
lable at ScienceDirect

Petroleum Science 21 (2024) 3001e3015
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Characteristics, preservation mechanisms, and significance of
aragonite in lacustrine shale: A case study from the Jiyang Depression,
Bohai Bay Basin

Zhou-Hai Xiong a, b, *, Ying-Chang Cao b, c, Song Xue d, Guan-Min Wang b, c, **,
Chao Liang b, Ke-Yu Liu b, c

a School of Earth Science and Engineering, Xi'an Shiyou University, Xi'an, 710065, Shaanxi, China
b State Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao, 266580, Shandong, China
c Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science and Technology, Qingdao, 266071, Shandong, China
d Exploration and Development Research Institute, Jilin Oilfield Company, PetroChina, Songyuan, 138000, Jilin, China
a r t i c l e i n f o

Article history:
Received 13 November 2023
Received in revised form
19 March 2024
Accepted 23 May 2024
Available online 24 May 2024

Edited by Jie Hao and Meng-Jiao Zhou

Keywords:
Fine-grained sedimentary rocks
Shale oil
Aragonite
Sedimentation
Diagenesis
* Corresponding author. School of Earth Science a
University, Xi'an, 710065, Shaanxi, China.
** Corresponding author. State Key Laboratory of D
versity of Petroleum (East China), Qingdao, 266580, S

E-mail addresses: xiongzhouhai@126.com (Z.-H.
(G.-M. Wang).

https://doi.org/10.1016/j.petsci.2024.05.019
1995-8226/© 2024 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Aragonite is a metastable mineral, which is easily transformed into calcite, and generally difficult to
preserve in the stratum. However, large amounts of aragonites were found in the Paleogene shale of the
Jiyang Depression. The characteristics and preservation mechanisms of these aragonites were analyzed
through a series of analytical methods, including cathodoluminescence, field-emission scanning electron
microscopy (FESEM), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), micro-
area carbon and oxygen isotopes, Sr isotopes, and dissolution simulation experiments under high tem-
perature and high pressure. The research results show that: ①Aragonite in the Paleogene shale of the
Jiyang Depression is related to algal microbial fossils, primarily composed of coccoliths and characterized
by two emission peaks at 420 nm and 480 nm in cathodoluminescence; ②The primary factor allowing
biological aragonite to be preserved is the immaturity of the organic matter and the deficiency of
abundant organic acids necessary for its dissolution or transformation, which is confirmed by the evi-
dence of organic matter maturity and simulation experiments of organic acid dissolution on aragonite
under high-temperature and high-pressure conditions. Additional factors that may aid in the preser-
vation of aragonite are the ideal sedimentation conditions, the defense of organic coating, and the
enclosed environment with tiny pores, low porosity, and low permeability; ③These aragonite-rich
shales, characterized by coccolithophores, provide a solid evidence for seawater intrusion into terres-
trial lake basin, and have a significant implication for the source and storage of shale oil.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Aragonite, a metastable mineral, is easily transformed into
calcite or dissolved after precipitation (Brachert and Dullo, 2000;
James et al., 2005; Dix and Nelson, 2006; Burdige et al., 2010; Drupp
et al., 2016; Martín-García et al., 2019; Livermore et al., 2020;
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Nguyen et al., 2021; He et al., 2021; Reuning et al., 2022). Conse-
quently, reports of aragonite are more frequent in sediments with
shallow burial and less common in deeply buried shales (Munnecke
et al., 2023). Specific conditions are required for aragonite to pre-
cipitate and be preserved under natural conditions, but these
conditions vary significantly depending on the type of aragonite,
which is also why the origin of aragonite has always been a subject
of considerable controversy.

As for sedimentation, aragonite includes biological and abiotic
precipitation (Jones, 2017). Most biogenic aragonites are directly
related to biological skeletons (Perrin, 2004; Meibom et al., 2007;
Cuif et al., 2008). For example, coral skeletons are composed of
aragonites (Meibom et al., 2007). Inorganic aragonite is related to
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xiongzhouhai@126.com
mailto:wguanmin@sina.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2024.05.019&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2024.05.019
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2024.05.019
https://doi.org/10.1016/j.petsci.2024.05.019


Z.-H. Xiong, Y.-C. Cao, S. Xue et al. Petroleum Science 21 (2024) 3001e3015
the type of ion component and concentration, temperature, and pH
value (Wassenburg et al., 2012; Ma et al., 2017; Shiraishi et al.,
2020; Christensen et al., 2021; Ben Dor et al., 2021). According to
Riccioni et al. (1996), the formation of inorganic aragonite in lakes
located in rift basins is influenced by seasonal variations. Specif-
ically, (1) during humid periods, the deep lake becomes more
enriched with organic matter, resulting in the formation of shale
laminae rich in organic matter; (2) during dry periods, the lacus-
trine basin's water level decreases, causing the lake water to
become salinized, which encourages the formation of evaporites
and sulfate layers; and (3) re-entering a humid period, fresh lake
water is injected, entering the bottom evaporites and sulfate layers
through diffusion and filtration, along with the release of large
amounts of CO2 from the biodegradation of organic matter, pro-
moting aragonite precipitation. Aragonite deposition is signifi-
cantly influenced by temperature. Previous studies have indicated
that, regardless of saturation level, aragonite precipitation rates at
5 �C are almost identical to those of calcite; nevertheless, at both
25 �C and 37 �C, aragonite precipitation rates are significantly faster
than those of calcite (Burton and Walter, 1987). Many studies have
shown that high salinity, Mg/Ca ratio and pH are conducive to the
precipitation of aragonite (Wassenburg et al., 2012; Ma et al., 2017;
Shiraishi et al., 2020). Inmost Ordovicianmarine settings, aragonite
will be in a stable phase when thewater temperature is between 21
and 23 �C and theMg/Ca ratio is between 2.8 and 3.0 (Balthasar and
Cusack, 2015; James et al., 2020). Bots et al. (2011) also found that a
higher Mg/Ca ratio coupled with higher SO4 content is more
conducive to aragonite precipitation. However, some studies have
found that Mg is not easily incorporated into the aragonite lattice,
and the Mg content in water has little effect on the precipitation
rate of aragonite (De Choudens-S�anchez and Gonz�alez, 2009). As a
result, some researchers have also discovered that aragonite can
precipitate in cases whenMg/Ca is less than 0.01 (Christensen et al.,
2021). In addition, the production of aragonite in lacustrine basins
is also controlled by climate and exhibits millennial-scale oscilla-
tions. Lower lake levels favor aragonite precipitation from super-
saturated waters. Prolonged periods of stratification and,
consequently, enhanced sulfate reduction favor aragonite preser-
vation (Roeser et al., 2016).

As for the diagenesis, the thermodynamic stability of aragonite
in near-surface environments (syndiagenetic stage) is lower than
that of Mg-low calcite, leading to spontaneous transformation of
aragonite to Mg-low calcite (He et al., 2020). Microbial activity,
temperature, pressure, pH, and the types and concentration of ions
in diagenetic fluids are the primary factors influencing the disso-
lution, precipitation, and preservation of aragonite during burial
(Roeser et al., 2016; Facq et al., 2016; Smrzka et al., 2019; Zwicker
et al., 2018; Guo et al., 2019; Pederson et al., 2020). During
shallow burial, the dissolution of aragonite is mainly caused by
aerobic respiration in the oxygen zone, nitrate reduction in the
suboxic zone, bacterial sulfide degradation and methanogenesis in
the anoxic zone (Froelich et al., 1979; Berner, 1981; Jørgensen and
Kasten, 2006; Su et al., 2020; Munnecke et al., 2023). Addition-
ally, organic matter content (Sanders, 2003; Bradbury and Turchyn,
2019), salinity (Dijkstra et al., 2017), oxygen supply (Munnecke
et al., 2023), and the degree of laminar lithification (Nohl et al.,
2020) all indirectly affect the dissolution of aragonite. Research
has shown that the carbonate fluid produced by the dissolution in
bacterial action zones can diffuse or seep into the upper part of the
anaerobic zone and precipitate due to increased alkalinity (Wright
and Cherns, 2016). The anaerobic methane oxidation zone, located
between the sulfide degradation zone and the methane production
zone, has a thickness of 10e50 cm (Reeburgh, 1983). This zone's
d13C is not very light because the precipitated calcite mostly results
from aragonite dissolution rather than methane oxidation as the
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dominant source (Raiswell and Fisher, 2000; Bradbury and
Turchyn, 2019). This is also the reason why many marine lime-
stones have heavier d13C values (Bottrell and Raiswell, 1989).
Moreover, the aragonite derived from the transformation of
aragonite often has some unique characteristics. Generally, there is
only a small amount of magnesium in the aragonite lattice. The
dissolution of aragonite reduces the Mg/Ca ratio in pore water, and
the precipitated calcite is mainly Mg-low calcite (Melim et al.,
2002; Swart, 2015). This also explains why seawater has a high
Mg/Ca ratio, while pore water in sediments lacks low-Mg/Ca ratio
(Munnecke et al., 1997). During the diagenetic evolution of arago-
nite, 44Ca is relatively depleted while 26Mg is relatively enriched
(Gussone et al., 2005; Higgins et al., 2018). Furthermore, during the
transformation of aragonite to calcite, the released Sr from arago-
nite dissolution does not easily enter the calcite lattice but diffuses
together with incompatible elements (such as V and Th) (Nohl
et al., 2021).

To summarize, aragonite's deposition, diagenesis, or transition
into calcite is a rather complicated process, particularly requiring
specific diagenetic and sedimentary environments for its dissolu-
tion, precipitation, and preservation.

Large amounts of aragonites were found in the Paleogene shale
of the Jiyang Depression. The Jiyang Depression, located in Shan-
dong Province, China, belongs to a secondary tectonic unit of the
Bohai Bay Basin (Wu et al., 2003; Qiu et al., 2006), including the
Dongying, Huimin, Zhanhua and Chezhen Sags (Fig. 1). The Paleo-
gene strata in the Jiyang Depression is composed of the Kongdian
(Ek), Shahejie (Es) and Dongying Formations (Ed), of which the Es is
further divided into 4 sub members (Es1, Es2, Es3 and Es4). The Ek
and the lower Es4 (Es4x) are primarily alluvial fan deposits, the Es1,
Es3 and the upper Es4 (Es4s) are lacustrine deposits, primarily
mudstone, which are the primary source rocks in the Jiyang
Depression, the Es2 is primarily fluvial and delta deposits, and the
Ed is mainly lacustrine and alluvial fan deposits (Chen et al., 2016;
Zhang et al., 2016; Liang et al., 2018). As shown in Table 1, aragonite
predominantly occurs in the Es1 formation, with occasional oc-
currences in the mud shale of the lower Es2 (Es2x), Ed3, and upper
Es3 (Es3s) formations. Why aragonites can be preserved in the
formation for a long time, and what are the conditions for their
transformation into calcite, are very worth considering. Therefore,
we have analyzed the petrological, mineralogical and geochemical
characteristics of these aragonites by using a variety of analytical
techniques and methods, to reveal and understand the formation
and preservation mechanisms of shale aragonites, as well as the
significance in geology.

2. Samples and methodology

The samples for this study were primarily collected from the
Dongying, Zhanhua, and Huimin Sags, as shown in Table 1. The
aragonite-rich strata in the Dongying Sag are Es1, Es3s, and Ed3.
These strata have burial depths of typically less than 2600m and an
aragonite concentration of between 25% and 40%. In the Huimin
Sag, the aragonite-rich strata, Es1 and Ed3, are often found at burial
depths of less than 2400 m, with concentrations varying from 30%
to 65%. The Zhanhua Sag's aragonite-rich strata, Es1 and Es2x, have
an aragonite concentration of 15%e60% and are often found at
burial depths of less than 3300m. To explore the characteristics and
preservation mechanisms of aragonite, we selected a core from the
Y51 well at a depth of 2672 m in the Es1 stratum (with a high
aragonite content of up to 60%) as a representative sample for
further analysis.

Various analytical techniques such as thin-section, cath-
odoluminescence (CL), X-ray diffraction (XRD), X-ray fluorescence
(XRF), vitrinite reflectance, field-emission scanning electron



Fig. 1. Location map of the Jiyang Depression.

Table 1
Mineral composition characteristics of aragonite-rich fine-grained sedimentary rocks in the Jiyang Depression.

Region Well Member Depth Aragonite, wt% Quartz, wt% Feldspar, wt% Calcite, wt% Dolomite, wt% Pyrite, wt% Clay mineral, wt%

Zhanhua Sag L63 Es1 2284.50 28 26 1 8 6 3 28
Y21 Es1 2755.40 29 36 9 7 5 0 14

2764.00 49 18 4 10 5 0 14
2764.04 49 18 4 10 5 1 13
2764.94 30 31 5 9 14 0 11
2768.70 15 17 4 48 3 0 13
2769.00 30 19 3 33 6 0 9

Y51 Es1 2650.00 10 24 3 3 25 2 33
2672.00 60 13 2 3 3 3 16
2681.60 36 20 4 18 9 0 13

Y60 Es1 3014.97 36 26 6 9 5 1 17
3015.90 40 27 3 6 3 1 20
3016.57 43 23 2 5 5 2 20
3323.45 32 32 4 8 4 0 20

YD341 Es1 3220.10 12 23 4 42 3 1 15
3221.60 15 30 3 15 2 3 32

XBS1 Es2x 2910.50 10 13 5 5 37 10 20

Huimin Sag L27-1 Es1 2411.30 30 9 5 11 10 5 30
2412.80 30 17 8 12 8 3 22

S20-2 Es1 1501.55 50 7 3 13 1 4 22
1501.89 50 10 4 10 3 2 21
1503.30 60 11 5 9 2 1 12
1503.30 65 10 5 10 2 1 7
1520.90 30 14 5 16 4 5 26

X19 Ed3 1810.10 15 5 35 5 6 4 30

Dongying Sag C23 Es1 1524.10 40 18 6 7 4 3 22
1525.50 30 15 4 12 2 8 29
1526.90 25 11 9 4 12 14 25
1526.90 25 15 17 13 2 10 18

D651 Es3s 2407.30 15 13 10 12 16 9 25
2407.65 25 7 7 18 12 11 20
2407.80 22 15 8 13 18 9 15

G1 Ed3 2631.70 15 16 8 13 13 10 25
2632.10 25 15 13 15 10 7 15

Z.-H. Xiong, Y.-C. Cao, S. Xue et al. Petroleum Science 21 (2024) 3001e3015
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Fig. 2. The spectrum of XRD diffraction from the aragonite-rich shale (Y51-2672 m).
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microscopy and cathodoluminescence (FESEM-CL), electron probe,
LA-ICP-MS, and micro-area C, O and Sr isotope were used in the
research. Based on XRD analysis, the core Y51-2672 m with high
aragonite content was selected as the research object for XRF,
FESEM, LA-ICP-MS and C, O, Sr isotope analysis.

FESEM-CL analysis, conducted at the State Key Laboratory of
Deep Oil and Gas, China University of Petroleum (East China), was
carried out by a combination of field emission scanning electron
microscopy (FESEM) and cathodoluminescence (CL) system.

LA-ICP-MS analysis, involving a total of a total of 15 points, was
conducted at the State Key Laboratory of Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences. The anal-
ysis employed a combination of laser ablation system (GeoLasPro
193 nm ArF (Argon Fluoride) excimer laser) and ICP-MS instrument
(Agilent 7900). During the laser ablation process, helium gas served
as the carrier gas, argon gas functioned as the compensation gas,
and a small amount of nitrogen gas was added to enhance sensi-
tivity. These gases were mixed through a T-shaped joint before
entering the ICP. The laser operated at a frequency of 7 Hz, an en-
ergy density of 4e5 J/cm2, and a beam spot size of 32 mm. Prior to
testing, the ICP-MS performance was optimized using Standard
Reference Material (SRM) 610 to achieve optimal sensitivity and
ionization efficiency (U/Th z 1), minimize oxide yield (ThO/
Th < 0.3 %), and maintain a low background level. Each collection
cycle consisted of approximately 20 s of blank signal followed by
50 s of sample signal. For every 10e15 samples, NIST SRM 610
(National Institute of Standards and Technology Standard Reference
Material) was analyzed twice, NIST SRM 612 was analyzed once,
and after the test points, NIST SRM 612 was analyzed once again
followed by 2 analyses of NIST SRM 610 (i.e., 2 NIST SRM 610 þ 1
NIST SRM 612 þ 10e15 test pointsþ1 NIST SRM 612 þ 2 NIST SRM
610). Sensitivity shift correction was performed using NIST 610 for
analysis, while NIST 612 served as the external standard, and cal-
cium (Ca) was used as the internal standard to correct the content
of other elements. During data detection, carbonate powder
compression MACS-3 (Multi-Analyte Control Set) was employed to
monitor data quality. The analysis aimed for an accuracy of most
elements in the results better than 10%. Recommended values for
element content in calibration materials and quality control sam-
ples were based on the GeoReM database (http://georem.mpch-
mainz.gwdg.de/). Data processing was conducted offline using the
ICPMSDataCal software.

Micro-area carbon and oxygen isotope analysis, involving a total
of 7 points, was conducted at the State Key Laboratory of Deep Oil
and Gas, China University of Petroleum (East China). The samples
were obtained via microdrilling under a microscope, and analyzed
using an instrument of Finnigan Mass Analyzer Technology (MAT)
253. The powder samples were reacted in anhydrous phosphoric
acid in sealed tubes at a constant temperature of 72 �C for 2 h. The
collected CO2 was used for isotope analysis by the stable isotope
ratiomass spectrometry (IRMS), and the ions withmass fractions of
44, 45 and 46 were collected by three receivers respectively. A
phosphoric acid fractionation factor of 1.00986 for dolomites
(Rosenbaum and Sheppard, 1986) was adopted to calculate the
isotopic values. Results are expressed in the usual d notation in ‰
relative to V-PDB (Vienna-Pee Dee Belemnite) standard for both
d13C and d18O. The data is calibrated using a set of internationally
recognized reference standards NBS-18 (National Bureau of Stan-
dards 18) and IAEA-603 (International Atomic Energy Agency 603),
and the standard deviations of d13C and d18O for the NBS-18 are
0.035 ‰ and 0.1 ‰, while 0.01 ‰ and 0.04 ‰ for the IAEA-603,
respectively. The precision and accuracy of the isotopic measure-
ments are estimated to be better than 0.1 ‰.

Micro-area Sr isotope analysis, with a total of 10 points, was
conducted on a Nu Plasma III MC-ICP-MS (Nu Instruments) that was
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attached to a Resolution-155 ArF193-nm laser ablation system
(Australian Scientific Instruments) at State Key laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy
of Sciences. Dolomite was ablated in a mixture of helium (350 ml/
min) and nitrogen (2 ml/min) atmosphere using the following
parameters: 30 s baseline time, 40 s ablation time, 64 mm spot size,
6 Hz repetition rate and 4 J/cm2 energy density. The analytical and
interference correction protocol follows the method described in
Ramos et al. (2004) and was fully addressed in Gao and Zhou
(2013). Two in-house standards consisting of a modern-day coral
(MC) every five samples and a Calcite (BC) every ten unknown
samples were treated as quality control. The values of Modern Coral
(MC) and Calcite (BC) is 0.709172 (Hodell et al., 1990) and 0.707920
respectively.

Furthermore, to explore the evolution characteristics of arago-
nite during burial diagenesis, this study also selected the aragonite-
rich Y51-2672 m core and the calcite-rich Y51e2665.1 m core for
high temperature and pressure dissolution experiments. The spe-
cific experimental steps are as follows: (1) Powder the two cores to
between 40 mesh (0.42 mm) and 60 mesh (0.25 mm) respectively;
(2) Wrap the powder sample with gauze, 10 g each, and put it into
the autoclave; (3) Combined with the concentration characteristics
of organic acids in the actual formation, 500 mL of 0.16 mol/L
medium solution is prepared with distilled water and acetic acid as
the solvent; (4) Dissolution experiments were performed under the
conditions of 80 �C and 16 MPa, 100 �C and 21 MPa, 120 �C and
26 MPa, and 160 �C and 32 MPa respectively, and the reaction time
was 24 h; (5) After the experiment, the ICP-MS equipment was used
to detect the Ca2þ concentration in the reacted residual liquid.
3. Aragonite characteristics

3.1. Petrological characteristics

Aragonite is widely developed in Paleogene shale of the Jiyang
Depression, especially the shale of Shahejie and Dongying Forma-
tions, as shown in Table 1. These aragonite-rich shales are mainly
composed of aragonite, quartz, feldspar, clay minerals, calcite,
dolomite, and pyrite. The content of aragonite varies greatly, from
0 to 65 wt%.

Y51-2672 m core, for instance, has an aragonite composition of
up to 60 wt%, as indicated by the XRD diffraction spectrum dis-
played in Fig. 2. On the core scale, both laminar and massive
aragonite-rich shales are developed, and the cathodoluminescence
is primarily gray and gray-black (Fig. 3(a)). Laminar and massive
structures also commonly be observed at a slice scale. Laminated
aragonite-rich shale is composed of clay laminae and aragonite
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Fig. 3. Algal fossils and their surrounding rock characteristics in fine-grained sedimentary rocks.
(a) Aragonite-rich shale core, Y51, 2672 m; (b) Calcium content distribution characteristics of aragonite-rich shale, slice XRF scanning image, Y51, 2672 m; (c) Cathodoluminescence
characteristics of aragonite-rich shale slice, Y51, 2672 m; (d) General characteristics of biological aragonite in massive shale, Y51, 2672 m; (e) Characteristics of individual algal fossil
in massive shale, Y51, 2672 m; (f) Characteristics of ellipsoidal biological aragonite in massive shale, Y51, 2672 m; (g) Corrosion characteristics of biological aragonite in massive
shale, Y51, 2672 m; (h) General characteristics of biological aragonite in laminar shale, Y51, 2672 m; (i) Microscopic characteristics of biological aragonite in laminar shale, Y51,
2672 m; (j) Characteristics of clay lamina in laminar shale, Y51, 2672 m; (k) Bioclastic characteristics in aragonite-rich shale, Y51, 2672 m; (l) Pyrite characteristics in aragonite-rich
shale, Y51, 2672 m. Ardaragonite; Ar-part Adaragonite in massive shale; Ar-part Bdaragonite in laminar shale; OMdorganic matter; Qdquartz; Dolddolomite; K-FddK-feldspar;
Pladplagioclase; PydPyrite.
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laminae, in which the aragonite laminae are composed of algal
microbial fossils (Fig. 3(i)), while the clay laminae are rich in K-
feldspar, plagioclase, quartz and dolomite (Fig. 3(j)). In massive
aragonite-rich shale, aragonite is mixed with clay minerals, and
bioclastic, quartz and pyrite are also developed in large quantities
(Fig. 3(k)e(l)). In addition, it is commonly observed an erosion
3005
surface between the laminar and massive sections (Fig. 3(b)e(c)).
3.2. Mineralogical characteristics

Most of the aragonites in massive shale are preserved as relative
intact algal fossils, especially the coccolithophores, including
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spherical, ellipsoid, and spindle shapes (Fig. 3(d)e(f)). The outer
part of coccolithophore is composed of coccolith ring and the inner
part is filled with organic matter or algae body. The coccoliths near
the organic matter are commonly observed to be corroded, and
dissolution pores are developed (Fig. 3(g)). Aragonite rarely exists
in the form of intact coccolithophores in laminar shale, but is
stacked with coccoliths (Fig. 3(h)). In addition, the pores between
the coccoliths are often filled by organic matter or algae body
(Fig. 3(i)). Just as the coccoliths in massive shale, dissolution fea-
tures within or between coccoliths in laminar shale are also
commonly observed, and dissolution pores are observed (Fig. 3(i)).

In general, the cathodoluminescence of aragonite is yellow, but
the cathodoluminescence of biological aragonite is dark-brown
color, as shown in Fig. 2(c). In the characteristics of the cath-
odoluminescence spectrum of scanning electron microscope, the
Fig. 4. Cathodoluminescence characteristics of aragonite and calcite. (a) Secondary electr
sponding to image (a). (c) The CL spectra corresponding to the red dot (aragonite) in images (
image of aragonite corresponding to image (d). (f) The CL spectra corresponding to the red do
CL image of calcite corresponding to image (g). (i) The CL spectra corresponding to the re
Ccdcalcite.
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excitation peak of aragonite is obviously different from that of
micritic calcite (Fig. 4). In thewavelength range of 250e800 nm, the
aragonite in the laminar and massive shale primarily has two
excitation peaks at 420 nm and 480 nm, and the main peak is
420 nm (Fig. 4(a)e(f)). Micritic calcite primarily has excitation
peaks at 370 nm and 630 nm, and the main peak is 370 nm
(Fig. 4(g)e(i)).
3.3. Geochemical characteristics

There are both similarities and differences in the geochemical
characteristics of laminar and massive aragonite-rich shale. As
shown in Fig. 5(a)e(b) and Table 2, the content of major elements
detected by the electron probe and LA-ICP-MS data shows that the
content of SiO2, Al2O, K2O, MgO, FeO, TiO2 and MnO in massive
onic image of biological aragonite in massive shale. (b) CL image of aragonite corre-
a) and (b). (d) Secondary electronic image of biological aragonite in laminar shale. (e) CL
t (aragonite) in images (d) and (e). (g) Secondary electronic image of micritic calcite. (h)
d dot (calcite) in images (g) and (h). Ardaragonite; OMdorganic matter; Qdquartz;



Fig. 5. Geochemical characteristics of laminar and massive aragonite.
(a) Distribution characteristics of major elements detected by electron probe microanalysis. (b) Distribution characteristics of major elements detected by LA-ICP-MS. (c) Distri-
bution characteristics of rare earth elements. (d) Distribution characteristics of trace elements.

Table 2
Major element characteristics of aragonite in massive shale (A) and laminar shale (B).

Number Na2O, % MgO, % Al2O3, % SiO2, % K2O, % CaO, % TiO2, % MnO, % FeO, % SrO, % BaO, %

A1 0.7140 1.0460 9.4684 15.2910 1.8107 24.1454 0.1220 0.0509 0.9584 0.4572 0.0889
A2 0.8310 1.2697 8.9835 17.9644 1.9512 20.3507 0.1894 0.0416 0.9980 0.3838 0.0755
A3 0.8079 1.0786 9.0608 16.7903 2.0219 22.2904 0.1476 0.0385 0.8273 0.4313 0.0819
A4 0.7595 1.4245 10.1792 18.1194 2.3961 18.9183 0.1820 0.0501 1.1957 0.3530 0.0709
A5 0.8370 1.2145 8.1566 15.8789 1.9731 23.9797 0.1563 0.0417 0.7600 0.4626 0.0914
A6 0.8741 1.3561 8.6473 16.5981 1.9933 22.5479 0.1590 0.0415 0.7775 0.3745 0.0792
A7 0.9449 1.5613 9.2182 16.7553 2.0577 21.3999 0.2192 0.0600 0.9967 0.3688 0.0804
A8 0.9821 1.2626 8.5265 15.3333 1.9237 24.2506 0.1428 0.0500 0.9860 0.4042 0.0816
A9 0.8963 1.2472 8.5008 17.3417 1.9631 21.5397 0.1264 0.0488 1.0244 0.3885 0.0800

B1 0.7836 0.3080 0.8335 1.2550 0.0000 51.0407 0.0038 0.0018 0.0393 0.9370 0.1869
B2 0.8656 0.2597 0.5049 0.9138 0.0570 51.4480 0.0095 0.0054 0.1703 1.0810 0.2146
B3 0.9150 0.3271 0.9560 1.8086 0.0923 49.8074 0.0017 0.0034 0.1983 1.0845 0.2067
B4 0.8596 0.3102 0.7806 1.2732 0.0552 50.8954 0.0013 0.0017 0.0334 1.0731 0.1810
B5 0.8787 0.3374 1.0712 1.8061 0.0819 49.9755 0.0029 0.0019 0.0438 1.0075 0.1685
B6 0.8392 0.2757 0.5988 1.1380 0.0622 51.3240 0.0032 0.0023 0.0286 0.9470 0.2048

Average for A 0.8496 1.2734 8.9713 16.6747 2.0101 22.1581 0.1605 0.0470 0.9471 0.4026 0.0811
Average for B 0.8569 0.3030 0.7908 1.3658 0.0581 50.7485 0.0037 0.0028 0.0856 1.0217 0.1938
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shale is higher than that of laminar shale, while the content of CaO,
Na2O, SrO, and BaO in laminar shale is close to or higher than that of
massive shale. In addition, the SrO content is well correlated with
the aragonite content (Fig. 6(a)).

As for the characteristics of rare earth elements, the content of
light rare earth elements in aragonite of massive and laminar shale
is higher than that of heavy rare earth elements, which is generally
Fig. 6. Sr content and Sr isotope
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characterized by a right dip (Fig. 5(c)); however, the content of light
rare earth elements in laminar shale is slightly higher than that in
massive shale, while the content of heavy rare earth elements is
just the opposite, much lower in the laminar shale than themassive
shale (Table 3 and Fig. 5(c)).

In terms of trace element characteristics, the variation trends of
trace element content characteristics of massive and laminar
characteristics of aragonite.



Table 3
Rare earth element characteristics of aragonite in massive shale (A) and laminar shale (B).

Number La, ppm Ce, ppm Pr,
ppm

Nd,
ppm

Sm,
ppm

Eu,
ppm

Gd,
ppm

Tb,
ppm

Dy,
ppm

Ho,
ppm

Er,
ppm

Tm,
ppm

Yb,
ppm

Lu,
ppm

A1 15.2789 34.6476 3.6322 14.8958 2.7005 0.5051 1.4369 0.2071 1.1640 0.2782 0.8511 0.1186 0.9255 0.1296
A2 16.2850 37.4600 4.1810 17.3044 2.9220 0.4703 1.6824 0.2539 1.7112 0.3760 1.0438 0.1484 1.0653 0.1673
A3 15.5428 34.0737 3.7253 15.9790 2.3359 0.5609 1.7657 0.2472 1.7383 0.2887 1.0367 0.1875 0.9215 0.1372
A4 13.7816 32.8866 3.7126 14.1511 2.7024 0.5704 1.7338 0.2151 1.3623 0.3040 0.8177 0.1288 0.9352 0.0858
A5 15.1159 38.0278 4.1874 16.7884 2.6471 0.5852 2.1930 0.2899 1.9037 0.4299 0.9755 0.1271 1.1845 0.1860
A6 15.3481 35.5194 3.7660 14.5066 2.5473 0.6123 1.9899 0.2711 1.5191 0.3788 0.8941 0.1511 0.8698 0.1359
A7 15.7280 33.7887 3.8081 15.2321 2.4712 0.5931 1.6774 0.3145 1.5528 0.3194 1.0464 0.1472 1.2004 0.1571
A8 15.8834 34.6735 3.9990 15.4505 2.8822 0.4337 1.8853 0.3005 1.6284 0.3188 0.9525 0.1276 0.8484 0.1241
A9 14.4632 32.9152 3.5303 15.3656 2.5425 0.6098 1.7081 0.3226 2.0760 0.3270 1.0840 0.1622 1.0866 0.1809

B1 15.9195 35.3742 4.2424 16.3041 1.6025 0.4380 0.8025 0.0723 0.6638 0.1168 0.4389 0.0721 0.8014 0.1033
B2 16.1053 39.7317 4.1661 18.5902 2.4523 0.4100 1.1111 0.1934 1.1799 0.2349 0.9271 0.1364 0.9109 0.1147
B3 17.5151 39.1271 4.3257 17.2797 2.0623 0.3878 1.1301 0.1558 0.9117 0.2332 0.7258 0.1370 0.9172 0.1409
B4 14.6411 37.4403 4.0819 15.1798 1.9373 0.4857 0.8407 0.1070 0.4843 0.1005 0.2878 0.0433 0.4712 0.0963
B5 12.9535 34.7910 3.3517 14.5736 1.5816 0.3125 0.8748 0.1163 0.6736 0.1598 0.4831 0.0563 0.5736 0.0679
B6 15.8704 37.2540 4.3817 15.1463 1.9812 0.3781 0.8378 0.1172 0.7910 0.1420 0.4483 0.0706 0.7141 0.0769

Average for A 15.2697 34.8881 3.8380 15.5193 2.6390 0.5490 1.7858 0.2691 1.6284 0.3356 0.9669 0.1443 1.0041 0.1449
Average for B 15.5008 37.2864 4.0916 16.1789 1.9362 0.4020 0.9328 0.1270 0.7841 0.1645 0.5518 0.0859 0.7314 0.1000

CI carbonaceous chondrite (McDonough and
Sun,1995)

0.2370 0.6130 0.0928 0.4570 0.1480 0.0563 0.1990 0.0361 0.2460 0.0546 0.1600 0.0247 0.1610 0.0246
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aragonite are basically the same (Fig. 5(d)). Except for Ga, the
content of each trace element in the massive aragonite is much
higher than that in the laminar aragonite (Table 4 and Fig. 5(d)).

Regarding the isotopic characteristics, 87Sr/86Sr generally ranges
from 0.710896 to 0.711100 (Fig. 6(b)). The ratio of 87Sr/86Sr in
massive aragonite is slightly higher than that in laminar aragonite
(Fig. 6(b)). d13C of the aragonite is between 5.96‰ and 6.36‰, and
d18O is between �6.25 ‰ and �5.74 ‰, both of which are much
higher than that in calcite obtained from the same target interval
(Fig. 7).
4. Preservation mechanisms of aragonite

4.1. Favorable diagenetic conditions

Aragonite belongs to the orthorhombic system and theoretically
has its own morphology (Pokroy et al., 2006; Oganov et al., 2006;
Miyake and Kawano, 2010). However, the morphological charac-
teristics and cathodoluminescence characteristics of aragonite in
the shale show that aragonite belongs to biological origin and is
composed of algal microbial fossils (Fig. 3(d)e(i)). Regardless of
whether it is biogenic or inorganic, existing studies have shown
that the thermodynamic stability of aragonite in near-surface en-
vironments (syndiagenetic stage) is lower than that of low-
magnesium calcite, leading to the spontaneous transformation of
aragonite into low-magnesium calcite (He et al., 2020). During
shallow burial, the dissolution of aragonite is mainly caused by
aerobic respiration in the oxygen zone, nitrate reduction in the
suboxic zone, bacterial sulfide degradation, and methanogenesis in
the anoxic zone (Froelich et al., 1979; Berner, 1981; Jørgensen and
Kasten, 2006; Su et al., 2020; Munnecke et al., 2023). Addition-
ally, organic matter content (Sanders, 2003; Bradbury and Turchyn,
2019), salinity (Dijkstra et al., 2017), oxygen supply (Munnecke
et al., 2023), and the degree of lithification of laminae (Nohl et al.,
2020) all indirectly affect the dissolution of aragonite. Our obser-
vation further found that shales rich in aragonite develop large
amounts of framboidal pyrite (Fig. 3(k)e(l)), suggesting that the
bacterial sulfate reduction process is also very active during shallow
burial diagenesis. Furthermore, the algal microbial fossils are
originally rich in a large amount of organic matter, but why is the
aragonite only partially or hardly dissolved (Fig. 3(d))? In fact, the
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dissolution, precipitation, and preservation of aragonite during
burial are primary related to microbial activity, temperature,
pressure, pH, and the ion types and concentrations of diagenetic
fluids (Roeser et al., 2016; Facq et al., 2016; Smrzka et al., 2019;
Zwicker et al., 2018; Pederson et al., 2020; Guo et al., 2019).

It is evident from several well sections of the rich aragonite shale
in the research region that the aragonite content is higher when the
burial depth of the aragonite-rich shale is less than 3000 m,
particularly when it is less than 2500 m (Fig. 10). In fact, when the
burial depth of the Jiyang Depression is less than 2500 m, the Ro is
less than 0.5 % (Fig. 10). This stage belongs to the early diagenetic
period, the ground temperature is generally less than 70 �C (Potter
et al., 2005; Milliken and Olson, 2017; Milliken et al., 2012, 2021).
Therefore, aragonite has not been dissolved because of the low
temperature, immature organic materials, and absence of organic
acid in the formation.

This viewpoint can be further confirmed by the simulation
experiment of aragonite dissolution under high temperature and
pressure. The amount of aragonite dissolved rises with the con-
centration of organic acids (Fig. 8(a)), suggesting that aragonite will
dissolve quickly once organic acids are present in the formation. In
addition, the Ca2þ ion concentration of the aragonite-rich samples
in the residual solution of each group of experiments was higher
than that of the calcite-rich samples, which shows that aragonite is
more likely to dissolve than calcite under the same conditions of
temperature, pressure and acid concentration, and further reveals
that aragonitewould be easily dissolved or transformed to calcite as
soon as the organic film (like human teeth) in macroalgal fossils is
destroyed (Hall et al., 1967; Rousseau et al., 2005). In sample Y51-
2672 m, the algal fossils in the massive area are relatively well-
preserved (Fig. 3(d)), and the internal organic membrane should
be intact. Although the fossils in the layered area are somewhat
dispersed, they still retain the form of coccoliths (Fig. 3(i)). This
suggests that the organic membrane may also not have been
damaged, which is conducive to the preservation of aragonite.

It can also be seen from the envelope characteristics of aragonite
content in Fig. 10 that when the burial depth is below 2500 m, the
aragonite content decreases sharply, and when the burial depth is
about 3500 m, the aragonite content is close to 0 wt%. In fact, when
the burial depth in the study area is greater than 2500m, the Ro also
exceeds 0.5 %, and the organic matter enters the mature stage. The
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Fig. 7. Micro-area carbon-oxygen isotopic characteristics of aragonite and calcite.
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presence of organic acids leads to the dissolution of aragonite,
resulting in a decrease in the content. In addition, the increase of
temperature also aggravated the damage to the organic film
wrapped around aragonite, further promoting the dissolution of
aragonite by organic acid. When the burial depth reaches 3500 m,
the Ro is close to 0.8 %, the organic matter enters the peak period of
hydrocarbon generation, and a large amount of organic acid is
released, so the aragonite is dissolved and disappeared. In view of
the above, low temperature and lack of organic acid are important
reasons for the preservation of aragonite in shale during diagenesis.
In addition, the calcite content shows a significant upward trend
after entering the hydrocarbon generation threshold (Fig. 10),
which further illustrates the transformation of aragonite to calcite
in a relatively closed shale diagenetic system is an important source
of increased calcite content. Of course, the clay minerals in the
study area are mainly composed of I/S mixed layer and illite
(Fig. 10). A large amount of calcium ions is also released during the
illiteization of smectite, which is also an important mechanism for
the increase of calcite content (Boles and Stephen,1979; Bethke and
Altaner, 1986; Rask et al., 1997; Robinson et al., 2002; Beaufort et al.,
2015; Xiong et al., 2022).

Furthermore, there might be additional factors influencing
aragonite preservation. Shale is characterized by tiny pores, low
porosity, poor permeability, and tight texture. Additionally, each
shale strata sequence (e.g., Es1, Es3 and Es4) exhibits considerable
thickness (with a maximum exceeding 1 km) (Liu and Xia, 2007).
This creates challenges for external diagenetic fluids to penetrate
the pore system of shale (Jarvie, 2012), thereby allowing aragonite
to be preserved.
4.2. Favorable sedimentary conditions

The deposition of aragonite is closely related to the ion
composition, ion concentration, temperature, and pH of the water
(Ben Dor et al., 2021; Ma et al., 2017; Wassenburg et al., 2012;
Shiraishi et al., 2020; Christensen et al., 2021). Previous studies
have shown that higher salinity, Mg/Ca ratio, and pH are favorable
for the deposition and preservation of aragonite (Wassenburg et al.,
2012; Ma et al., 2017; Shiraishi et al., 2020). From the geochemical
characteristics of the research area (Fig. 10), during the periods
from upper Es4, lower Es3 to Es1 of the Shahejie Formation,
although there are differences in the paleoclimatic environments of
each period, these periods generally exhibit a warm and humid
climate (Mg/Ca ratio ranging from 0 to 1 indicating a humid
climate, as shown in Fig. 10) (Liu and Zhou, 2007; Shi et al., 2018,



Fig. 8. Simulation experiment on the dissolution of aragonite under high temperature and pressure. (a) The relationship between organic acid concentration and aragonite
dissolution. (b) The concentration of calcium ions released from the simulation experiments of aragonite and calcite dissolution under different temperature and pressure
conditions.
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2020, 2021), and the water is alkaline (Zhu et al., 2022), which is
very conducive to the development of aragonite. Especially during
warm climatic periods, algae flourish, laying the foundation for the
abundant production of biogenic aragonite (Warren, 2010). While
Mg is readily integrated into the calcite crystal lattice, it is not as
easily incorporated into the aragonite crystal lattice (Melim et al.,
2002; Swart, 2015). High Mg/Ca ratios and low supersaturation
thus have no effect on the rate of precipitation of aragonite, but
they significantly decrease or prevent the precipitation of calcite
(De Choudens-S�anchez and Gonz�alez, 2009). During the periods
from upper Es4, lower Es3 to Es1 of the Shahejie Formation,
although there are differences in the water salinity and Mg/Ca ratio
between different periods, these periods generally exhibit higher
salinity (Sr/Ba greater than 1 indicating a saline environment, as
shown in Fig. 10) (Liu and Zhou, 2007; Peng et al., 2021) and higher
Mg/Ca ratios (Khan et al., 2023) in the sedimentary environment,
which provides necessary conditions for the precipitation of
aragonite.

Furthermore, deep water condition and hypoxic environment
are important factors for the preservation of algal organisms after
deposition, thereby promoting the non-dissolution or non-
transformation of calcite (Kelts, 1988; Makeen et al., 2015). The
Fe/Mn ratio reflects the ancient water depth, with Fe typically
depositing in nearshore environments; a high Fe content indicates
relatively shallow water. In contrast, the more stable Mn element
has a slower deposition rate and can migrate over long distances to
basins far from the shore, meaning that a higher Mn content sig-
nifies greater water depth during sediment deposition (Chen et al.,
2008). An Fe/Mn ratio greater than 100 is considered to indicate a
shallow lake environment, a ratio of 60e100 indicates a semi-deep
lake, and a ratio less than 60 indicates a deep lake environment
(Wang et al., 2013). From Fig. 9(a), it can be observed that the Fe/Mn
values in the aragonite-rich massive and laminated shales are
generally less than 60, especially the Fe/Mn ratio in the aragonite-
rich massive shale is lower, only about 20, indicating that the
sedimentary environment of rich algal shale belongs to a deep lake
environment. Additionally, (Fe þ Al)/(CaþMg) is also an important
indicator for reflecting the depth of the water. Both Fe and Al have
higher concentrations in terrestrial clastic rocks, decreasing in
mudstones as carbonate minerals accumulate, while Ca and Mg are
primarily associated with carbonate rocks (Zhang et al., 2003). The
(Fe þ Al)/(Ca þ Mg) ratio greater than 1 corresponds to a shallow
lake environment, a ratio of 1e0.5 indicates a semi-deep lake
environment, and a ratio less than 0.5 represents to a deep lake
environment (Wang et al., 2013). From a statistical analysis
(Fig. 9(A)), (Fe þ Al)/(Ca þ Mg) ratio in the aragonite-rich massive
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and laminated shales less than 0.5 further confirms that the sedi-
mentation of rich algal shale occurred in a deep lake environment.

V/(V þ Ni) and Ni/Co have been widely used to indicate the
degree of oxidation-reduction in ancient lake waters (Jones and
Manning, 1994). Strong reducing environments, such sulfidic con-
ditions, can cause V to precipitate as V(OH)3 or V2O3, or it can
change into a þ3 valence state and be absorbed by nearby por-
phyrins (Wanty and Goldhaber, 1992). Ni penetrates the pyrite
crystal lattice as insoluble NiS in strong reducing conditions, where
it fixes itself in sediments (Morse and Luther Iii, 1999). In reducing
sedimentary conditions, nickel (Ni) can occasionally infiltrate sed-
iments with organic matter and be stored as Ni-porphyrins
(Grosjean et al., 2004). Ni's migratory capacity declines more
quickly in stronger reducing environments than in Co., which
makes it more susceptible to adsorption and deposition (Chang
et al., 2009). Sedimentary habitats with V/(V þ Ni) > 0.54 imply
anaerobic conditions, those with 0.45e0.60 indicate suboxic con-
ditions, while those with <0.45 indicate oxygen-rich conditions.
Generally, a Ni/Co ratio greater than 1.8 suggests a reducing envi-
ronment. The analysis indicates that V/(V þ Ni) values in the
aragonite-rich massive and laminated shales are generally greater
than 5 (Fig. 9(b)). Ni/Co values in the aragonite-rich massive and
laminated shales mostly range from 2 to 10, with a maximumvalue
of 39 (Fig. 9(b)), indicating a relatively strong reducing nature of the
water during aragonite-rich shale deposition.
5. Geological significance

5.1. Indicating specific sedimentary environment

Most of these aragonites are dominated by algal microbial fos-
sils, especially coccolithophores. In general, coccolithophores
belong to marine organisms (Aksu et al., 2002; Steiner et al., 2019),
but the target formation in the study area belongs to terrestrial
basins, so why do marine organisms to be produced?

This question is further resolved by the analysis of geochemical
indicators. The Sr/Ba ratio is an important indicator to determine
paleosalinity. Strontium has a stronger migration ability than
barium. In freshwater lake, the water medium is relatively acidic,
the salinity is very low, and the sulfate ion content is low, so both
strontium and barium are retained with the form of bicarbonate in
the lake water. When the lake water becomes salty and the salinity
increases, the barium is first precipitated in the form of barium
sulfate, while the strontium is only precipitated when the lake
water or seawater is concentrated to a certain extent. It is generally
believed that the Sr/Ba ratio of salty (marine) watermedia is greater



Fig. 9. Characteristics of paleoenvironmental parameters of aragonite-rich shale deposits.
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than 1, while the Sr/Ba ratio of freshwater media is less than 1
(Song, 2005; Chen et al., 2008; Wang et al., 2020). The analysis
shows that the Sr/Ba ratio the aragonite-rich massive and lami-
nated shales is between 4 and 6 (Fig. 9(c)), indicating that the
sedimentary environment is saline (Marine) water medium. In
addition, the Z value calculated by combining carbon and oxygen
isotope values is also an important indicator to judge the marine
and continental sedimentary environment (Keith and Weber,
1964), as shown in Eq. (1).

Z ¼ a (d13C þ 50) þ b (d18O þ 50) (1)

The values of parameters a and b are 2.048 and 0.898, respec-
tively. Generally, a Z value greater than 120 is a marine environ-
ment, and less than 120 is a terrestrial environment (Keith and
Weber, 1964). From the micro-area carbon and oxygen isotopic
values of the shale aragonite, the average value of d13C is about 6‰,
and the average value of d18O is about�6‰ (Fig. 7), so the Z value is
calculated to be about 136, which further indicates that the depo-
sitional environment of aragonite is seawater environment.

In summary, the depositional environment of these aragonites
should belong to an abnormal terrestrial environment, i.e., in the
case of a terrestrial environment, the basin communicated with
seawater intermittently, and some wide salinity plankton invaded
the lake. In addition, 87Sr/87Sr, carbon and oxygen isotope values,
and some element contents or ratios are important indicators of
paleoclimate (Marais et al., 1992; Song, 2005; Song et al., 2007;
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Fruchter et al., 2016; Hermoso et al., 2016; Jia et al., 2017; Phan
et al., 2018). For example, the 87Sr/86Sr value in the aragonite is
relatively high (ranging from 0.710896 to 0.711100), while the
average value of 87Sr/86Sr in the shale series of the Jiyang Depres-
sion is only about 0.710492 (Liu, 2019); The ratios of Na/Al and Mg/
Ca are large (Fig. 9(d)), all of which indicate that the environment at
that time was a warm and humid climate to allow the survival and
reproduction of these invading plankton, resulting in the mixing of
marine organisms in the lacustrine biota species, which has also
been confirmed in previous studies (Zhong et al., 1988; Liu and Xu,
2000; 2001; Gong et al., 2019).

5.2. Source and storage space of shale oil

The importance of planktonic algae to lacustrine shale oil gen-
eration has been widely recognized (Wu et al., 1998; Liu and Xu,
2000; Wang et al., 2017a). It can be observed from the scanning
electron microscope images that the coccolithophores are rich in
large amounts of organic matter (Fig. 3(d)e(f)). When the burial
depth reaches the hydrocarbon generation threshold, the thermal
evolution of these organic matters is the direct source of shale oil.
Wu et al. (1998) conducted a thermal simulation hydrocarbon
generation experiment on Emiliania huxleyi of modern coccolitho-
phores, and the results showed that the amount of “chloroform
pitch A00 , saturated hydrocarbons and aromatic hydrocarbons pro-
duced by pyrolysis at 300 �C was the highest, and the saturated
hydrocarbon yield reach 2.8% of the dry cell weight, which was



Fig. 10. Diagenetic evolution characteristics of the Paleogene shale aragonite in the Jiyang Depression. Note: Thermal evolution characteristics of organic matter were modified from
Tissot et al. (1974); Acid concentration changes was modified from Xiong et al. (2024). RodVitrinite reflectance; BI þ HC þ N, S, OdInherited bitumen þ hydrocarbons þ nitrogen,
sulfur and oxygen compounds; HAdHumic acid; FAdFulphic acid; CHdCarbohydrates; AAd Amino acid; Ldlipid.
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6e15 times that of other algae. In addition, Liu and Xu (2000)
considered coccolithophores to be the direct source of low-
mature oils, which are generally rich in phytane and gammacerane.

In carbonate-rich shale, laminated sparry calcite with inter-
crystalline pores is the most important storage space for shale oil
(Liu et al., 2019), with maximum pore sizes reaching up to 100 mm
(Shi et al., 2022). Studies have shown that these laminar sparry
calcite crystals are mainly recrystallized frommicritic calcite under
the action of organic acids, often containing a large amount of
impurity minerals such as microcrystalline quartz, albite, and
dolomite (Liang et al., 2018; Xiong et al., 2024). In fact, a large
portion of this micritic calcite is initially transformed from meta-
stable aragonite (Steinen,1982; Munnecke et al., 2023). Particularly,
biogenic aragonite gradually transforms into micritic and sparry
calcite during burial diagenesis, with crystal size increasing and
intercrystalline pores enlarging (Hashim and Kaczmarek, 2021;
Munnecke et al., 2023). Furthermore, studies have found that these
aragonite laminations are interlayered with organic-rich clay lam-
inations. As the maturity stage is reached, the organic matter in the
clay laminations generates a significant amount of hydrocarbons
and organic acids. The clay minerals, mainly montmorillonite,
transform into lamellar illite-smectite mixed layers, releasing a
significant quantity of interlayer and structural water (Soto et al.,
2021). Under the coupled effects of hydrocarbon generation and
dehydration pressure, liquid hydrocarbons, organic acids, and other
evolution products in the organic-rich clay laminations migrate
towards the larger pores in the carbonate laminations through
intercrystalline in the clay minerals and bedding-plane fractures
(Xiong et al., 2022). Meanwhile, the aragonite in the carbonate
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laminations further undergoes dissolution or transformation into
calcite due to the action of organic acids, and the continuously
recrystallized calcite transforms into coarser crystals, accelerating
the shale oil enrichment and storage (Xiong et al., 2022;Wang et al.,
2017b).
6. Conclusions

(1) Aragonite in the Paleogene shale of the Jiyang Depression is
related to algal microbial fossils, especially characterized by
coccoliths.

(2) The primary factor allowing biological aragonite to be pre-
served is the immaturity of the organic matter and the
deficiency of abundant organic acids necessary for its
dissolution or transformation. Additional factors that may
aid in the preservation of aragonite are the ideal sedimen-
tation conditions, the defense of organic coating, and the
enclosed environment with tiny pores, low porosity, and low
permeability.

(3) The aragonite-rich shales, characterized by coccolithophores,
provide a solid evidence for seawater intrusion into terres-
trial lake basin, and have a significant implication for the
source and storage of shale oil.
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