larger highest-frequency activation energy signifies a higher temper
ature threshold, leading to a relatively delayed onset of hydrocarbon 
generation [32].

Fig. 6 shows that the pyrolysis hydrocarbon generation kinetic pa
rameters show significant variability for shale samples with different 
analcime content in the study area. Samples 1, 2, and 3 exhibit average 

activation energies of 344 kJ/mol, 282 kJ/mol, and 235 kJ/mol, 
respectively. Sample 1 is characterized by a dispersed activation energy 
distribution, with the main activation energy range extending from 
162–750 kJ/mol (Fig. 6a). Sample 2 shows an activation energy distri
bution from 153–650 kJ/mol (Fig. 6c). In contrast, sample 3 has a 
concentrated activation energy distribution, ranging from 150–675 kJ/ 
mol (Fig. 6e).

Upon examining the conversion curves, the hydrocarbon generation 
characteristics of the three shale samples can be distinctly identified 
(Fig. 6b, d, f). Based on the actual geological conditions, the activation 
energy range corresponding to a conversion rate of 10–90 % is used as 
the hydrocarbon generation range [56]. For sample 1, the simulated 
activation energy for hydrocarbon generation starts at 230 kJ/mol 
progressing to 630 kJ/mol by the end, indicating hydrocarbon genera
tion occurs over a relatively broad activation energy range (approxi
mately 400 kJ/mol) (Fig. 6b). For sample 2, the initial simulated 
activation energy of hydrocarbon generation was 220 kJ/mol, 
increasing to 500 kJ/mol, indicating comparatively narrower activation 
energy range (approximately 280 kJ/mol) for hydrocarbon generation 
(Fig. 6d). Finally, for sample 3, the simulated activation energy of hy
drocarbon generation was 195 kJ/mol at the outset and 320 kJ/mol at 
the conclusion, indicating that hydrocarbon generation for this sample 
occurs within a relatively narrow activation energy range (approxi
mately 125 kJ/mol) (Fig. 6f).

A comparison of the hydrocarbon generation conversion curves for 
the three shale samples reveals that sample 1 has a hydrocarbon gen
eration threshold of 162 kJ/mol, with a slow conversion rate and a long 

Fig. 6. Kinetic parameters and hydrocarbon generation transformation rate of hydrocarbon generation of analcime-different contents samples.
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hydrocarbon generation period. Sample 2 has a hydrocarbon generation 
threshold of 153 kJ/mol, while sample 3, with lowest threshold of 
150 kJ/mol, exhibits the fastest conversion rate and the shortest hy
drocarbon generation period.

These findings indicate that as analcime content increases, the hy
drocarbon generation threshold decreases, the conversion rate in
creases, and the duration of hydrocarbon generation diminishes. 
Additionally, these low-silica analcime minerals possess large pore 
spaces capable of effectively adsorbing high-molecular weight organic 
compounds. An efficient catalytic system can be established from the 
analcime and the organic matter retained in the larger pores, signifi
cantly enhancing the conversion efficiency of organic matters. Thus, 
with higher low-silica analcime content, the catalytic activity becomes 
more pronounced, resulting in narrower hydrocarbon generation range, 
which greatly improves the conversion efficiency of organic matter.

There was a significant positive correlation between analcime con
tent and total oil (Fig. 7a), gas (Fig. 7b), and total hydrocarbon product 
yields (Fig. 7c). These findings align with previous studies indicating 
that hydrocarbon generation improves significantly with the presence of 
analcime [17,18]. Moreover, a significant negative correlation exists 
between analcime content and average activation energy (Fig. 7d). 
Therefore, it is proposed that analcime transformed from clay exhibits 
strong catalytic ability by reducing the average activation energies, 
thereby accelerating the hydrocarbon generation process. Compared to 
sample 1, sample 3 shows increased total hydrocarbon, total oil, and 
total gas yields by 51.4 %, 17.3 %, and 196.0 %, respectively. Addi
tionally, NaHCO3 and K2CO3 enhanced the yield of C1–C5 hydrocarbons 
by 200 % and 100 %, respectively [57], while CaCO3 showed no obvious 
catalytic effect on hydrocarbon yield[58]. This comparison demon
strates that analcime is superior to K2CO3 and CaCO3 regarding catalytic 
effects in hydrocarbon generation.

5.3. Catalytic effects of analcime

The catalytic mechanism of analcime is primarily linked to Brønsted 
and Lewis acid groups, which typically give rise to two catalytic hy
drocarbon generation mechanisms: the free radical catalysis mechanism 
and the carbon ion mechanism (Fig. 8) [59,60]. The free radical catalysis 
mechanism involves the decarboxylation of organic matter, during 
which analcime, acting as a Lewis acid, accepts an electron from the 
organic matter. Subsequently, the carboxylic acid loses CO2, leading to 
the formation of free radicals that undergo rearrangement reactions, 
causing the breakage of C-C bonds. This process results in the generation 
of free hydrocarbons with shorter chain lengths, as illustrated in their 
reaction formula: 

CH3(CH2)nCOOH⟶CH3(CH2)n− 1⋅CH2 +CO2 +H 

A parameter for the carbon ion mechanism stipulates that during the 
thermal cracking reaction of organic matter, analcime must act as a 
Brønsted acid to provide protons (H+) for the adsorbed organic matter. 
Protons (H+) are generated from the dissociation of adsorbed water and 
interlayer water molecules, along with exchangeable cations, primarily 
via the carbocation-forming transition states, as detailed below. 

n
[
M(H2O)x

]
⟶k n

[
M(H2O)x− 1⋅OH

]
+ nH+

In the above formula, M denotes the exchangeable cation, x repre
sents the number of water molecules directly coordinated with M, n 
indicates the number of exchangeable cations; and k signifies the 
dissociation constant of interlayer water.

Low-silica analcime exhibits high acid content, high acid strength, 
and robust catalytic activity All of which effectively promote and 
facilitate the cracking reaction of hydrocarbon substances. Additionally, 
the presence of large pores in low-silica analcime facilitates the 
adsorption of high-molecular organic matter. The interaction between 
analcime and the adsorbed organic matter in the pores form an efficient 

Fig. 7. The correlation between analcime contents and Total oil (a), Total gas (b), Total hydrocarbon products (c), and Average activation energies (d) in the study.
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catalytic system, significantly enhancing the conversion efficiency of 
organic matter [61].

However, the deactivation rate of low-silica analcime is considerable 
due to two primary factors [60,62]. First, elevated temperatures can 
hinder the catalytic activity of higher analcime concentrations, poten
tially compromising their effectiveness. Low-silica analcime has weak 
thermal stability; thus, during high-temperature catalytic processes, the 
internal structure of analcime is susceptible to collapse, impairing its 
catalytic performance. Furthermore, low-silica analcime is highly acidic, 
which stimulates vigorous reactions with organic matter and generates a 
substantial amount of coke precursor, obstructing the acidic centers of 
the catalyst and hindering its catalytic effectiveness.

6. Conclusions

Analcime is an important mineral commonly found in lacustrine 
sediments. Research on the effects of analcime on hydrocarbon gener
ation has sparked controversy. To address this gap, we conducted semi- 
open pyrolysis experiments on shale samples with varying levels of 
analcime at different temperatures to investigate its effects on total oil 
and total gas production. This study indicate that analcime forms from 
the reaction of smectite and sodium-rich alkaline water in the study 
area, consistent with previous studies [26]. Overall, the yields of total 
hydrocarbon products, total oil, and total gas increased owing to the 
influence of analcime. Analcime accelerates hydrocarbon generation, 
shifting the maximum yield 25 ◦C lower, likely attributed to the for
mation of an efficient catalytic system between analcime and the organic 
matter adsorbed in the pores, which significantly improves the conver
sion efficiency of organic matter. This research provides relevant 
geological examples that analyze the effect of analcime on hydrocarbon 
generation. However, attempts to utilize molecular dynamics simula
tions were still unable to elucidate the catalytic mechanisms of analcime 
on hydrocarbon generation from a micro to nanoscale perspective. 
These dynamics may further influence hydrocarbon generation capacity 
during thermal maturation, making this a key area for future research.
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