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ABSTRACT

Lamellar calcite veins are prevalent in carbonate-rich, lacustrine dark shale. The formation mechanisms
of these veins have been extensively debated, focusing on factors such as timing, depth, material source,
and driving forces. This paper examines dark lacustrine shale lamellar calcite veins in the Paleogene
strata of Dongying Depression, using various analytical techniques: petrography, isotope geochemistry,
cathodoluminescence, inclusion thermometry, and electron probe micro-analysis. Two distinct types of
calcite veins have been identified: granular calcite veins and sparry calcite veins. These two types differ
significantly in color, grain structure, morphology, and inclusions. Through further investigation, it was
observed that vein generation occurred from the shallow burial period to the maturation of organic
matter, with a transition from granular calcite veins to sparry calcite veins. The granular calcite veins
exhibit characteristics associated with the shallow burial period, including plastically deformed laminae
and veins, the development of strawberry pyrite, the absence of oil and gas, weak fractionation in oxygen
isotopes, and their contact relationship with sparry calcite veins. These granular calcite veins were likely
influenced by the reduction of sulfate bacteria. On the other hand, sparry calcite veins with fibrous grains
are antitaxial and closely linked to the evolution and maturation of organic matter. They contain oil and
gas inclusions and show a distribution range of homogenization temperature between 90 °C and 120 °C
and strong fractionation in oxygen isotopes, indicating formation during the hydrocarbon expulsion
period. The carbon isotope analysis of the surrounding rocks and veins suggests that the material for vein
formation originates from the shale itself, specifically authigenic micritic calcite modified by the action of
methanogens. The opening of horizontal fractures and vein formation is likely driven by fluid over-
pressure resulting from undercompaction and hydrocarbon expulsion. Veins may form rapidly or
through multi-stage composite processes. Early veins are predominantly formed in situ, while late veins
are a result of continuous fluid migration and convergence. Furthermore, the veins continue to undergo
modification even after formation. This study emphasizes that the formation of lamellar calcite veins in
shale is a complex diagenetic process influenced by multiple factors: biology, organic matter, and
inorganic processes, all operating at various stages throughout the shale's diagenetic history.
© 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

information related to diagenetic fluid properties, organic matter,
and the diagenetic evolution of shale minerals. Studying the gen-

In sedimentary basins worldwide, particularly in lacustrine or
marine sedimentary basins in China, calcite veins frequently
develop parallel to laminae in carbonate-rich black shale
(Rodrigues et al., 2009; Cobbold et al., 2013; Zhao et al., 2014; Yu
et al., 2015; Tribovillard et al., 2018; Luan et al., 2019; Ma et al.,
2020; Wu et al., 2021). These calcite veins contain valuable
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esis of lamellar calcite veins allows for the tracing of the interaction
process between organic and inorganic diagenetic evolution in
shales (Liang et al., 2018; Tribovillard et al., 2018; Li et al., 2020; Wu
et al., 2021). Moreover, these veins serve as a proxy for evaluating
shale reservoirs (Liu et al., 2019; Zhang et al., 2021). At the begin-
ning of 2020, a significant milestone was achieved in China's con-
tinental fault basin as shale oil exploration in the Niuzhuang sag of
Dongying depression resulted in a breakthrough. One well in this
area recorded a daily output exceeding 100 t. By February 2022, the
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production peak of shale oil in the FY 1-1HF well reached an
impressive 262.8 t/d. Exploration efforts revealed a distinctive
characteristic of the key reservoir for shale oil in the lower
Ess—upper Es4 formations in Dongying Depression. The crucial
factor here is the presence of interlayer fractures associated with
lamellar sparry calcite veins (refer to Fig. 1). This distinguishing
feature sets it apart from shale oil and gas reservoirs found in other
basins.

Based on the direction of crystal growth and the location of
crystal growth within developing veins, fibrous grain veins, such as
calcite and gypsum, can be classified as syntaxial, ataxial, or anti-
taxial veins (Durney and Ramsay, 1973; Oliver and Bons, 2001; Bons
et al., 2012). Antitaxial calcite veins have parallel boundaries, and
fibrous grains grow from the median zone (Bons et al., 2012) to-
wards the two boundaries of the surrounding rocks. This growth
pattern resembles the muscle fiber of an animal, earning it the
nickname ‘Beef’ (Lang et al., 1923; Durney and Ramsay, 1973; Bons
and Montenari, 2005). These veins have been a subject of signifi-
cant interest among researchers and are also a focus of this paper.
Additionally, there are recrystallized grain calcite veins found in the
lacustrine dark shale of Dongying Depression. Despite receiving
limited attention, some studies mention them as the median zone
of fibrous veins (Luan et al., 2019; Teng et al., 2020). However, this
study reveals that these veins often exist independently and that
their development reflects the diagenetic evolution process of
shale.

The formation mechanisms of lamellar calcite veins have been
the subject of extensive debate, focusing on various aspects such as
the timing and burial depth of vein generation, the source of vein
material, driving forces for vein initiation and widening, and the
growth direction and mechanism. Scholars generally agree that the
material source for vein formation is the authigenic micritic calcite
present in the shale surrounding the veins, rather than coming
from an external source (Rodrigues, 2008; Rodrigues et al., 2009;
Yu et al., 2015; Meng et al., 2017; Tribovillard et al., 2018; Luan et al.,
2019; Su et al., 2022). Lamellar calcite veins are commonly found in
mature source rocks, and their formation is often attributed to
hydrocarbon generation and expulsion during the thermal

Lamellar sparry
calcite vei

Fig. 1. Macroscopic characteristics of lamellar sparry calcite veins in core: (a) fluo-
rescent photograph; (b) core photograph. Well N55-X1, 3493.4 m.
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evolution of source rocks (Stoneley, 1983; Rodrigues et al., 2009;
Cobbold et al., 2013; Zanella et al., 2014; Zhang et al., 2016; Wu
et al., 2021). In a study of calcite veins in the Argentina Neuquén
Basin, Larmier et al. (2021) found a positive correlation between the
maturity of source rocks and the number and density of veins. Fluid
overpressure is considered a critical factor in forming horizontal
micro-cracks. Fluid seepage force counters the rock's weight,
generating effective tensile stress, which leads to the development
of horizontal fracturing cracks in shale (Cobbold and Rodrigues,
2007). The thermal evolution of organic matter, especially hydro-
carbon expulsion, plays a vital role in overpressure formation
(Oliver and Bons, 2001; Ma et al., 2016; Zhang et al., 2016). Wang
et al. (2020) reconstructed the trapping pressure of hydrocarbon
inclusions in veins and found that the process of hydrocarbon
generation and expulsion can lead to fluid overpressure close to or
exceeding the lithostatic pressure, thereby promoting the forma-
tion of horizontal fractures and veins. Recently, Wang et al. (2023)
discovered that asymmetric veins on both sides of the median zone
reflect episodic hydrocarbon expulsion from source rocks and the
initial migration of oil and gas. Geochemical indicators suggest that
the veins have undergone multiple stages, with each stage
reflecting a hydrocarbon expulsion process. Additionally, the
dehydration of clay or gypsum and the crystallization force of
crystal growth have been proposed as explanations for the forma-
tion of calcite veins (Means and Li, 2001; Bolas et al., 2004; Lahann
and Swarbrick, 2011; Wang et al., 2018a; Luan et al., 2019).
Indeed, the formation of lamellar calcite veins can be influenced
by various factors beyond hydrocarbon generation and expulsion.
Research conducted in different regions highlights the role of other
controlling factors in the formation of these veins. In the Paris
Basin, Zanella et al. (2021) emphasized the significance of
compressional tectonic stress in the formation of fractures. They
found that calcite veins often developed during periods of basin
horizon shortening, and through U/Pb dating, they determined the
period to be 155 + 19 Ma. Similarly, in other basins, such as the
Magallanes Basin in Chile and Argentina, the Wessex Basin in the
UK, and the Neuquén Basin in Argentina, calcite veins have also
been associated with compressive tectonic stress (Zanella et al.,
2014, 2015a, 2015b; Ukar et al., 2017, 2020). Furthermore, the ac-
tion of bacteria during the shallow burial period is considered to
play a role in the formation of calcite veins, particularly involving
sulfate-reducing bacteria (Al-Aasm et al., 1993,1995; Yu et al., 2015;
Meng et al., 2017; Tribovillard et al., 2018). Microbially driven sul-
fate reduction can contribute to calcite saturation (Gallagher et al.,
2014). Petrographic observations of veins provide supporting evi-
dence, such as plastic deformation of shale and veins, the presence
of pyrite, and authigenic albites in veins (Maher et al., 2017; Meng
et al,, 2018, 2019; Hrabovszki et al., 2020). Recently, Su et al. (2022)
conducted U/Pb dating of calcite veins in the Nanxiang Basin, China,
and determined an age of 41.02 + 0.44 Ma. Their findings indicated
that calcite veins were early diagenetic products formed before the
complete compaction and consolidation of shale, with a formation
depth ranging between 500 m and 800 m. All these research
findings highlight the complexity of factors influencing the for-
mation of lamellar calcite veins and emphasize the need to consider
multiple mechanisms when studying these geological features.
The formation mechanism of calcite veins has been a subject of
research. In syntaxial veins, crystals experience stretching due to
the repeated addition of vein material in successive crack-seal
events (Ramsay, 1980). This crack-seal mechanism provides an
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explanation for the formation of fibrous calcite veins. However,
antitaxial calcite veins pose a challenge to the crack-seal mecha-
nism, as the fibrous grains in these veins grow continuously
without obvious growth competition (Bons and Montenari, 2005;
Wang et al,, 2020; Su et al.,, 2022). Wang et al. (2020) argued that
vein dilation in the absence of lithostatic fluid pressure suggests a
primarily steady-state process, where dilation is accommodated
and offset by narrowing of the adjacent wall-rock laminae (Meng
et al,, 2018). Means and Li (2001) proposed that the fiber tips
remain in contact with the wall rock rather than growing into a
crack. Additionally, a fluid film (Su et al., 2022) is present at the
contact, allowing the vein to act as a permeable conduit for hori-
zontal advection, which can influence the formation of displacive
veins (Wang et al., 2023). Subvertical fibers can actively displace the
wall rock against the vertical overburden load, leading to the for-
mation of displacive veins (Meng et al., 2018; Hrabovszki et al,,
2020; Su et al., 2022).

In this study, the researchers build upon previous studies to
investigate the lamellar calcite veins found in the black lacustrine
shale of the upper Es;—lower Es3 formations in the Paleogene strata
of Dongying Depression. We employ various analytical techniques,
including microscopic observation, cathodoluminescence (CL), in-
clusion thermometry (IT), electron probe micro-analysis (EPMA),
and carbon and oxygen isotope tests (C—O IT), to further analyze
the material source, formation period, and crystallization process of
these calcite veins.

2. Geological setting

Dongying Depression is situated in the southeastern part of the
Jiyang Depression within the Bohai Bay basin in China. It is char-
acterized as a Mesozoic and Cenozoic dustpan fault-depressed lake
basin that has developed on the Paleozoic basement (Yu et al.,
2022a). The depression spans a length of approximately 90 km
and has a width of around 65 km, covering an area of 5700 km?. It
can be subdivided into four negative secondary structures and
three positive secondary structures, including the Niuzhuang Sag,
Minfeng Sag, Lijin Sag, and Boxing Sag. Additionally, there is a
northern fault terrace belt (Binxian and Chenjiazhuang Salient), a
central anticline, and a southern gentle slope belt (Luxi Uplift and
Guangrao Salient) (Fig. 2(a), (b)). The depression's strata consist of
the Kongdian Formation, Shahejie Formation, Dongying Formation,
Guantao Formation, Minghuazhen Formation, and Pingyuan For-
mation, arranged from the bottom to the top of the geological
sequence. The sedimentary thickness in the depression exceeds
3500 m (Fig. 3) (Wu et al., 2018; Peng et al., 2020).

During the sedimentary period from the upper Es4 to the lower
Ess3, the climate in the study area experienced a gradual transition
from drought to humid conditions. The continued subsidence of the
basement led to an increase in the accommodating space of the lake
basin, transforming it into semi-deep and deep lacustrine facies
(Pang et al., 2019). This geological setting resulted in the deposition
of a substantial thickness of lacustrine black shale in the central
area of the lake basin. Being the main source rocks in the depres-
sion, these black shales provided favorable conditions for hydro-
carbon generation (Chen et al., 2018; Li et al., 2019). The shale in
this region primarily comprises felsic, carbonate, and clay minerals,
with well-developed laminae (Wang et al., 2018b; Pang et al., 2019).
Sparry calcite veins, characterized by fibrous grains that run parallel
to the laminae, are widespread in the area and show a clear cor-
relation with the black shale (Wang et al., 2005; Luan et al., 2019;
Teng, 2020). This paper focuses on studying the lamellar calcite
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veins found in the upper Es4 to lower Es3 formations within the
Niuzhuang Sag of the Dongying Depression, conducting related
research to explore their origin and significance.

3. Samples and methodology

In this research, shale samples were collected from several wells
in the study area, including N55-X1, NX55, NY1, and FY1. The
collected samples were prepared for analysis, and their lithofacies
were observed under the DM2700P polarizing microscope. For the
experimental part of the study, samples were taken specifically
from well N55-X1, with burial depths ranging from 3334.05 m to
3609.5 m. The composition and total organic carbon (TOC) content
of these samples were analyzed to understand their mineral and
organic composition. A total of 124 samples were used for carbon
and oxygen isotope testing (C—O IT), 12 samples for inclusion
thermometry (IT), and 17 samples for cathodoluminescence (CL)
and electron probe micro-analysis (EPMA) (Fig. 4).

In the research, cathodoluminescence (CL) experiments were
conducted on polished sections using the CLF-2 cath-
odoluminescence system at 15 kV and 300 mA. The purpose of
these experiments was to identify the growth stages of the veins,
providing insights into their diagenetic history. To measure the
homogenization temperature (Th) of two-phase inclusions in
sparry calcite veins, an INSTEC mK2000 heating-freezing stage was
used. The temperature measurement of inclusions followed the oil
and gas industry standard of the People's Republic of China (SY/
T6010-94). The inclusion to be measured was located using a mi-
croscope, and the heating rate was controlled at 3 °C/min to 10 °C/
min. When the inclusion approached its Th, the heating rate was
adjusted to 1 °C/min. Three measurements were taken for each
inclusion to obtain an average value.

The carbon and oxygen isotopes of calcite veins and the sur-
rounding rocks were also analyzed. The testing process involved
first extracting in situ calcite samples using a small micro-drill. The
calcite was then separated and purified to achieve a purity of more
than 99%. The sample was ground to 200 mesh before conducting
the standard phosphoric acid method test to determine the carbon
and oxygen isotope values. Additionally, electron probe micro-
analysis (EPMA) was employed to analyze the micro-area ele-
ments of the lamellar calcite veins. Using the JXA-8230 electron
probe microscope under the conditions of 15 kV and 1 x 1078 A,
samples were tested to quantitatively study the micro-area
element content, providing valuable information about the
composition of the veins. These analytical techniques were used to
gain a comprehensive understanding of the calcite veins and their
geological context, shedding light on their formation, evolution,
and significance within the study area.

4. Results
4.1. Characteristics of microscopic petrography

In the lacustrine dark shale of the upper Ess—lower Ess, the core
samples reveal that calcite veins are predominantly distributed
parallel to the laminae in the shale. Additionally, isolated calcite
veins can be observed, often appearing in a lenticular shape. Some
veins exhibit folding and deformation, interacting with the sur-
rounding shale laminae (Fig. 5(a), (b)). The density of the laminae in
the shale is positively correlated with the development of calcite
veins. In the areas where the veins are well-developed, the sur-
rounding rock laminae are typically a combination of organic-rich
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Dongying Depression.

and carbonate-rich laminae. Two distinct types of calcite veins can
be identified in thin sections based on their color, shape, grain size,
and special composition (Fig. 5(c), (d)). The first type is a granular
calcite vein, characterized by a grayish-yellow color. These veins
often appear as isolated lenticular and thin laminae. The grains in
these veins range from powder to fine grains, and dispersed crys-
talline pyrite particles with a size of more than 10 um can be
observed inside the veins. This type of vein frequently shows signs
of folding and deformation (Fig. 5(g)). The second type is the sparry
calcite vein, which predominantly develops parallel to the shale
bedding, resembling the shale laminae. Some of these veins grow
and develop along the edge of the granular calcite veins, forming a
combination of the two vein types. Within sparry calcite veins,
structures like ‘BEEF’ and ‘CONE IN CONE’ can be found (Cobbold
et al., 2013) (Fig. 5(e), (f)). The particles in these veins appear
clean and bright, with a thicker size. The morphological
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characteristics of the thick particles are fibrous, and their growth
direction is perpendicular to the surrounding rock's thin layers. In
some veins, a median zone is present. When observed under
orthogonal light, the crystals on both sides of the median zone
show the same optical characteristics (Fig. 5(h)), indicating that the
mineral veins' growth may possess antitaxial development attri-
butes (Durney and Ramsay, 1973; Wang et al., 2018a; Zhao et al,,
2020). It's worth noting that solid parcels in the surrounding
rocks are also observed to be retained during the growth of these
mineral veins.

On vertical slices, the kerogen present in the shale exhibits
yellow fluorescence, while the oil and gas display blue fluores-
cence. In the lenticular calcite vein, the gray-yellow granular calcite
does not exhibit any fluorescence, whereas the sparry calcite shows
weak blue fluorescence (Fig. 6(a), (b)). These characteristics are also
observed in lamellar calcite veins. The granular calcite veins and
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granular calcite as the median zone show no fluorescence, but the
sparry calcite exhibits blue fluorescence (Fig. 6(c), (d)).

On horizontal slices, the sparry calcite veins display a blue-white
fluorescence mainly in intergranular spaces and microcracks,
extending along the direction of these cracks (Fig. 6(e), (f)). The
fluorescence characteristics indicate that the sparry calcite veins
are closely associated with the migration of oil and gas. It suggests
that the development space of sparry calcite veins served as a
channel for oil and gas migration.

Through cathodoluminescence (CL) observation, significant co-
lor differences can be observed between granular calcite and sparry
calcite (Fig. 7(a)—(d)). Granular calcite veins are often squeezed on
one side by sparry calcite veins or clamped in the middle, resulting
in thick calcite veins formed by multi-stage recombination. The
varying CL colors of veins formed in different periods suggest that
the fluid components during their crystallization were different
(Fig. 7(d)). In some thick veins, the CL colors display alternating
bright red and dark red bands, indicating that the laminae ruptured
along the edge of the early veins after their formation. Subse-
quently, other fluids entered and recrystallized to form a new vein,
combined with the early vein to create a new thick vein. Inside
these thick veins, late healing cracks that truncate interactively can
also be observed. The CL color of the healing cracks is significantly
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different from that of the vein, indicating that the later fluid entered
the earlier vein's fracture under pressure, leading to calcite crys-
tallization (Fig. 7(e), (f)). In contrast, the color of the cath-
odoluminescence in single thin-layer calcite veins is generally
relatively consistent, indicating that the formation of these single
thin-layer calcite veins occurred in a single stage.

4.2. Characteristics of inclusion petrography

In the sparry calcite veins, various types of inclusions have been
identified, including solid bitumen inclusions, two-phase hydro-
carbon inclusions, and a small number of brine inclusions. These
inclusions exhibit different shapes, such as elliptical, rectangular,
and irregular shapes. On horizontal slices, hydrocarbon inclusions
are predominantly observed in a beaded or banded pattern,
distributed around the intercrystalline or intercrystalline healing
cracks. These inclusions exhibit blue-white fluorescence when
viewed under the microscope. On vertical slices, it is apparent that
the distribution of hydrocarbon inclusions is consistent with the
growth direction of fibrous calcite crystals. They show a banded
arrangement perpendicular to the direction of the surrounding
rock (Fig. 8(a)—(d)).

The two-phase hydrocarbon inclusions thermometry results
indicate that the homogenization temperature (Th) of the majority
of inclusions is concentrated within the range of 90—120 °C. This
temperature range corresponds to the hydrocarbon expulsion
period, suggesting that the formation of these calcite veins
occurred during this specific geological stage when hydrocarbons
were actively migrating. In addition to the hydrocarbon inclusions,
a small number of two-phase brine water inclusions were also
isolated in the calcite veins. The measured Th forese brine in-
clusions can reach higher temperatures, specifically within the
range of 140—150 °C. This observation indicates that the calcite
veins underwent reformation by fluid during the late stage of sig-
nificant oil and gas migration. These veins continued to crystallize
and undergo modifications during this later phase (Fig. 9).

4.3. Geochemical characteristics of stable isotopes

The calcite vein and surrounding rock samples from well N55-
X1 were classified based on their grain sizes. Their carbon and
oxygen isotope values were analyzed (Table 1). The surrounding
rock contains micrite calcite with a 6'Cy_ppg value ranging from
2.28%0 to 7.91%0, and an average of ~4.13%.. The calcite veins in
powder-fine, medium, and coarse grains exhibit 6'>Cy_ppg values
ranging from 2.24%o to 4.90%o (average 3.72%o), 2.06%0—5.45%0
(average 4.00%o), and 2.52%0—5.99%o (average 4.77%o), respectively.
The variation range of 6'3Cy_ppg values in calcite veins of different
grain sizes is relatively close, centered around 4% (Fig. 10).
Regarding the 6'80y_ppg values, significant differences are observed
among the four types of calcite. The micrite calcite in the sur-
rounding rock exhibits 6'®0y_ppg values ranging from —9.89%o
to —2.45%0, with an average of —7.82%.. The 6'®0y_ppg values of
powder-fine, medium, and coarse-grained calcite veins range
from —12.97%o to —7.33%o (average —9.29%o), —14.12%o to —9.42%o
(average —11.66%o), and —13.29%o to —8.20%o (average —11.38%o),
respectively. As the grain size increases, the §'®0y.ppg values
become more negative, especially for the medium and coarse grain
calcite veins, with an average 6'®0y.ppg value of about —11%o
(Fig. 10). These differences in carbon and oxygen isotopes among
the different calcite samples are closely related to the material
source and diagenetic evolution of the calcite veins.
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4.4. Element analysis of electron probe

In the electron probe element analysis of the 17 samples and 50
different types of veins, a total of 129 data points were tested to
obtain the content of chemical components in the various veins
(Table 2). The results show that granular calcite veins have higher
SiO, and Al,O3 content and lower MnO content, indicating the
presence of certain clay minerals in these veins. On the other hand,
sparry calcite veins have lower SiO, and Al,03 contents and higher
MnO content. Apart from SiO,, Al;03, and MnO, there were no
significant differences in the contents of other chemical compo-
nents among the veins.

The lamellar sparry calcite vein with an obvious median zone is
selected, and the sampling test is carried out in the direction from
the one side edge to the median zone, then to another side edge.
The results show that the content of FeO is high near the median
zone of the vein, which changes a little in other parts. The higher
FeO content is related to the residual clay minerals in the median
zone. The MnO content varies symmetrically along the median
zone and gradually increases to both sides, which is consistent with
the CL characteristic that calcite veins show a gradual transition
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from dark red to bright red. This feature shows that the crystalli-
zation of thick calcite veins is a long-term continuous process.
During this process, the content of Mn ion provided by the fluid
keeps increasing (Fig. 11).

5. Discussion
5.1. Material source for formation of lamellar calcite veins

In this study, the stable carbon isotopes in different carbon pools
were used to track the carbon sources involved in the carbonate
dissolution and recrystallization process (Cao et al., 2018). Organic
matter can provide CO, rich in 2C and lead to the '3C ranges
from —33%o to —18%o and the '3C value of inorganic carbon in the
atmosphere is about —7%o (Mack et al., 1991). Sulfate bacteria can
reduce organic matter and generate CO, (6'3Cy_ppg = —25%0), and
methanogen bacteria can also provide CO, which '3C is higher to
15%o (Irwin et al., 1977; Raiswell, 1987; Wolff et al., 1992).

The main material source of calcite vein formation in the shale
was found to be argillaceous calcite, which was precipitated in the
early stage of the lake. These calcites were later modified by the
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Fig. 5. Microscopic petrographic characteristics of calcite veins Granular calcite (Gr-Cal), Sparry calcite (Spar-Cal), Fibrous calcite (Fib-Cal), Pyrite (Py). (a) Lamellar calcite veins are
distributed along the laminae direction in shale, and some veins are folded and deformed with shale laminae. Well NX55, 3783.55 m. (b) Spar-Cal veins in lenticular accumulate in
shale laminae while hardly developing in the massive structural shale. Well FY1, 3211.53 m. (c¢) Gr-Cal veins in lenticular and lamellar Spar-Cal veins develop in shales. The median
zone of Spar-Cal vein is composed of granular calcite. Well N55-X1, 3340.5 m. (d) Spar-Cal veins grow along the edge of Gr-Cal veins, and crystalline pyrite is distributed in Gr-Cal
vein. Well N55-X1, 3590.17 m. (e) Spar-Cal veins develop ‘BEEF structure with median zone. The median zone consists of solid shale inclusions and Fib-Cal grows on both sides. Well
N55-X1, 3345.77 m. (f) Spar-Cal veins develop ‘CONE IN CONE’ structure with solid shale inclusions mixed. Well N55-X1, 3578.03 m. (g) Gr-Cal veins in the color of grayish-yellow
develop folding and deformation with shale lamina. well NY1, 3437.31 m. (h) Fibrous calcites on both sides of the median zone in the lamellar Spar-Cal vein have the same optical
properties. Well N55-X1, 3345.77 m.
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e

Blue and white fluor

Fig. 6. The fluorescence (fluor) characteristics of different calcite veins. (a) Lenticular veins combined with Gr-Cal and Spar-Cal. Well N55-X1, 3358.64 m. (b) The figure is a
fluorescence image of (a). Under fluorescence, Gr-Cal shows no fluorescence phenomenon, and Spar-Cal has blue fluorescence. (c¢) Spar-Cal vein with median zone and Gr-Cal veins.
Well N55-X1, 3447.07 m. (d) The figure is a fluorescence image of (c). Blue fluorescence occurs in lamellar Spar-Cal veins, and there is no fluorescence in Gr-Cal vein and median
zone composed of Gr-Cal. (e) Parallel to the extension direction of veins, there are many healing microcracks in the veins. Well N55-X1, 3590.17 m. (f) The figure is a fluorescence
image of (e). Hydrocarbon inclusions shows blue-white fluorescence, and solid inclusions are developed at the edge of the microcracks.

biochemical action of methanogens. Methanogens are bacteria that
can decompose organic matter in an anoxic environment, pro-
ducing methane, hydrogen, carbon dioxide, and other substances.
During this process, the carbon isotopes can separate. The methane
gas produced by methanogens is enriched in the lighter '2C isotope,
while the corresponding carbon dioxide gas is enriched in the
heavier '3C isotope. These carbon dioxides, rich in heavy '3C iso-
topes, can be saturated and precipitated in solution to form micrite
carbonate minerals with 6'3Cy_ppg values up to 7.91%o (Cao et al.,
2018). After dissolution and recrystallization, the calcite veins still
maintain the carbon isotope composition of these micrite carbon-
ate minerals, resulting in little change in the 3C value with the
increase of burial depth (Myrttinen et al., 2012; Zhang et al., 2022).
The carbon isotope test results in this study show that the 3C
isotope values of micrite calcite and different grain sizes of calcite
veins are all related to carbonate areas with biogenic gas genesis.
The 613CV_pDB of grayish-yellow granular calcite veins is lower than
that of sparry calcite veins in medium-coarse grain, which may be
related to sulfate bacterial reduction. This is further supported by
the presence of pyrite in the granular calcite veins. The formation of
sparry calcite veins is mainly due to the dissolution of micrite
carbonate formed by methane bacteria in the surrounding rocks
and subsequent recrystallization (Fig. 10).
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The fractionation of oxygen isotopes during diagenesis is an
important process that reflects water-rock interactions and can
provide valuable information about the formation temperature and
fluid properties during the formation of calcite veins (Dietzel et al.,
2009; Zheng, 2011; Azomani et al., 2013; Hou et al., 2016; Yang
et al., 2018; Deininger et al., 2021). The oxygen isotope test anal-
ysis in this study shows that there is significant differentiation in
oxygen isotopes, with more negative values observed in the process
of strong recrystallization from micritic calcite to medium-coarse
calcite veins. This suggests that these veins experienced different
burial depths and had different sources of fluids during their for-
mation. Oxygen isotope values of the powder-fine crystal veins are
relatively small, and the veins are lenticular and contain pyrite. This
indicates that most of these veins formed in situ at shallow burial
depths, and the strength of rock-water interaction was weak. On
the other hand, the more negative oxygen isotope values in
medium-coarse grain veins suggest that these veins may have
formed at higher temperatures and underwent long periods of
rock-water interaction, fluid migration, and convergence.

Micro-zone element analysis further supports these findings, as
it shows that sparry veins have a higher Mn content compared to
granular veins. This suggests that interlayer water released during
clay transformation was added during the later stage of vein
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Fig. 7. Cathodoluminescence characteristics of different calcite veins. (a) Spar-Cal and Gr-Cal combine veins. Well N55-X1, 3334.65 m. (b) The figure is a CL image of (a). Gr-Cal in the
middle and Spar-Cal on both sides are significantly different under CL. Spar-Cal is dark purple-red, while Gr-Cal is dark red, similar to the color of micrite calcite in the surrounding
rock. (c) Spar-Cal and Gr-Cal combine veins. Well N55-X1, 3590.17 m. (d) The figure is a CL image of (c). The Gr-Cal veins are characterized by the combination of non-luminescent
and dark-red regions, while Spar-Cal veins are dark-red or bright-red, with obvious boundaries. (e) Microcracks and inclusions develops in Spar-Cal vein. Well N55-X1, 3590.17 m. (f)
The figure is a CL image of (e). There are microcracks in the veins showing bright red color, which are different from veins.

formation. The presence of interlayer water accompanied by hy-
drocarbons significantly changed the chemical properties of the
fluid (Fig. 12).

Indeed, combining the carbon and oxygen isotope analysis along
with micro-element analysis provides valuable insights into the
veining process in the shale. The results suggest that during the
formation of calcite veins, authigenic micrite carbonate in the shale
was dissolved, and various fluids with different compositions were
introduced into the system, leading to changes in fluid properties.
The addition of H,S-containing fluids likely played a role in altering
the fluid composition. This resulted in the development of pyrite in
granular calcite veins, indicating the presence of sulfide-rich fluids
during their formation. On the other hand, sparry calcite veins
contain more hydrocarbons, suggesting the presence of
hydrocarbon-rich fluids in their development. The increase in trace
elements of Mn in sparry calcite veins further supports the idea of
clay mineral conversion fluids increasing during the veining
process.

5.2. Formation period of calcite veins

Calcite veins have started forming during the shallow burial
period of shale, predominantly as granular calcite veins. As the
organic matter matured and generated organic acids in the middle
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diagenetic period, thick sparry calcite veins were primarily devel-
oped. Notably, the veins formed earlier than the period of large-
scale oil and gas migration. The vein formation has been contin-
uous from the shallow burial period to the organic matter's mature
stage, with relatively rapid crystallization rates during each period
of vein formation. These multi-stage veins combine to create thick
composite veins. Several shreds of evidence support this assertion.

(1) Morphological and grain differences between granular and
sparry calcite veins

On thin sections, the vein morphology gradually transitions
from lenticular to lamellar as we move from granular to sparry
calcite veins. Additionally, the thickness of the veins tends to in-
crease (Fig. 5(c)). Sparry calcite veins have the tendency to grow
along the edges of granular calcite veins, eventually forming thick
veins composed of both types (Fig. 5(d)). Regarding the grains,
granular calcite veins exhibit a dirty appearance, while sparry
calcite veins have clean and bright grains. Moreover, the grain size
of sparry calcite veins is significantly larger than that of granular
calcite veins. These observations strongly suggest that the forma-
tion period of granular calcite veins predates that of sparry calcite
veins.
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Extention direction of fib-crystal

Fig. 8. Distribution of inclusions in sparry calcite veins. (a) On the horizontal slice, hydrocarbon inclusions and solid bitumen inclusions are beaded or banded and distributed near
the healing microcracks. Well N55-X1, 3590.17 m. (b) The figure is a fluorescence image of (a). The fluorescence color of hydrocarbon inclusions is blue white. (c) On the vertical
slice, the inclusions are beaded and distributed near the microcracks, which is consistent with the extension direction of fibrous crystals. Well N55-X1, 3334.65 m. (d) The figure is a

fluorescence image of (c). The fluorescence color of hydrocarbon inclusions is blue white.
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Fig. 9. Homogenization temperature characteristics of inclusions.

(2) Plastic deformation and pyrite formation in granular calcite
veins

Plastic folding and deformation are evident in granular calcite
veins when examining cores and thin sections. Additionally, pyrite
particles larger than 10 um are observable within these veins

Table 1
Carbon and oxygen isotope of calcite veins and surrounding rocks.

(Fig. 5(a), (d), (g)). The presence of plastic folding and deformation
in the veins suggests that the diagenesis of shale is relatively weak,
and the shale did not fully consolidate during its formation.
Moreover, the occurrence of large particle-sized pyrite indicates
that sulfate reduction took place during the early diagenetic stage.
These two phenomena collectively imply that granular calcite veins
were formed in conjunction with the crystallization of pyrite during
the early stage of diagenesis.

(3) Fluorescence of sparry calcite veins

When vertically sectioned, granular calcite veins exhibit no
fluorescence, while sparry calcite veins emit a distinctive blue
fluorescence (Fig. 6(a)—(d)). This fluorescence pattern indicates
that the formation of sparry calcite veins coincides with the gen-
eration time of oil and gas. The micro-fractures present along the
lamina, which provide space for the development of calcite veins,
also serve as effective conduits for oil and gas migration. Conse-
quently, oil and gas readily enter the intercrystalline fractures and
micro-fractures within sparry calcite veins.

(4) Petrography and inclusion thermometry in sparry calcite
veins

Types 513Cv_p[)3, %o

6"80v_ppa, %o

(sample numbers)

Minimum value Maximum value

Average value

Minimum value Maximum value Average value

Micrite calcite 2.28 7.91 413
(68)

Powder-fine calcite 2.24 49 3.72
(26)

Medium calcite 2.06 5.45 4
(22)

Coarse calcite 2.52 5.99 4.77

(18)

-9.89 —2.45 —7.82
-12.97 -7.33 -9.29
-14.12 -9.42 —11.66
-13.29 —8.2 -11.38
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Fig. 10. Characteristics of carbon and oxygen isotope between veins in different grain
sizes.

The sparry calcite veins exhibit a significant presence of two-
phase hydrocarbon inclusions, and the type and distribution char-
acteristics of these inclusions play a pivotal role in characterizing
the minerals' crystallization stage and features (Li et al., 2023; Lu
et al.,, 2023). The abundance of hydrocarbon inclusions within the
veins strongly indicates their close association with the generation
and migration of oil and gas. The hydrocarbon inclusions ther-
mometry in the veins reveal a range from 80 °C to 140 °C, with the
majority concentrated at 90—120 °C (Fig. 9). These temperature
ranges correspond to the early to middle maturity stage of organic
matter.

The inclusions analyzed in this study predominantly exhibit a
distribution pattern surrounding the healing suture, appearing as
beads and bands, rather than being banded along the calcite crys-
tals (Fig. 8(a)—(d)). This observation suggests that the majority of
hydrocarbon fluid inclusions were formed concurrently with the
healing process of micro-cracks in the calcite crystals. Interestingly,
despite the formation of the veins, the wider trapping temperature
range indicates that micro-fractures continued to reform within the
veins. This phenomenon highlights that, during the middle diage-
netic period, the formation of sparry calcite veins occurred earlier
than the time of significant oil and gas migration. Moreover, the
various micro-cracks present within the calcite veins served as
crucial channels for the migration of oil and gas within the veins.

Table 2
Micro-zone elements characteristics of calcite veins.

Petroleum Science 21 (2024) 1508—1523

(5) Differences in carbon and oxygen isotopes, cath-
odoluminescence, and microelements in two types of veins

Previous analyses of carbon and oxygen isotopes in calcite veins
with varying grain sizes have revealed continuous fractionation of
oxygen isotopes. Cathodoluminescence (CL) investigations show
distinct color variations in veins from different periods. Granular
calcite veins predominantly exhibit dark red coloration, whereas
sparry calcite veins showcase bright red, dark red, purple, and other
colors. Notably, the color of an individual vein tends to remain
consistent. Furthermore, CL examination of vein combinations in-
dicates that late veins progressively expand and widen, enveloping
one or both sides of the edges of early veins and effectively filling
early microcracks (Fig. 7(b), (d), (f)).

The difference in Fe and Mn element content accounts for the
variation in cathodoluminescence (CL) colors between granular and
sparry calcite veins. Granular calcite veins are characterized by a
higher Fe content, lower Mn content, and the presence of Si and Al
elements. Mn is easily oxidized to ‘Mn** and precipitates in
oxidation-rich environments. The vein's characteristics, such as
formation in a relatively open shallow burial environment with few
clay minerals and weak recrystallization, suggest an early diage-
netic period for its formation.

In contrast, sparry calcite veins exhibit a relatively higher Mn
and Fe content but lower Al and Si content. The enrichment of Mn
elements is attributed to organic acids produced during hydrocar-
bon expulsion, facilitating the extraction and accumulation of Mn.
Additionally, the transformation of clay minerals contributes to the
increased availability of Mn ions. The presence of relatively large
negative oxygen isotope values indicates an extended period of
recrystallization during its formation, aligning with the mature
organic matter generation and expulsion period.

5.3. Formation process and mechanism of veins

5.3.1. Formation process

The formation process of sparry calcite veins is characterized by
ctenoid texture crystals with relatively flat crystal boundaries and
no apparent growth competition (Bons and Montenari, 2005; Wang
et al,, 2020; Su et al., 2022). Fibrous crystals on both sides of the
median zone exhibit optical continuity and a symmetric change in
Mn content, indicating growth along the median zone in opposite
directions. In contrast, granular calcite veins lack ctenoid texture
crystals, with smaller grain sizes, and often appear lenticular or
thin-layered. Cathodeluminescence (CL) and electron probe micro-
analysis (EPMA) reveal significant differences in color and Mn
content between early and late veins, but there is uniformity within
a single vein. Thick asymmetric veins can result from the combi-
nation of early granular calcite veins and late sparry calcite veins or
through multi-stage crystallization of sparry calcite veins, reflecting
the potential influence of multi-stage fluids (Wang et al., 2023). The
consistent color of a single-stage vein suggests rapid crystallization
of the calcite vein. Common healing cracks are observed in the vein

Types of vein

Content of chemical components, average/w.t.%

SrO MgO Aly03 SiO, K;0 Ca0 TiO, FeO MnO Cr,03 Total
Granular calcite veins (in lenticular, powder grain) (3) 0.628 0.259 0.664 10.681 0.071 42.327 0.006 0.752 0.005 0.021 55.413
Granular calcite veins (in thin lamellar, fine grain) (11) 0.667 0.197 0.439 4.890 0.020 47.430 0.009 0.535 0.017 0.015 54.219
Sparry calcite veins (in lamellar, medium grain) (10) 0.649 0.203 0.119 0.687 0.021 49.634 0.016 0.650 0.033 0.022 52.034
Sparry calcite veins (in lamellar, coarse grain) (26) 0.658 0.288 0.065 0.612 0.014 49.646 0.049 0.629 0.058 0.011 52.031
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Fig. 11. Changes of FeO and MnO contents with the growth of veins. (a) The data point
position. Well N55-X1, 3345.77 m. (b) The figure is a CL image of (a). (c) Contents of
FeO and MnO from edge to the midline to another edge.

body, exhibiting different CL colors from the vein body, indicating
possible fracturing due to later fluid overpressure and subsequent
modification of the vein's composition and structure.

The dissolved and recrystallized in situ calcite veins initially
appear as fine lenticular structures, exhibiting a basic discontinuity
and mainly composed of powder-fine grains. As diagenetic fluids
migrate and converge over extended distances, these small lentic-
ular veins gradually aggregate, giving rise to laminar calcite veins
characterized by larger crystals and improved continuity. Evidence
obtained from the carbon and oxygen isotopes of both the veins and
surrounding rocks supports this interpretation (Fig. 13). The figure
illustrates a lack of significant correlation between the differential
value of carbon isotopes and vein thickness. Consequently, the
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Fig. 12. The variation of Fe and Mn contents between different veins.

material source of the thick veins still originates from the shale
itself, with no contribution from external substances. In contrast, as
the calcite veins become thicker, a positive correlation in oxygen
isotopes between the veins and surrounding rocks is observed. This
phenomenon can be attributed to stronger recrystallization
occurring within thicker veins due to the accumulation of diage-
netic fluids from a distant source, leading to greater oxygen isotope
fractionation. The oxygen isotope values of thin veins, especially
lenticular veins, do not deviate significantly from those of the
surrounding rocks. This finding strongly indicates that the majority
of these veins are formed through in situ dissolution and precipi-
tation processes.

Exactly, the evidence gathered from various analyses and ob-
servations suggests that the formation process of calcite veins in-
volves continuous migration, convergence, and crystallization of
diagenetic fluids along micro-fractures. As fluid overpressure plays
a role, the vein-forming fluid travels further along the fracture,
resulting in more significant convergence and leading to the for-
mation of thicker veins. The presence of multi-stage fluid migration
and convergence contributes to the formation of composite veins,
where different stages of vein development combine to create
thicker and more complex structures.

5.4. Formation mechanism

This study proposes that the formation of lamellar calcite veins
exhibits long-term persistence, but the characteristics and condi-
tions differ between the shallow burial period and the organic
matter mature period.

The determination of vein formation time involves petrographic
observation, inclusion thermometry, and consideration of burial
and thermal history. During the shallow burial period (0—300 m,
Fig. 14), sulfate bacteria utilize sulfate and organic matter, leading to
the production of hydrogen sulfide and carbon dioxide, resulting in
the generation of acidic water within the pores. This acidic water
dissolves the calcite initially deposited in the lacustrine shale. The
rapid deposition of sediments on under-compacted shales may
cause overpressure in the shales (Gaarenstroom et al., 1993; Potter
et al, 2005; Leynaud et al, 2007). Under the influence of
compaction fluid pressure, fractures are more prone to forming
along the direction of shale laminae, and carbonate-rich fluids can
fill these fractured spaces. As sulfate is consumed gradually, the
acidic environment changes, and the dissolved carbonate in the
fractures undergoes recrystallization, resulting in the formation of
calcite veins. At this early stage, the primary driving force for the
formation of fractures is the abnormal high pressure generated
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Fig. 14. Burial and thermal history of Niuzhuang Sag, Dongying Depression (modified
according to reference Zhang et al., 2017).

during the under-compaction process. The distribution of veins
during this period is uneven, and the generation of fluid containing
hydrogen sulfide is relatively limited. Consequently, this stage is
characterized by the in-situ formation of granular calcite veins
containing pyrite.

As the burial depth increases (300—1200 m, Fig. 14), the domi-
nance of methane bacteria in gas generation leads to the produc-
tion of large amounts of methane and carbon dioxide. The
increased carbon dioxide saturation results in a gradual cessation of
the formation of early veins. With continued burial depth increase,
at the late stage of early diagenesis, when the formation temper-
ature exceeds 70 °C, the activity of methanobacteria in decom-
posing organic matter to generate gas essentially stops.

As the organic matter enters the mature stage and starts
expelling hydrocarbons (1500—2600 m, Fig. 14), the thermal evo-
lution of kerogen releases a significant amount of organic acids and
more CO,. This process considerably lowers the pH value of the
formation water, leading to the dissolution of a large quantity of
micritic carbonate minerals present in the shale laminae. Simul-
taneously, interlayer water released from the conversion of clay
minerals provides fluids and contributes to overpressure (Bolds
et al., 2004; Lahann and Swarbrick, 2011; Luan et al., 2016; Wang
et al,, 2018a; Zhang et al,, 2020; Yu et al., 2022b). These two pro-
cesses generate diagenetic fluids rich in carbonates and hydrocar-
bons. The overpressure resulting from hydrocarbon generation

reopens fractures along the laminae and drives the migration and
convergence of diagenetic fluids along the laminae direction. Upon
pressure release, the carbonate-supersaturated fluids precipitate
and crystallize, leading to the formation of lamellar sparry calcite
veins. The abundance of fluid supply and continuous overpressure
at this stage drive the fluids to migrate over long distances.
Consequently, continuous migration and fluid convergence even-
tually culminate in the formation of thick veins. The characteristics
of multi-stage veins further validate the episodic nature of hydro-
carbon expulsion during thermal evolution. Even under a depth of
3000 m, the veins can still be modified by fluid activity.

Based on the above discussion, it can be inferred that during the
shallow burial period, two crucial conditions contribute to the
formation of fluid and micro-fractures. Firstly, the reduction of
sulfate bacteria results in the generation of hydrogen sulfide and
carbon dioxide, creating acidic water that dissolves the originally
deposited calcite in the lacustrine shale. Secondly, the under-
compaction of shale leads to overpressure, making the shale more
susceptible to fracturing along the direction of shale laminae. These
factors collectively promote the formation of fluid and micro-
fractures during this period. As the organic matter reaches matu-
rity, important conditions for forming fluid and microcracks shift.
Organic acid expulsion, clay mineral conversion, and overpressure
associated with the thermal evolution of organic matter become
prominent factors. The thermal evolution of kerogen generates a
substantial amount of organic acids, lowering the pH value of the
formation water and facilitating the dissolution of micritic car-
bonate minerals within the shale laminae. The conversion of clay
minerals also releases interlayer water, contributing to over-
pressure. Together, these processes generate diagenetic fluids rich
in carbonates and hydrocarbons, which play a significant role in the
formation of fluid and microcracks at this stage. The formation of
calcite veins is a consequence of fluids converging and migrating
along the fractures within the bedding layer due to the influence of
overpressure. Micro-cracks along the laminae direction serve as
crucial spaces for the crystal growth of calcite veins, and over-
pressure maintains the opening of these cracks, facilitating the
migration of diagenetic fluids along the laminae microcracks. Un-
der overpressure, episodic migration of diagenetic fluids along
laminae microcracks, coupled with the irregular crystallization of
calcite, leads to the development of multi-stage veins.

6. Conclusions

This paper focuses on investigating the material source, for-
mation period, formation mechanism, and process of lamellar
calcite veins, which are closely associated with the burial process of
shale. These veins serve as crucial indicators for studying the
diagenetic evolution and organic matter transformation within
shale.

The study identifies two distinct types of veins with evident
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petrographic differences: granular calcite veins and sparry calcite
veins. These veins provide valuable records of the diagenetic his-
tory of shale during the shallow burial period and the organic
matter maturity period, respectively. The material source of both
types of veins is authigenic calcite present in the shale itself.

During the shallow burial period, the reduction of sulfate bac-
teria significantly influences the vein formation process. Concur-
rently, the undercompaction of shale leads to the development of
overpressure, which plays a key role in promoting the formation of
granular calcite veins. As the burial depth increases, the influence of
sulfate bacteria weakens, while the hydrocarbon expulsion of
organic matter commences. The dissolution of organic acids and
the overpressure generated during the process of hydrocarbon
generation are important factors driving the formation of sparry
calcite veins.

The formation of veins is a complex process involving contin-
uous migration, convergence, and crystallization of vein-forming
fluid. Initially, lenticular veins are formed through near-in-situ
convergence of fluid. However, as the fluid continues to converge
along fractures and migrates over longer distances, the veins un-
dergo a transformation, becoming laminated with increased
thickness. The formation of veins occurs in multiple stages, and a
vein may be the result of rapid crystallization or a multi-stage
crystallization process. Composite veins can arise from a combi-
nation of early and late veins or through multi-stage crystallization
of late veins. After the formation, veins may undergo modifications
due to the influence of later fluids. The formation of composite
veins and the modification of veins indicate the occurrence of
multi-stage fluid activities and fluid evolution during the diage-
netic evolution of shale.
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