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Calcite veins, which developed parallel to the bedding, are widespread in laminated source rocks in the Eocene Dongying
Depression. However, there is a lack of systematic description and classification of the veins. This study presents a systematic
characterization of the calcite veins, host rocks, and micritic carbonate laminae by applying petrographic and geochemical
methods to understand vein-forming mechanisms. Antitaxial and syntaxial veins are examined. Antitaxial veins contain typical
fibrous crystals with the most intense fluorescence, and the median zone of these veins is often the micritic carbonate. Calcite
crystals in syntaxial veins develop a blocky morphology of various sizes, indicating obvious growth competition. Data of rare
earth elements and trace elements obtained from the micritic laminae, host rocks, and calcite veins are very similar. This
indicates that the vein-forming nutrients originated from the carbonate in the host rocks and micritic laminae. The minor
difference in C and Sr isotopes between calcite veins and micritic carbonate within the host rock and the negative shift in O
isotopes in the veins are caused by ion exchange and dehydration of swelling clay minerals in the burial environment. This
further proves that the calcite veins are formed in a closed system. Geochemical analysis suggests that the rocks are in the oil
window and have good hydrocarbon potential. Thermal evolution of the acidic fluids generated from organic matter (OM)
resulted in the dissolution of carbonate and formed fluid overpressure in the rocks. Fluid overpressure induced the formation of
fractures in the interlayer and expanded the veins with the force of crystallization due to fibrous calcite growth. Blocky crystals
grow in the fractures from the margins toward the center. Hydrocarbon expulsed via OM maturation in the host rock fills the
intercrystalline pores. Moreover, shale with bedding-parallel calcite has the characteristics of high-quality shale oil reservoirs.
These characteristics will probably provide guidance for shale oil exploration.

1. Introduction

Calcite veins are common in low-permeability source rocks.
In particular, bedding-parallel veins filled by fibrous calcite,
in which the fibers are mutually parallel and form quasiverti-
cally, have been reported from more than 110 localities in the
world [1-3]. The shape, orientation, and internal structure of
calcite veins preserve abundant information on the diagene-
sis, palaeostress, and rock deformation [4, 5]. According to
various vein types and associated crystal growth direction,
morphologies, and vein growth mechanisms, Durney and
Ramsay [6] distinguished stretched, syntaxial, and antitaxial
veins. They can be further subdivided into blocky, elongate-

blocky, and fibrous veins based on their crystal forms and
arrangements [7].

Syntaxial veins often contain blocky or elongate-blocky
crystals, which are ascribed to crystal growth into open holes
or rapidly opening veins and exhibit strong growth competi-
tion. Since the shape of crystals cannot define the opening
trail, only the total comparative displacement of the vein
walls can be determined [7]. Antitaxial veins normally con-
sist of fibrous crystals with smooth crystal boundaries [5].
Curved fiber boundaries can be used to infer the opening trail
during the growth of cracks [8]. In addition, both solid inclu-
sions detached from the vein walls and different phases of
vein growth can indicate the opening process or direction
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[9, 10]. Ramsay [9] proposed that the crack-seal mechanism
can explain the growth of veins with elongated to fibrous
crystals. Numerical simulations of fiber growth based on
the crack-seal mechanism revealed that crystal growth com-
petition is suppressed when the fracture width is less than
10 um [11]. Therefore, the genesis of veins has been attrib-
uted to fluid overpressure caused by ascending fluid migra-
tion, which results in tensile stress in low-permeability host
rocks [12, 13]. The force of crystallization and ongoing defor-
mation can explain fibrous veins with continuous growth
characteristics [14-17]. However, not all fibrous veins form
by the crack-seal mechanism. Some may form without the
loss of cohesion between vein fibers and host rock [15], such
as solid inclusions formed by fluctuations of adhesion at the
interface of the vein and host rock [17].

Secondary minerals in veins precipitate mainly from
supersaturated aqueous solutions because of changes in
physiochemical conditions [18]. Diffusion and advection
are the fundamental material-transport mode that controls
vein formation [19]. In an open system, advective flow carries
the solutions over long distances until they precipitate min-
erals in veins [20]. In contrast, in a closed system, the solu-
tions diffuse over shorter distances [21]. Nevertheless,
diffusion always plays a vital role in the formation of rela-
tively thicker veins [22]. The mode of transport can be
inferred from the geometry of the microstructures in veins.
Therefore, the mineralogical and geochemical analysis of
veins can provide valuable clues regarding the origin and
nature of fluids.

The Dongying Depression in eastern China is rich in oil-
bearing shales in which several bedding-parallel calcite veins
are preserved [23]. Such veins are regarded to have favored
the preservation of oil in the Dongying Depression [24, 25].
However, there is a lack of systematic description and classi-
fication of the veins. Further, there is no consensus regarding
the genesis of different calcite veins. The formation of calcite
veins is linked to the timing of hydrocarbon generation, and
fluid overpressure is considered a critical factor for the occur-
rence of natural fractures in shale [3, 23]. Organic acids and
by-products formed during oil generation promote the disso-
lution of micrite, providing ions for calcite precipitation in
veins [3]. Wang et al. [26] suggested that the migration of
hydrocarbon-bearing fluids and consequent mineral precipi-
tation led to continuous vein growth and expansion.

In this study, the calcite veins in the Dongying Depres-
sion were systematically characterized using petrographic
and geochemical methods. The mechanism and fluid sources
responsible for vein formation were discussed. The results of
this study provide a better understanding of the impact of
vein formation on shale oil reservoirs.

2. Geological Setting

The Bohai Bay Basin, located in eastern China, is an impor-
tant hydrocarbon-producing basin. It comprises several sub-
basins and covers approximately 200,000 km? (Figure 1(a)).
The Jiyang Subbasin is one of the subbasins bounded by the
Tan-Lu Fault to the east, Chengning Uplift to the northwest,
and Luxi Uplift to the south. The study area, i.e., Dongying
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Depression, is a secondary tectonic unit of the Jiyang Subba-
sin and has an area of around 5,700 km” (Figure 1(b)) [27]. It
is situated in the south-eastern part of the Jiyang Subbasin
and is bordered by the Luxi Uplift to the south, Guangrao rise
to the southeast, Chengjiazhuang rise to the north, and Bin-
xian and Qingcheng rises to the west. The study region com-
prises the south-western Boxin, central Niuzhuang, north-
western Lijing, and north-eastern Minfeng sags and the cen-
tral diapiric anticline (Figure 1(c)).

The tectonic evolution of the Dongying Depression in the
initial syn-rifting stage can be divided into rifting I to IV
(Figure 2). During rifting II and III, extensive lacustrine
expansion occurred, resulting in a broad semideep lacustrine
and deposition of abundant fine-grained sedimentary rocks
in the Es4s-Es3x interval [27]. The Dongying Depression is
filled with Cenozoic sediments forming six formations,
namely, the Paleogene Kongdian (Ek), Shahejie (Es), and
Dongying (Ed) Formations; Neogene Guantao (Ng) and
Minghuazhen (Nm) Formations; and the Quaternary Pin-
gyuan (Qp) Formation (Figure 2). The Es Formation is
divided into four members as Es1, Es2, Es3, and Es4 from
the top to the base. The Es4 and Es3 members can be further
divided into Es4x, Es4s, Es3x, Es3z, and Es3s from the base to
the top.

During the accumulation of the Es4x, sedimentation
occurred in a dry and hot climate, and four sags were rela-
tively isolated. The sags subsequently merged into a shallow
lake in the Es4s. Under comparatively warm-damp condi-
tions, salt lacustrine facies comprising gypsum, argillaceous
carbonate, calcareous mudstone, and shale were deposited
(Figure 2) [28]. During the accumulation of the Es3x, the
Dongying Depression was intensely faulted. The basement
rocks rapidly subsided to form a relatively sustained deep-
lacustrine environment with the lacustrine sediments com-
prising mudstone, calcareous mudstone, and shale. The
Es3z and Es3s lithofacies are similar to the Es3x lithofacies
and are characterized by stable sedimentation in the lacus-
trine basin that resulted in calcareous mudstone, shale, etc.
(Figure 2) [28]. The interval of interest for this research is
Es4s and Es3x, in which calcareous mudstone and shale with
many bedding-parallel calcite veins are preserved.

3. Materials and Methods

The Es3x-Es4s interval is penetrated by the NY1 and FY1
wells in the Dongying Depression. A total of 17 core samples
were collected from the NY1 and FY1 wells for thin sections
(Table 1). Samples with bedding-parallel calcite veins (n =9)
were trimmed into cubes and polished. The calcite veins and
host rocks were then drilled from the cubes using a
microscope-mounted drilling assembly (1 mm diameter drill
bit; x10 magnification). Similarly, samples of micritic car-
bonate laminae (n = 8) were collected and prepared.
Cathodoluminescence (CL) observation of thin sections
was performed under a Leica DM2500P CL microscope with
a voltage of 12kV and current of 250 A. The thin sections
were coated by a Pt conducting layer and then observed
under a ZEISS S-3400N field emission scanning electron
microscope (SEM) with ETH of 15-20kV. All the
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FIGURE 1: Location and tectonic setting of the Bohai Bay Basin (a, b) and Dongying Depression (c).

microscopic analyses were performed at the State Key Labo-
ratory of Geological Processes and Mineral Resources in
Beijing.

An X-ray diffraction (XRD) analysis of the powdered
samples was conducted by using a D/max-2500 theta/theta

rotating anode X-ray diffractometer. The total organic car-
bon (TOC) of bulk rocks was determined using a carbon sul-
fur analyzer, LECO CS600. The measurement technique used
here is based on sample combustion in an O, atmosphere to
convert TOC to CO,. Thermal maturities were determined
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FIGURE 2: Stratigraphy of the Dongying depression, showing the tectonic and sedimentary evolution stages [29].
TasBLE 1: The depth and description of sample.
Number  Sample  Depth (m) Description Number Sample Depth (m) Description
1 NYI1-4 3316.00 Fibrous calcite veins 10 FY1-18 3418.47 Fibrous and blocky calcite veins
2 NY1-5 3296.06 Fibrous calcite veins 11 FY1-19 3418.35 Blocky calcite veins
3 NY1-10 3414.23 Fibrous calcite veins 12 FY1-23 3438.52 Fibrous calcite veins
4 NY1-13 3458.57 Blocky calcite veins 13 FY1-28 3196.00 Fibrous calcite veins
5 NYI-1 3331.79 Shale with micritic carbonate 14 FY1-30 3197.27 Fibrous calcite veins
6 NY1-2 3329.30 Shale with micritic carbonate 15 FY1-15 3412.14 Shale with micritic carbonate
7 NY1-3 3330.15 Shale with micritic carbonate 16 FYl-16 3377.05 Shale with micritic carbonate
8 NY1-7 3401.20 Shale with micritic carbonate 17 FY1-17 3378.75 Shale with micritic carbonate
9 NYI1-11 3414.56 Shale with micritic carbonate
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TaBLE 2: The X-ray diffraction data of samples from well NY1 and
FY1 (%).

NY1 FY1
N =49 N =562
Avg. 24.1 17.8
Clay minerals Max 59 57
Min 4 2
Avg. 221 24.9
Quartz Max 45 60
Min 7 2
Avg. 5.0 4.6
Feldspar Max 22 35
Min 1 1
Avg. 32.8 38.3
Calcite Max 73 78
Min 2 1
Avg. 133 11.9
Dolomite Max 76 93
Min 1 1

using a Leitz MVP-3 microscope photometer, which helps
measure vitrinite reflectance (Ro) values. Asphalt was
extracted before pyrolysis. The Rock-Eval parameters mea-
sured include the free hydrocarbons (S1), hydrocarbons
cracked from kerogen (S2), carbon dioxide relieved from
organic matter (S3), and maximum yield temperature of
pyrolysate (Tmax). The microanalysis of TOC was con-
ducted using a LECO CS600 at the Laboratory of Geological
Microbiology of the China University of Geosciences, Bei-
jing. The microdrilling samples of micritic carbonate lami-

nae, veins, and host rocks were analyzed for trace elements,
rare earth elements (REEs), carbon and oxygen isotopes,
organic carbon isotopes, and strontium isotopes. These anal-
yses were conducted at the Analytical Laboratory of the Bei-
jing Research Institute of Uranium Geology. Trace elements
and REEs were measured using a NexION300D apparatus
for inductively coupled plasma-mass spectrometry (ICP-
MS; >10ppm, error < 5%; <10 ppm, error < 10%). Carbon
and oxygen isotopes were measured by adding concentrated
phosphoric acids to produce the CO, which were tested by
a MAT-253 gas isotope mass spectrometer. Carbon and oxy-
gen isotope compositions are reported in the standard delta
notation as permil (%o) relative to Vienna Pee Dee Belemnite
(VPDB), with an analytical precision of +0.2%o for carbon
isotopes and +0.1%o for oxygen isotopes. Organic carbon iso-
tope was measured using a MAT-253 gas isotope mass spec-
trometer when burning a sample in flowing oxygen to
produce the CO,. Strontium isotope was determined by
using a phoenix thermal ionization mass spectrometer
(TIMS). The powder samples (0.1 to 0.5g) were digested in
5mL HF and 2mL HCIO,. Strontium was separated in
5mL HCl using 200 to 400 mesh cation exchange resin. Dur-
ing mass spectrometry measurement, the Sr isotope ratio was
obtained at the 1250 + 50°C and an ion current intensity of
1x 107" A in vacuum. The *’Sr/**Sr ratio was corrected for
mass fractionation using *#Sr/%Sr = 8.37521.

4. Results

4.1. Petrologic Features. Observations at NY1 and FY1 wells
suggest that the lithologies of Es4s and Es3x mainly consist
of calcareous mudstone and shale, sandy mudstone, gypsum
mudstone, and argillaceous limestone [25]. The carbonate
minerals are interbedded in the mudstone or shale and occur
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FIGURE 4: Proportions of clay minerals in samples from Es3 to Es4. Data are from the NY1 and FY1 wells; the data were collected for this study

and from some previously published work on the study area [30, 31].

as primary micritic carbonate lamina, and secondary carbon-
ate vein fills according to their morphology and contact rela-
tionship with the neighboring layers.

4.1.1. Mineral Composition. The XRD analysis of the bulk
samples indicates that the mineral compositions include
quartz, feldspar, carbonate, clay minerals, pyrite, minimum
barite, and anhydrite. The average content of the main min-
erals (clay, quartz, feldspar, and carbonate) of NY1 and FY1
wells is shown in Figure 3. Collectively, they account for
more than 90% of the bulk samples. The data of clay
(Table 2) show that the content in the NY1 well ranges from
4% to 59%, with an average of 24.1%. The average feldspar
and quartz contents are 5% and 22.1%, respectively. The
average calcite and dolomite contents are 32.8% and 13.3%,
respectively. The clay mineral content in the FY1 well ranges
from 2% to 57%, with an average of 17.8%. The average feld-
spar and quartz contents are 4.6% and 24.9%, respectively.
The average calcite and dolomite contents are 38.3% and
11.9%, respectively.

Statistical analysis of the clay mineral content of the
NY1 and FY1 wells and some previously published data
from the study area indicate that the clay minerals include
kaolinite, mixed illite/smectite, illite, and chlorite (Figure 4)
[30, 31]. The illite content increases significantly with
increasing depth, whereas the mixed illite/smectite content
shows the opposite trend. The kaolinite content also dis-
plays a negative correlation with the depth. The chlorite
content is less than 8%.

4.1.2. Microstructure of Calcite Veins. Bedding-parallel calcite
veins are widely developed in calcareous shale and are
brighter in color than the host rocks in cores. These veins also
vary in size and range from about 1-10 mm in thickness and
3-100 mm in length (but they are limited by the size of the
cores) (Figure 5). The surfaces of the calcite veins are smooth,
but it is difficult to distinguish the types of veins from the
cores. The veins are lenticular and lamellar and show the
characteristics of horizontal and vertical extension. The
bedding-parallel calcite veins consist of several overlapping
lenses and laminae (Figures 5(a) and 5(f)) that often contain
solid inclusions. Bedding-parallel fractures with a thickness
of approximately 1 mm thick were found near the calcite
veins (Figures 5(b) and 5(c)).

In the thin sections, antitaxial and syntaxial veins can be
distinguished. Antitaxial calcite veins typically contain
fibrous crystals with high length/width ratios and are almost
perpendicular to the host rocks. The fiber boundaries are
smooth (Figures 6(a) and 6(b)). The bedding-parallel calcite
veins consist of several small veins with lensoid and lamellar
shapes and comprise various solid inclusions of host rock
debris. Some inclusions are banded parallel to the vein-wall
interface (Figures 6(c) and 6(d)). Others are locally folded
within the veins and arranged as sinusoidal inclusions
(Figure 6(b)). The median zone or median line consists of
micritic carbonate, usually on one side of the vein
(Figures 6(c) and 6(d); Figure 7(a)). Some antitaxial veins
do not have a median zone, and the fibers are elongated from
one wall to another at high length/width ratios (Figure 6(a)).
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FIGURE 5: Features of the calcite vein as seen in the core. (a) NY1, 3296.06 m: the bedding-parallel calcite vein consists of a few lenticular and
lamellar calcite veins. (b) NY1, 3414.23 m: the calcite vein is approximately 5mm thick, and fractures have developed in the host rock. (c)
NY1, 3458.57 m: the vein is only approximately 1 mm thick, and interbedded shale consists of clay mineral laminae and calcite laminae.
(d) FY1, 3418.47 m: this sample is similar to the sample (c) and contains a horizontal fracture at the interface between the vein and host
rock. (e) FY1, 3438.52 m: the thickness of vein is less than 1 mm. (f) FY1, 3197.27 m: several lenticular veins overlap to form a bedding-

parallel calcite vein and solid inclusions are trapped in it.

In the CL analysis, antitaxial veins with fibrous crystals
exhibit a bright red and dully red luminescence
(Figure 7(a)). The edge of the lensoid calcite veins exhibit
slightly brighter luminescence (Figure 7(b)).

Syntaxial calcite veins contain crystals with coarse-crys-
talline, blocky morphologies. The contact surface of the vein
and host rock is smooth. The crystal size varies from several
to a hundred microns. The dark solid inclusions often fill
between the blocky crystal, creating irregular shapes
(Figures 6(e), 6(g), and 6(h)). The syntaxial veins with blocky
crystals show oscillatory CL zoning with the exterior of crys-
tals being brighter than the interior. In addition, fibrous cal-
cite veins are observed near the blocky calcite veins, ranging
in size from tens to hundreds of microns (Figures 6(f) and
6(h)) and showing a brighter red luminescence than the
median zone of the blocky calcite vein (Figures 7(c) and
7(d)).

Almost all the veins are somewhat fluorescent. The anti-
taxial calcite veins with fibrous crystals show the most intense
green to dark-green coloring (Figures 8(b) and 8(c)). How-
ever, the blocky crystals and micritic carbonates in the central
zone of the antitaxial calcite veins are less fluorescent than
their host rock and the fibrous calcite within the same sample
(Figures 8(d) and 8(e)). Syntaxial calcite veins with blocky
crystals  exhibit  comparatively weak  fluorescence
(Figure 8(a)).

4.1.3. Calcite Veins. The solid inclusions in fibrous and
blocky calcite veins were identified as clay minerals,
quartz, pyrite framboids, and organic matter (OM) by
SEM (Figure 9). The pyrites are widely distributed in the
shale and the solid inclusions between lenticular calcite
veins (Figures 9(c) and 9(d)) and are also present in the
center of the veins (Figure 9(b)). OM is distributed along
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FIGURE 6: Calcite veins seen under a microscope. (a) FY1, 3197.27 m: a calcite vein with fibrous crystals, with many small calcite lenses (red
arrows) possibly growing in host rock and solid inclusions (yellow arrows) arranged in a sinusoidal manner and as inclusion trails. (b) The red
outline of (a). (c) NY1, 3414.23 m: sample shows coexistent initial micritic carbonate and fibrous calcite. Fibrous calcite grows on the flanks of
micritic carbonate (red arrow). (d) FY1, 3438.52 m: the sample is similar to sample (c) with abundant solid inclusions (yellow arrows). (e)
NY1, 3458.57 m: calcite veins consisting of blocky crystals with single crystals about 100 ym. (f) The red outline of (e), in which fibrous
calcite are seen near the blocky crystals (less than 40 ym, red arrow). (g) FY1, 3418.35 m: the calcite veins consist of blocky crystals (red
arrow), but the sizes of the single crystals are obviously different, with solid inclusions (yellow arrow) filled between these crystals. (h)
FY1, 3418.47 m: fibrous calcite veins and coarse-grained carbonate veins grow together. The dark materials are filled between the coarse-
grained carbonates (yellow arrow).
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(c)

o el v i

FiGure 7: Calcite veins under a cathodoluminescence (CL) microscope. (a) NY1, 3414.23 m: the micritic carbonates are in the median zone
(green arrow) flanked with fibrous crystals (blue arrow) or towards one side of the vein. Fibrous calcite crystals with brighter red luminescence
contrast to the median zone. (b) NY1, 3296.06 m: fibrous calcite crystals show dark luminescence, but the edge of the vein is brighter (blue
arrow). (c) NY1, 3458.57 m: blocky crystals have oscillatory zoning (green arrow), and the edge of the fibrous crystals have brighter
luminescence (blue arrow). (d) FY1, 3418.35 m: fibrous calcite shows brighter luminescence (blue arrow).
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FiGure 8: Calcite veins observed under the fluorescence microscope. (a) FY1, 3418.35 m: blocky calcite crystals with weak fluorescence (red
arrow). (b) FY1, 3197.27 m: fibrous calcite crystals had the most obvious green fluorescence. (c) FY1, 3418.35 m: fibrous calcite veins are
fluorescent (red arrow), and coarse-grained calcite veins are not (blue arrow). (d) NY1, 3458.57 m: blocky crystals in the median zone of
the antitaxial calcite veins are less fluorescent than the fibrous calcite with which it coexists and which has greenish fluorescence (red
arrow). (e) FY1, 3438.52 m: the sample is similar to sample (d). The micritic carbonate of the median zone is not fluorescent (blue arrow),
which is in contrast to the fluorescence of the fibrous calcite (red arrow).

the margin of calcite veins and solid inclusions
(Figure 9(h)) and among irregularly shaped blocky crystals
(Figure 9(a)). Barite and strontianite can be observed by a
qualitative analysis by SEM-energy dispersive X-ray spec-
troscopy (EDS). Barites can be observed at the margin of
fibrous calcite veins and are partially replaced by calcite
(Figure 9(e)). Strontianites have irregular shapes and fill
in calcite veins (Figures 9(g)) and are very common in
the fibrous calcite vein.

4.2. Organic Matter. The TOC contents of the bulk rock in
the NY1 (188 samples) and FY1 (143 samples) wells are
0.15-9.32 wt. % and 0.11-9.05 wt. %, respectively, with aver-
age values of 3.00 wt. % and 2.41 wt. %, respectively. Samples
with TOC greater than 1 wt. % account for 93.8% and 98.5%

of the total samples analyzed from NY1 and FY1 well, respec-
tively. The S1+S2 values of the bulk samples are approxi-
mately 15mg/g. The plot of HI versus the pyrolysis Tmax
indicates principally type I kerogen [27]. The vitrinite reflec-
tance (Ro) values for NY1 and FY1 are 0.52-0.80% and 0.51-
0.91%, respectively (Figure 10). Results of the microanalysis
of the TOC content of the host rock are listed in Table 3;
the TOC content ranges from 5.72 to 15.20 wt. %.

4.3. Geochemistry. The §'°0 values of the host rock of the
fibrous calcite vein range from -11.3%o to -10.4%o. The
fibrous calcite veins are depleted by about 1.6%o relative to
the host rock and decrease from -13.2%o to -11.9%o. The host
rocks with the blocky calcite veins have a broad range of §'*0
values from -10.9%o to -8.9%o. The §'*0 values in blocky
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filled with clay minerals and OM. (b) FY1, 3197.27 m: pyrite is packed in the fibrous calcite. (¢, d) NY1, 3296.06 m: solid inclusions are present,
and the microfracture (Mf) is subparallel to the calcite vein. The energy dispersive X-ray spectroscopy (EDS) image shows the mineral
composition of the solid inclusion. Pyrite framboids, quartz grains, and OM are present on the margin of the calcite vein. (e, f) FY1,
3413.44 m: barite appears in the fibrous calcite veins. (g) FY1, 3197.27 m: strontianite appears in the fibrous calcite veins. (h) NYI,
3458.57 m: bedding-parallel calcite veins have blocky crystals. Between these veins are solid inclusions associated with clay minerals and
OM. Cec: calcite; Py: pyrite: Q: quartz; Mf: microfracture; OM: organic matter.
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FIGURE 10: Location lithology and geochemical characteristics of samples FY1 and NY1.

calcite veins are -11.6%o and -8.9%o. The &'°0 values of
micritic carbonate laminae range from -11.5%o to -8.4%o,
with an average of -9.5%o (Table 4).

The measured 8"°C values for host rocks with fibrous cal-
cite veins range from -0.4%o to 2.6%o. The 8'°C values of
fibrous calcite veins range from 2.8%o to 4.3%o. The 8'°C
values of the host rocks with blocky calcite veins are -1.1%o
and 1.8%o. The §'°C values of the blocky calcite veins are
0.2%o and 3.4%o. The 8">C values of micritic carbonate lam-
inae range from 2.1%o to 4.8%o, with an average of 3.5%o. The
é 13Corg values of fibrous calcite veins range from -24.6%o to
-22.9%o, averaging -23.7%o, whereas those of their host rocks

range from -24.2%o to -22.3%o. The § 13Corg values of blocky
calcite veins are -27.2%o and -27.3%o, whereas those of their
host rocks are -27.0%o and -27.4%o, respectively.

The Sr isotopic compositions of fibrous calcite veins,
blocky calcite veins, and host rocks are in the ranges from
0.710572 to 0.710812, 0.710869 to 0.710970, and 0.710729
to 0.711335, respectively. The Sr isotopic composition of
micritic carbonate laminae ranges from 0.710449 to
0.710930, with an average value of 0.710718.

The data of trace elements and REEs for fibrous calcite
veins, blocky calcite veins, host rocks, and micritic laminae
are listed in Tables 5-7.
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TaBLE 3: The data of microanalysis of total organic carbon (TOC) of
the host rock.

Sample D(fﬁ;h TOOCA))(Wt' Sample Dgg;h TO;))(WL
NY1-4 3316.00 11.50 NE{;' 3458.57 6.83
NY1-5 3296.06 12.40 Ff; 3418.35 5.72
II\I)YI' 3414.23 8.35 F;{Sl 3196.00 15.20
II\I)YI' 341456 7.10 F;{Ol 319727 1020
I;ISYI‘ 3458.60 7.82

5. Discussion

5.1. Formation Mechanism of Fractures. Fractures provide
the space for the precipitation of calcite in the veins and are
thereby preconditions for the formation of the latter. The cal-
cite veins normally show bedding-parallel features. This indi-
cates that the internal stress of shale, rather than external
stress (tectonic activity) [32, 33], is the main factor that the
precipitation of the calcite vein is accommodated. The pres-
ence of OM in the calcite veins indicates that hydrocarbon-
bearing fluids flowed through the veins and filled them since
vein opening. The rocks in the NY1 and FY1 wells are char-
acterized by the high carbonate content, low feldspar content,
and a TOC of almost more than 2 wt. %. Moreover, the rocks
are in the oil window (Ro > 0.5%) and have good hydrocar-
bon potential (type I kerogen and high S1+S2 values)
(Figure 3; Figure 10). Wang et al. [26] reported that the fluid
inclusions in calcite veins normally have yellow to blue-green
colors under ultra-violet (UV) illumination. The trapping
temperature exceeded 70°C because of the homogenization
temperatures of inclusions. Thus, the thermal evolution of
the OM probably generated the acidic fluids that dissolved
the carbonate in the rocks. Previous research has also sug-
gested that the fluids were generated as the OM became
matured, resulting in an increase in the local volume with
abnormal overpressure within the Es3 and Es4 intervals,
rather than by disequilibrium compaction [27]. In addition,
with increasing burial depth, the mixed illite/smectite con-
tent decreases, and it transforms into illite (Figure 4). The
dehydration of clay minerals causes structural modifications,
such as the opening of pores and/or horizontal fractures
(Figure 9(c)) [34], which are likely responsible for the fluid
overpressure [26]. The fibrous crystals that grow almost per-
pendicular to the fracture wall of host rocks and have smooth
fiber boundaries indicate that overpressure is not likely
caused by horizontal compression. According to morphology
changes with respect to the wall of fibrous calcite cemented
veins, Rodrigues et al. [18] identified the opening of veins
owing to horizontal compression, which shows an obvious
angle change from inner zones to outer zones in the fibrous
calcite. Since the shear stresses acted at the vein margins,
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the previously consolidated vein resisted shortening, whereas
the host rock did not. Thus, the calcite veins formed by hor-
izontal compression are expected to curve with respect to the
wall; however, such curved veins are not present in our sam-
ples (Figures 6(a) and 6(c)).

Changes in lithology during sediment accumulation are
another potential factor for the formation of bedding-
parallel fractures. The main changes are a result of the growth
of micritic carbonates in the median zone, with flanking
fibrous crystals, or the growth of fibrous crystals at the mar-
gin of the blocky vein (Figures 6(c), 6(d), and 6(f)). The
major rocks in the Es4s-Es3x intervals are laminated
organic-rich shale, consisting of micritic and clay laminae
[25]. Interlayer fractures often grow at the interface between
micritic and clay laminae [34, 35]. This is because the transi-
tional surface is the weakest zone in the rock, allowing for
fracturing by fluid pressure. Therefore, the secondary frac-
tures promote the migration of hydrocarbon-bearing fluids
and the consequent calcite precipitation.

In summary, given increasing depth, OM can generate
acidic fluids that dissolve carbonate minerals, and the mixed
illite/smectite is transformed to illite, thereby promoting the
formation of spaces and fluid overpressure. Besides, fluid
overpressure has a vital impact on forming bedding-parallel
fractures in the transitional surface of the rock and interlayer
within rocks.

5.2. Source of Vein Fill. The increase in pore pressure may
affect the chemical equilibrium of the aqueous system by
increasing the solubility of carbonate minerals [5]. The OM
is thermally mature. Thus, it expels organic acids and large
volumes of CO, [36], leading to the dissolution of the pri-
mary carbonate in the host rock. As the pore pressure
increases, an increasing amount of CaCO; is dissolved into
fluids until the maximum is reached [37]. However, as the
pore pressure decreases drastically because of horizontal
microfracturing and pore opening, the supersaturated pore
fluid causes carbonate precipitation in the fracture system.
Both strontianite and barite observed within the calcite veins
indicate that they precipitated simultaneously with the cal-
cite. Strontianite is a rare low-temperature hydrothermal
mineral. Unlike strontianite, barite has multiple origins and
could form through biogenic and hydrothermal processes
[38-40]. The coexistence of strontianite and barite indicates
the possible influence of magmatic hydrothermal fluid [39].

5.2.1. Trace Elements and Rare Earth Elements (REEs). Data
of trace elements and REEs can potentially offer information
on the source of minerals in veins and the fluid pathways [7].
Chondrite-normalized REEs of micritic laminae, fibrous and
blocky calcite, and host rocks show similar patterns
(Figure 11). The 6Eu values for the micritic laminae and host
rocks are similar to those from most of the calcite veins. The
NY1-10 dataset has an anomalous §Eu value of 1.57, which
may be associated with the preferential leaching of Eu-rich
material (for example, feldspar), reductive vein formation
conditions, or transformation into divalent Eu as tempera-
ture increases [41]. The crystal shape of the calcite (fibrous
and blocky) in the veins cannot be explained by the REE data
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TaBLE 5: The trace elements results of veins, host rocks, and micritic lamina (ug/g).

Sample Li S¢ V Cr Co Cu Zn Ga Rb Sr Y Cs Ba Pb Th U Ta Zr Sr/Ba

Vein 229 7.64 663 51.1 15.6 30.3 57.0 9.31 47.6 2056 18.0 3.59 317 14.2 4.69 342 0324 341 6.5
Host rock  40.1 123 116 79.1 24 505 972 16.8 84.6 731 187 6.29 525 24.6 8.0 5.19 0.599 550 14
Vein 20.1 7.13 61.6 414 959 20.0 32.6 7.85 41.1 3610 159 3.35 363 875 4.24 233 0.277 354 9.9

NY1-4

NY15 Host rock  50.2 12.5 135 92.5 19.8 47.7 150 18.7 98.6 884 143 842 524 219 848 3.44 0.606 60.2 1.7
NY1- Vein 795 2.34 295 18.0 6.47 10.0 155 295 16.3 4288 4.13 1.24 693 451 1.72 1.01 0.102 856 6.2
10 Host rock  40.8 10.9 116 74.1 36.1 52.6 79.4 14.1 80.4 1846 16.7 63 301 19.9 7.37 3.61 0482 347 6.1
NY1- Vein 235 46 463 294 135 203 354 551 309 4261 10.1 2.61 361 798 3.24 2.84 0.203 11.5 11.8
13 Host rock  53.1 9.05 89.0 64.3 25.8 50.8 70.0 14.5 80 1428 156 6.97 189 19.8 7.86 4.5 0.569 569 7.6
FY1- Vein 21.5 5.06 56.9 33.1 114 33.7 38.1 6.48 343 8353 9.3 294 829 10.1 3.61 2.63 0.241 20.1 10.1
19 Hostrock 53.5 11.0 128 70.5 282 61 112 17.6 944 2703 182 8.10 281 22.8 8.17 3.87 0.444 315 96
FY1- Vein 22.6 6.38 80.3 425 233 29.2 302 6.6 36.5 2768 12.0 2.92 10456 11.7 3.85 2.88 0.277 30.5 0.3
28 Hostrock 539 12 132 70.5 28.6 62.6 103 179 95 2708 21.2 8.19 304 215 9.0 52 0.609 67.0 8.9
FY1- Vein 17.6 8.69 646 464 15.1 234 39.6 7.6 344 8552 132 286 485 9.7 3.1 2.09 0.233 23.6 17.6
30 Hostrock 26.8 13.1 101 69 19.7 359 619 11.5 52 2688 18.1 432 464 163 519 3.2 0389 325 5.8
NYI1-1 239 8.24 823 46.5 17.3 375 53 8.87 44.6 1653 135 345 616 183 493 2.87 0339 36.7 2.7
NY1-2 234 725 77 574 11.7 21.7 482 85 39.7 1543 10.7 294 628 9.03 4.03 2.26 0.298 279 2.5
NY1-3 38.5 104 83.8 76.4 157 283 756 16.7 86.6 1149 163 6.87 640 119 862 3 0.621 448 1.8
NY1-7 243 6.55 62.8 36.7 269 193 31.7 7.68 404 1857 114 3.26 430 9.05 4.49 3.77 0.291 283 43
II\IIYI_ Micritic 42.1 9.52 108 655 21.2 423 64.1 152 86.8 1162 149 6.54 347 233 7.48 3.32 0.524 329 3.3
FY1- lamina

15 323 103 753 59.2 142 319 27.7 9.75 48.1 3852 17.7 3.73 169 13.8 519 3.84 035 38.6 228
lljgl_ 20.1 6.74 65.6 429 12.7 31.1 319 6.14 31.2 3951 12 224 500 7.14 33 222 0203 179 7.9
I;;l— 20.8 14.6 358 42.8 17.7 124 40.8 396 179 2468 173 126 665 6.58 2.24 1.12 0.144 20.5 3.7

uccC 20 11 60 3 10 20 71 17 112 350 22 37 550 20 107 28 22 190

UCC: upper crust continent based on Taylor and McLennan, 1995 [65].

TaBLE 6: The REEs results in vein and host rock (ug/g).

REE Vein Host rock
NY1-4 NYI1-5 NYI1-10 NY1-13 FY1-19 FY1-28 FY1-30 NYI1-4 NY1-5 NY1-10 NY1-13 FY1-19 FY1-28 FY1-30

La 28.60  22.10 6.30 15.50 15.30 16.00 1740  33.00 3140  32.70 27.30 32.80  33.10 2540
Ce 56.30 43.90 11.90 29.40 2840 2760 31.70 59.60 56.60  59.10 49.10 6240  63.80  46.90
Pr 6.42 5.27 1.43 3.49 3.30 3.37 3.64 6.96 6.59 6.14 5.65 7.12 7.37 5.47
Nd 2440  21.20 5.50 14.10 12.30 13.10 14.70 2690 2470  23.50 21.70 28.00 2890  21.80
Sm 4.17 4.02 0.88 2.56 2.22 2.49 2.92 4.58 4.19 4.23 3.72 4.95 5.35 4.16

Eu 0.91 0.91 0.45 0.55 0.61 0.52 0.68 0.97 0.83 0.87 0.67 0.96 0.99 0.85
Gd 3.75 3.61 0.85 2.10 1.87 2.16 2.51 4.06 3.57 3.57 3.17 4.24 4.54 3.48
Tb 0.66 0.60 0.13 0.36 0.32 0.36 0.45 0.69 0.57 0.60 0.52 0.73 0.78 0.63

Dy 3.28 3.17 0.70 1.85 1.52 1.98 2.37 3.60 2.74 2.97 2.85 3.56 3.98 3.20
Ho 0.59 0.54 0.13 0.33 0.30 0.40 0.46 0.66 0.52 0.57 0.57 0.63 0.73 0.63

Er 1.58 1.40 0.33 0.89 0.85 1.16 1.18 1.82 1.49 1.45 1.60 1.60 2.04 1.70
Tm 0.25 0.23 0.05 0.14 0.13 0.19 0.20 0.30 0.26 0.25 0.30 0.24 0.34 0.27
Yb 1.38 1.21 0.28 0.84 0.75 1.18 1.14 1.83 1.55 1.46 1.79 1.24 1.78 1.60
Lu 0.20 0.18 0.04 0.12 0.10 0.19 0.16 0.25 0.22 0.22 0.24 0.16 0.27 0.22

2REE 13249 108.34 28.97 72.23 6797 70.70 7949 14523 13523 137.63 119.18 148.65 153.97 116.31
S6Eu 0.69 0.71 1.57 0.70 0.89 0.67 0.75 0.68 0.64 0.67 0.58 0.63 0.60 0.67

SEu =2Eu/(Sm + Gd)* value. Chondrite-normalizing values [66].
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TaBLE 7: The REEs results in micritic lamina (ug/g).

NY1-1 NY1-2 NY1-3 NY1-7 NY1-11 FY1-15 FY1-16 FY1-17
La 21.1 18.5 33.5 20.2 30.4 28.1 16.1 22.8
Ce 38.3 335 60.2 36.9 54 559 31 46
Pr 4.42 3.89 6.91 4.38 5.94 6.59 3.68 5.44
Nd 16.8 14.4 25.3 16.1 22.5 259 14 21.6
Sm 297 2.52 4.39 2.94 3.76 4.7 2.65 3.95
Eu 0.699 0.616 0.906 0.648 0.758 0.915 0.651 0.907
Gd 2.69 2.17 3.65 2.65 3.34 3.89 2.22 3.41
Tb 0.452 0.377 0.622 0.427 0.537 0.668 0.385 0.61
Dy 2.3 1.98 3.1 2.19 2.69 3.26 1.99 3.15
Ho 0.448 0.377 0.595 0.393 0.503 0.641 0.39 0.61
Er 1.21 1.01 1.57 1.07 1.32 1.7 1.01 1.56
Tm 0.22 0.17 0.27 0.18 0.21 0.27 0.16 0.26
Yb 1.27 0.966 1.57 1.12 1.26 1.7 1.04 1.64
Lu 0.159 0.145 0.23 0.149 0.181 0.249 0.145 0.223
2REE 93.04 80.62 142.81 89.35 127.40 134.48 75.42 112.16
S6Eu 0.74 0.79 0.67 0.70 0.64 0.64 0.80 0.74

SEu = 2Eu/(Sm + Gd)* value. Chondrite-normalizing value [66].

[7]. The REE patterns in the veins are consistent with those in
host rocks and micritic carbonate laminae, indicating that the
materials within the calcite veins may have been derived from
the host rock carbonate and micritic laminae.

The trace elements in the micritic laminae, host rocks
and veins also exhibit very similar patterns. The concentra-
tion of strontium is generally high not only in micritic lami-
nae and host rocks but also in the veins (Figure 11); this is
attributed to the dissolved micritic laminae and the host rock
with a high Sr ion concentration flowing into diagenetic
fluids. During such transfers, precipitation results in the for-
mation of Sr-rich calcite in horizontal fractures. This may
explain the high Sr content in the calcite veins [25, 42] and
the source of Sr** for strontianite precipitation. The Ba con-
tent is 10456 ug/g in sample FY1-28 owing to the occurrence
of barite within the vein (Figure 9(e)). The Es4s in the Don-
gying Depression develops laminated gypsum mudstone,
which is abundant calcium and sulfate ions [24]. Pyrite is
packed in the calcite vein (Figure 9(b)), indicating that the
sulfate was partially removed during the sulfate reduction
reaction [43]. Thus, Liang et al. [44] suggested that gypsum
dissolution in the diagenetic fluid increased the concentra-
tion of sulfate and resulted in barite precipitation in the frac-
tures. Another possibility is that Ba is universally present in
the OM and can be replaced by potassium [45]; thus, suffi-
cient barium may have been liberated from the host rock to
facilitate the precipitation of barite.

Therefore, the similar patterns of trace elements and
REEs in the micritic laminae, host rocks, and veins indicate
that ions that leached from adjacent host rocks and micritic
laminae are concentrated in nascent veins because of the
focused fluid expulsion along these pathways, after the matu-
ration of OM and the associated generation of organic and
carbonic acids. The formation of strontianite and barite is

attributed to the contribution of ions from the host rocks
and micritic laminae, rather than to the flow of external fluids
into the host rock.

5.2.2. Cand O Isotopes. The carbon and oxygen isotope com-
positions of the calcite veins represent the original isotope
compositions and specific temperature of the parent fluid
precipitation, respectively [5, 46]. However, because of the
resetting of 8'°0 values during diagenesis in sediments, the
initial 8"%0 composition of shale with veins cannot be deter-
mined [47]. Therefore, the §'®0 values in veins can provide
clues regarding the source of the diagenetic fluids and the
associated physicochemical conditions [48]. The § 180 values
of most calcite veins are lower than those of the micritic car-
bonate laminae and carbonates in host rocks (Figure 12); this
observation is similar to that made for the coarse-grain cal-
cite veins by Liu et al. [49].

Water-rock interaction during the temperature rise in
the rock is likely the major reason for oxygen isotope deple-
tion in the fluids, and thus, it probably influenced the §'%0
of authigenic calcite veins [50, 51]. The oxygen isotopic com-
position of formation water could have been modified grad-
ually because of oxygen exchange within the silicates of the
host rock [52]. Meteoric water infiltration is another mecha-
nism for the negative shift in §'*0 values in the calcite veins.
Given the low permeability of the shale and the lack of tec-
tonic uplift [49], the influence of meteoric water infiltration
is likely small. Thus, the negative shift in 6'*0 more likely
results from the modification of the parent fluid via the dehy-
dration of swelling clay minerals and the increase in temper-
ature. The presence of pyrite in a calcite vein may imply that
sulfate reductions in the decomposition of OM produced a
minor negative shift in §'*0. However, if sulfate reduction
occurred in the study area, it would have led to a large
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FIGURE 11: Spider diagram of the ratio of trace elements and the pattern of rare earth elements (REEs). Chondrite-normalized REE patterns in
(a) micritic laminae, in (b) veins, and in (c) host rocks. Trace elements normalized by UCC in (a) micritic laminae, in (b) veins, and in (e) host
rocks. Blue lines: fibrous calcite and its host rock; red lines: blocky veins and its host rock.

negative shift of carbon isotopes, which does not agree with
the results. The §'®0 value of sample NY1-13 collected from
a blocky calcite vein is similar to that of its host rock and
micritic carbonate laminae. Sample FY1-19 with blocky crys-
tals also has a higher §'*0 value than that of the fibrous veins.
This possibly suggests that the blocky veins formed earlier
than the fibrous veins.

The majority of the §'°C values of the fibrous and blocky
veins are similar to those of the micritic carbonate laminae,
with an average of +3.5%0 VPDB, except for sample NY1-

13 that has the lowest 8'C value (Table 4). The enrichment
of °C in the host rock is induced by exchanges with the dis-
solved organic carbon [53]. Hence, the host rock carbonate
has a lower 8'°C value than the calcite vein; if the carbon iso-
tope composition of the veins is the same as that of host rock
carbonate, the incorporation of depleted organic carbon into
the carbonate in the host rock can lead to this difference. The
depleted organic carbon can be exchanged with any existing
veins, but a larger crystal size in veins could have helped
maintain their carbon composition, whereas the fine-
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grained carbonate in the host rocks could have been more
thoroughly exchanged with the depleted carbon from the
OM [53]. The 6" Corg results show that the calcite veins are

lighter than the host rocks (Figure 13(a)), which too indicates

the exchange of organic carbon with carbonate in host rocks
in the burial environment. Blocky veins are related to hydro-
carbons, and it would have been easier for OM to fill up

0.71135

blocky crystals (Figures 6(e) and 6(g)); therefore, the organic
carbon isotope of blocky veins is lower than that of fibrous
veins.

Thus, the carbonate content of the calcite veins is derived

from the micritic carbonate dissolution-reprecipitation
mechanism. The negative shift of the 'O value in calcite
veins is mainly caused by the dehydration of swelling clay
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minerals during the increase in the burial temperature of the
shale. The host rock carbonate with lower §'°C values results
from exchanges with the carbon taken from the OM.

5.2.3. Sr Isotopes. The Sr isotope of calcite veins is another
factor that indicates whether the veins grew from local or
regional fluids [19]. 87Sr is obtained from the radioactive
decay of ®Rb, which is not incorporated into the calcite lat-
tice. Therefore, radioactive decay over time does not affect
the Sr isotope of a calcite vein. If the calcite veins were
derived from the carbonates in the host rocks, the *'Sr/**Sr
ratio of the veins and host rock carbonate would be similar.
Therefore, by comparing the Sr isotope values in calcite veins
and host rocks, it is possible to determine whether the calcite
veins formed from local materials or from the advective
transport of fluids over a longer distance [20]. The Sr isotopic
ratio in the host rock is slightly greater than that in its vein
(Figure 13(b)), but still much lower than that in its noncarbo-
nate sections. Perhaps, small amounts of Sr within detrital
silicate were exchanged with the carbonate in the host rock,
thereby increasing the *”Sr/**Sr ratio [54]. The average Sr iso-
topic composition of micritic carbonate is 0.710718, which
may reflect the characteristics of the initial sedimentary envi-
ronment. The Sr isotopic concentration of the fibrous calcite
vein is similar to that of micritic carbonate, indicating that
the fluids of the fibrous vein were derived from the micritic
carbonate. The isotopic concentration of the blocky calcite
veins is also close to those of micritic carbonate or slightly
higher than those of fibrous veins, indicating the Sr isotope
may be affected by the dehydration of clay minerals in the
early stage because the blocky calcite forms earlier than the
fibrous calcite (Figure 14). Therefore, the materials in the cal-
cite vein originate from micritic carbonate in the host rock
and micritic laminae.
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5.3. Formation Mode of Calcite Veins. The rocks from well
NY1 and FY1 are in the oil window (Ro > 0.5) and have good
hydrocarbon potential. The maturation of the OM leads to
the expulsion of organic acid and hydrocarbons and the
dehydration of clay minerals, resulting in the dissolution
of micritic carbonate and fluid overpressure within the host
rocks [3, 27]. These diagenetic fluids within the host rocks
migrate to the interlayer via diffusion, forming overpres-
sure fractures and providing space for the later precipita-
tion of calcite veins. The syntaxial veins with blocky
crystals are induced by the different growth rates of the
individual crystals; they may form in a cracking event,
thereby creating enough space for the dissolved carbonate
within the host rock to precipitate [7, 55]. The fibrous cal-
cite grows in a narrow fracture, and crystal growth compe-
tition is suppressed [11]. The vein-wall interface represents
an area with low adhesion and new material accumulation,
causing the dilation of the vein because of the force of
crystallization of calcite fibers [17]. Moreover, the petrolog-
ical observation and differences in the oxygen and stron-
tium isotopic concentrations in blocky and fibrous calcite
probably indicate that the blocky calcite forms earlier than
the fibrous calcite.

Therefore, the migration of the nutrients of the calcite
within the host rocks to the interlayer fracture promotes
the growth of blocky calcite. Generally, the blocky crystals
comprise the clay minerals that detached from the vein
walls and the hydrocarbons expulsed upon OM matura-
tion. After the wide fracture is filled with the blocky vein,
the vertical migration of fluids is hindered causing the dis-
solved carbonate to gradually precipitate into fibrous cal-
cite in the vein-wall interface (Figure 15(a)). Besides, the
hydrocarbon-bearing fluid contributes to the formation of
bedding-parallel fractures in the transitional surface of
micritic carbonate lamina and organic-rich clay lamina
and interlayer within rocks, and this in turn results in
the growth and continuous dilation of fibrous crystals
(Figure 15(b)) [56].

5.4. Significance of Calcite Veins for Shale Oil. The Es4s-Es3x
rocks were deposited in a semideep and deep lacustrine envi-
ronment. Compared with the marine shale in China, the
TOC and carbonate mineral contents are considerably higher
in the Es4s-Es3x rocks [57-60]. Moreover, compared with
some major shale in the United States, the Es4s-Es3x shale
has deep burial depth, low thermal maturity, high carbonate
content, and low quartz content. These differences affect the
types of pores in the Es4s—Es3x shale [59, 61, 62]. Therefore,
unlike marine gas shale with primarily OM pores, the car-
bonate recrystallization intercrystalline pores and dissolution
pores are the main pores in the Es4s—Es3x shale [24]. More-
over, the pores are mainly concentrated in the laminated
interface near the veins; further, there exists favorable hori-
zontal connectivity along a given lamina because of the con-
nection of microfractures [49].

Therefore, the shale with a bedding-parallel calcite vein is
considered a high-quality reservoir, characterized by high
TOC and hydrocarbon potential, abundant recrystallization
intercrystalline pores and interlaminar fractures, and high
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content of brittle minerals (average greater than 70%) [61,
63]. The shale with veins is the favorable lithofacies for shale
oil reservoirs and a sweet spot for exploration [64].

6. Conclusions

(1) Bedding-parallel calcite veins are widespread in
source rocks in the Dongying Depression. Antitaxial
and syntaxial calcite veins can be distinguished
through petrographic observations. Antitaxial veins
typically contain fibrous crystals that grow almost
perpendicular to the host rocks with smooth fiber
boundaries. The median zone of antitaxial veins is
often initial micritic carbonate. Calcite in syntaxial
veins develops blocky morphologies with various
sizes and clear crystal growth competition

(2) The shale mineralogy of NY1 and FY1 has high car-
bonate and low feldspar content. The shale has been
buried almost in the oil window and has good hydro-
carbon potential. With increasing depth, the OM
generates acidic fluids to dissolve carbonate. The
mixed illite/smectite also transforms into illite. Con-
sequently, the formation of spaces in the transitional
lithology and interlayer within rocks and fluid over-
pressure is promoted

(3) The similar trace element and REE patterns in the
micritic laminae, host rocks, and veins indicate that
the ions leached from the adjacent host rocks and
micritic laminae are concentrated in the nascent
veins. This concentration is attributed to focused
fluid expulsion along these pathways after the OM
matures and produces organic and carbonic acids.
Further, the Sr and Ba for the precipitation of stron-
tianite and barite, respectively, originated from the
host rocks rather than from the external fluids

(4) The host rock carbonate is enriched in *Sr and
depleted in ">C. This is caused by isotopic exchanges
with the noncarbonate host rock components. The

micritic carbonate lamina grows as the median zone
along with the fibrous calcite, probably reflecting
the nature of the vein-forming fluids. The carbon
and strontium isotopic compositions of micritic lam-
inae and veins are also very similar. The negative shift
of the oxygen isotopes of the veins is induced by the
dehydration of clay minerals and the increase in tem-
perature. This indicates that the materials of the veins
are derived from the dissolution of carbonate within
the shale in a closed system

(5) The migration of the diagenetic fluid is vertical and
limited in the interlayer. Such migration promotes
the growth of calcite fibers by crystallization. Blocky
crystals rapidly grow from both sides of the fracture
toward the center, allowing the hydrocarbons from
the host rocks to occupy the intercrystalline pores.
In addition, the shale with bedding-parallel calcite
vein is the favorable lithofacies for shale oil reservoirs
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