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A B S T R A C T

The origin of fibrous calcite veins developed in organic-rich shales, has attracted great attentions. However the
growth direction, formation temperature and stress state are still controversial. The calcite veins in organic-rich
shale from lower Es3 to upper Es4 in the Jiyang Depression has been analyzed with electron backscatter dif-
fraction technology (EBSD), which can characterize the microstructures and orientation of mineral crystals in
situ. On the basis of core observation and microscopic identification of petrological characteristics, the long-
itudinal and horizontal profiles of calcite veins were measured by EBSD. Crystallographic information on calcite
veins, obtained by pattern quality mapping, phase diagrams, grain distribution maps, Euler graphs, grain mis-
orientations and pole figures, clarifies the origins of these veins. The results show that calcite crystals in calcite
veins belong to the sharp-rhombohedral space lattice structure of the trigonal system. Calcite crystals have a
preferred orientation on the longitudinal profile, while there is no obvious preferred orientation on the hor-
izontal profile. On the longitudinal profile of calcite veins, the misorientation of calcite crystals is the cause of
the interference colour and extinction difference of calcite crystals under orthogonal light. The crystal inter-
ference and extinction characteristics on both sides of middle line in calcite veins are different, indicating that
the growth direction of calcite veins is syntaxial. A shallow burial environment is suggested for calcite veins
initial forming by the evidence that crystal morphology of calcite in calcite veins is most in the shape of sharp-
rhombohedron, and some of which have hexagonal prism shape. The average orientation difference of calcite
veins on longitudinal and horizontal profiles indicates that the average orientation of calcite grains is in-
homogeneous. The stress concentration of small grains is higher than that of large grains, and cracks are de-
veloped in the interior or on the border of calcite grains on the longitudinal profile, which indicates that calcite
veins are formed in the stress environment of three directional extrusion circumstances.

1. Introduction

Fibrous calcite veins are widely developed in organic-rich shales,

and such veins that infill bedding cracks are often referred to as “beef”
or “cone-in-cone” (Cobbold et al., 2013). Research on fibrous calcite
veins has mainly focused on aspects such as petrological
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characterization, formation of bedding cracks and veins (Gale et al.,
2007; Ramsay, 1980; Wang et al., 2018). The formation of bedding
cracks is the key to reveal the origin of fibrous calcite veins, but the
stress conditions for the formation of cracks are controversial (Cobbold
and Rodrigues, 2007; Cobbold et al., 2013; Gale et al., 2014; Li et al.,
2013; Luo et al., 2015; Ma et al., 2016). Research on the origin of fi-
brous calcite veins has included the source and migration of veins (Bons
and Jessell, 1997; Putnis et al., 1995; Taber, 1918), vein growth di-
rection (Bons and Montenari, 1997), genesis mechanism of veins (Meng
et al., 2017; Shovkun and Espinoza, 2018; Ukar et al., 2017), formation
time of veins and the evolution model of veins (Wang et al., 2005;
Zhang et al., 2016). There is controversy about the direction of vein
growth, which can be divided into antitaxial, syntaxial and tensile types
(Bons and Montenari, 2005). Calcite veins are generally believed to be
formed in the oil-generating stage of source rocks (Wang et al., 2005;
Zhang et al., 2016), however, it is difficult to find evidence of fluid
inclusions in calcite veins (Cobbold et al., 2013), and synsedimentary
deformation characteristics found in some calcite veins also indicate
that the veins were formed in the early diagenetic stage. It is generally
believed that the veins are formed by calcite crystals filling cracks
(Maher et al., 2017; Meng et al., 2017; Ukar et al., 2017) and the
crystallization dynamics of fibrous minerals is an important factor in
changing the local stress state of rocks (Shovkun and Espinoza, 2018;
Taber, 1916, 1918). Therefore, the growth conditions of calcite veins
are difficult to determine.

Improved mineral analysis and testing technologies, such as multi-
purpose thin section, field emission scanning electron microscope
(FESEM) and electron backscatter diffraction (EBSD), have been ap-
plied to the study of fibrous calcite veins. Among them, core - thin
section - FESEM achieves multi-scale characterization of calcite veins
(Gale et al., 2007; Loucks et al., 2012; Milliken and Day-Stirrat, 2013).
In particular, EBSD technology has been increasingly applied in the
study of phase identification, crystal orientation and micro-stress-strain
information of calcite veins (Ming et al., 2016; Villert et al., 2009;
Zhang et al., 2015), and this provides an entry point and powerful
means for studying the mechanical coupling mechanism of bedding
cracks and fibrous calcite veins (Huang and Pan, 2010; Maurice et al.,
2013; Wilkinson et al., 2009). EBSD has been widely used in industrial
fields, especially in material research (Yang, 2008). Its typical appli-
cations include grain size, macro-texture, micro-texture,

recrystallization, strain analysis (Keshavarz and Barnett, 2006), grain
boundary characterization, CSL grain boundary, phase identification,
phase distribution and phase transition process and failure analysis
(Azpiroz et al., 2007; Nowell and Wright, 2005). In the field of geos-
ciences, EBSD technology has also been rapidly applied, including mi-
neral phase identification, crystal orientation and growth direction
analysis, twin law and structure analysis (Liu et al., 2008; Prior et al.,
1999; Zaefferer and Wright, 2007). At present, EBSD technology is
widely used in the field of tectonic geology to study the micro-structural
characteristics of rocks and minerals and reveal the deformation me-
chanism (Heidelbach et al., 2000; Lloyd, 2000; Mainprice et al., 2004;
Toy et al., 2008; Xu et al., 2009). In this paper, the crystallographic
information reflecting growth conditions of calcite crystals in the fi-
brous calcite veins developing in organic-rich shale is obtained by
EBSD, and then the origin of the fibrous calcite vein can be inferred,
which is of theoretical significance to reveal the structural diagenesis
mechanism of fibrous calcite veins, and has certain application value to
guide the shale oil and gas exploration.

2. Overview of the research area

The shale samples were collected in the Jiyang Depression, which is
part of the primary tectonic unit of the Bohai Bay Basin in East China,
and is located west of the Tan-lu fault zone, south of the Chengning
uplift and the north of the Luxi uplift. The Jiyang Depression is a
Mesozoic–Cenozoic rift–depression composite basin composed of four
negative secondary tectonic units including Dongying, Huimin,
Zhanhua, and Chezhen Sags, along with several positive secondary
tectonic units including the Gudao, Yihezhuang, Chenjiazhuang, Wudi,
Binxian, and Kendong Qingtuozi highs. Dongying and Zhanhua Sags are
the richest hydrocarbon accumulation areas in the Jiyang Depression,
and all have significant oil production. FY1, LY1, NY1 and L69 are four
key shale oil wells of lower Es3 to upper Es4 in the Paleocene Shahejie
Formation (Fig. 1a).

The Shahejie Formation was formed in a lacustrine transgression
systems tract (LTST) or a lacustrine highstand systems tract (LHST) of
second-order sequence (Fig. 1b). Owing to continuous subsidence, ter-
rigenous detritus was injected in deposits of the thick lacustrine for-
mation with a vast biodiversity. Especially during the fault depression
stage, thick, dark strata of brown shale and dark grey mudstone

Fig. 1. Geography and sequence stratigraphic map of research area.
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developed under deep water depths, with brackish, or saline water
under alkaline and reducing conditions of lower Es3 to upper Es4 of
Shahejie Formation (Fig. 1b).

3. Sample preparation

Calcite veins mainly develop in organic-rich shales of lower Es3 to
upper Es4 in the study area. The calcite veins are several millimeters to
tens of centimeters long and several microns to several centimeters
wide on the longitudinal profile. They are mainly of tabular or lenti-
cular shapes (Fig. 2a and b). There is usually a dark intermediate line in
calcite veins, which is mainly composed of mud and this line can be
straight or wavy (Fig. 2c and d). Calcite crystals on both sides of the
intermediate line are arranged symmetrically, and the shale fragments
are captured among calcite crystals.

Two pieces of the same calcite vein were taken out with a knife for
the longitudinal and horizontal profile tests. Then, the taken out sam-
ples were polished with abrasive papers of 400, 800, 1500, 2000 and
2500 successively. After that, Leica EM TXP mechanical profiler was
used to finish the mechanical polishing of calcite veins, and then Gatan
697 Ilion II argon ion profiler was used for further sectioning. After
argon ion polishing, the strain layer on the surface of calcite veins re-
sulting from sample preparation was removed. Finally, a 10-nm thick
carbon film was deposited on the surface of calcite veins by carbon
plating instrument and the backscatter probe of FESEM was used to test
the charge effect.

4. Principle of electron backscatter diffraction technique test

The longitudinal and horizontal profiles of the same calcite vein
were scanned and tested respectively according to the flow chart of
electron backscatter diffraction and data acquisition in Figs. 3 and 4
(Michael et al., 2003). The EBSD test was carried out on an electron
backscatter diffraction device (Quantax EBSD 400i) mounted on an
environmental scanning electron microscope (Quattro S). The working
conditions are acceleration voltage 20 kV, beam current 6 nA, sample
tilt angle 70° and working distance 25mm.

5. Results

5.1. Pattern quality map

The Pattern Quality Map characterizes the quality of the Kikuchi
pattern. The higher the brightness, the better the quality of the Kikuchi
pattern. The pattern quality map of the longitudinal profile of calcite
veins clearly shows the longitudinal extension of calcite crystals
(Fig. 5a), while the pattern quality map of the horizontal profile shows
that calcite crystals are allotriomorphic granular (Fig. 5b). At the same
time, the pattern quality chart also indicates that the calcite veins are in
good condition.

5.2. Phase diagram

The energy spectrum probe, which is combined with the electron
backscatter diffraction probe (EBSD) on scanning electron microscope,
can be used to make the rapid phase identification of calcite veins on
both longitudinal and horizontal profiles. Energy spectrum scanning
results show that the identified phase of calcite reaches 94.5% of the
total veins. The unrecognized phase accounts for 5.5%, which usually
belongs to non-crystal, non-calcite bodies captured during the growth

Fig. 2. Characteristics of calcite veins. (a) The calcite vein develops in tabular shape; (b) Calcite veins develop in lenticular shape; (c) The calcite vein develops
straight midline; (d) The calcite vein develops wavy midline and is filled with shale fragments among calcite crystals.

Fig. 3. Schematic diagram of electron backscatter diffraction test.
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of calcite crystals, such as shale fragments, argillaceous or organic
matter (Fig. 6).

5.3. Grain distribution map

The grain distribution map is used to describe the shape, size and
grain boundary of the grains in the area analyzed, including the number
of grains, average grain size, average grain size of each phase, the
distribution of the ratio of the length of the long axis to the short axis,
and the concentration of the long axis direction of the grains. Because
the calcite veins extend columnarly on the longitudinal profiles and are
of allotriomorphic granular shapes on the horizontal profiles, the grain
size cannot be measured easily on the longitudinal profiles. Therefore,
the crystal size was measured on the horizontal profiles. The statistical
results show that the average grain size of calcite on the horizontal
profiles is 17.6 μm (Fig. 7).

5.4. Euler graph

Two coordinate systems are involved in the process of EBSD testing
and processing. One is the sample coordinate system indicating the
spatial position of the sample. Usually, the surface of the sample is the

X- and Y-axis, the direction perpendicular to the surface of the sample is
Z-axis (Fig. 8a). The other coordinate system is the crystal coordinate
system used for crystal orientation. The four-axis orientation method
(hkil) is usually used in the trigonal system and the hexagonal system,
and the three-axis orientation method is adopted in other systems
(Fig. 8a). The Euler graph, the distribution of the Euler angle index, is
usually expressed by (ϕ1, Φ, ϕ2), which is used to represent the spatial
arrangement of crystal coordinates relative to sample coordinates. The
Euler graph lays a theoretical foundation for the study of crystal or-
ientation. There is a crystal coordinate for each crystal of the calcite
vein. The position of the crystal in the sample coordinate system can be
obtained after three rotations according to the Euler angle (Fig. 8b).
Owing to the certain growth law of the same grain, the spatial or-
ientation of the crystals formed in the grain is the same, and the Euler
angle indexes of grains are the same. Therefore, on the Euler graph of
the longitudinal profile of calcite veins, the same Euler angle index
exists in the same grain extending longitudinally, indicating the same
crystal orientation (Fig. 9a). However, on the Euler graph of the hor-
izontal profile, the same Euler angle index can exist both in the same
grain and in different grains. It indicates that the same grain and dif-
ferent grains can both have the same crystal orientation (Fig. 9b).
Sharp-rhombohedral cells are shown by the calculated crystal cell

Fig. 4. Automatic data collection process of electron backscatter diffraction.

Fig. 5. Pattern quality map of calcite veins. (a) Longitudinal profile; (b) horizontal profile.
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parameters (Fig. 9c and d).

5.5. Grain mis-orientation

The Euler graph solves the issue of converting any crystal from the
crystal coordinate system to the sample coordinate system, or vice
versa, and determines the orientation of the crystal. Therefore, the or-
ientation difference between any two points can be further determined
by statistics, and the orientation difference distribution of all crystals
can be obtained.

It is shown in Fig. 10a that two points on the longitudinal profile of
calcite veins are located on two adjacent crystals. One of the crystals
has an orientation close to 0°, while the other has an orientation close to
80° (Fig. 10b). The orientation difference between the two crystals is
about 70°. According to the above statistical method of two points, the
misorientation of crystals on the whole longitudinal profile is between
0° and 100° (Fig. 10c). There are two dominant misorientations, 12° and
63° (Fig. 10c). It is indicated that there are two dominant growth di-
rections of the crystals in the calcite vein on the longitudinal profile,
one of which has 12° misorientation and the other has 63° mis-
orientation.

It is shown in Fig. 11a that two points on the horizontal profile of
calcite veins are located on two adjacent crystals. One of the crystals
has an orientation close to 0°, while the other has an orientation close to
55° (Fig. 11b). The grain misorientation between the two crystals is
about 55°. Similarly, according to the above statistical method of two

points, the misorientation of crystals on the whole horizontal profile is
between 0° and 100° (Fig. 11c). The crystal orientation of calcite veins
is not obvious on the horizontal profile, but there is one dominant
misorientation, which is 64° (Fig. 11c). It implies that the orientations
of the crystal of calcite veins on the horizontal profile are complex, with
a dominant relative superior growth direction. The misorientation is
64°.

5.6. Pole figure

After projecting the intersection of a normal line and a projected
sphere of each grain in a polycrystalline sample placed at the center of a
projected sphere onto the equatorial plane representing the macro-
scopic direction of the sample, the points with the same pole density
can be connected to form isodensity lines, and this finally forms a pole
figure which can show the distribution of texture. Since only the poles
of a particular crystal plane are projected on this map, other crystal
planes are not projected, so this pole figure is the one of that particular
crystal plane. The pole figure can reflect the preferred orientation in the
sample, which is generally expressed by the pole figure of the crystal
plane with low index.

On the longitudinal profile of calcite veins, the poles are con-
centrically distributed in two positions (Fig. 12a) on the polar map of
crystal plane (0001), which indicates that the growth orientation of
crystal planes (0001) in calcite veins is relatively stable, and there are
two dominant orientations. On the polar graphs of crystal planes (21‾ 1‾0)

Fig. 6. Phase identification of calcite veins. (a) Longitudinal profile; (b) horizontal profile.

Fig. 7. Statistics of grain size on the horizontal profiles of calcite veins.
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and crystal planes (011‾0), the poles are intersected by two bands
(Fig. 12b and c), indicating that the crystal planes (21‾ 1‾0) of the crystals
in calcite veins are nearly parallel, forming two crystal bands, and the
same is true of the crystal planes (011‾0).

On the horizontal profile of calcite veins, the poles are distributed
dispersedly on the polar graph of crystal plane (0001), which indicates
that the growth directions of crystals on the horizontal profile of calcite
veins are various and the preferred orientation is not obvious (Fig. 13a).
However, on the pole figures (21‾ 1‾0) and (011‾0), it can be seen that
some poles form triangular bands (Fig. 13b) and rhombic bands
(Fig. 13c), with an acute angle of about 60°.

6. Discussion

6.1. Crystal habit

On the longitudinal profile of calcite veins, the misorientation of
one group of crystals is 12°, which is close to parallel, while that of the
other group is 63°, which is close to 60°. On the horizontal profile, the
misorientation of a group of crystals is 64°, which is also close to 60°.
The crystal orientation on the longitudinal and horizontal profiles in
calcite veins conforms to the sharp-rhombohedral space lattice struc-
ture of trigonal system, that is, the profile parallel to the symmetrical
axis of the apical rhombohedral body is quadrilateral, while the profile
perpendicular to the symmetrical axis of the apical rhombohedral body

Fig. 8. Schematic diagram of sample coordinate system, crystal coordinate system and Euler angle indicating crystal orientation.

Fig. 9. Euler graph and orientation figure of crystals
of calcite veins. (a) Euler graph of the crystal on the
longitudinal profile; (b) Euler graph of the crystal on
the horizontal profile; (c) Crystal forms and or-
ientation at a certain location on the longitudinal
profile of calcite veins; (d) Crystal forms and or-
ientation at a certain location on the horizontal
profile of calcite veins.
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is triangular. The macro-extension structure of veins is constrained by
the microcosmic growth law of crystals.

In addition, consistent with the conclusion of the misorientation on
the longitudinal profile of calcite veins, the crystal plane (0001), (21‾ 1‾0)
and (011‾0) of crystals on the longitudinal profile of calcite veins is
concentrically distributed or forms two intersecting crystal zones,
which indicates that calcite veins have a preferred orientation on the
longitudinal profile. In addition, the poles in the crystal plane (0001)
pole figure of calcite veins are scattered, while the poles in the crystal
plane (21‾ 1‾0) and (011‾0) pole figure generally form triangular or
rhombic crystal bands. The above observation results show that calcite
veins do not have obvious preferential orientation on the horizontal
profile, but generally have the development trend of triangular or
rhombic orientation. Therefore, the crystal growth in calcite veins
conforms to the characteristics of the triangular system, where the
crystal always extends along the high-grade crystal axis and shows a
symmetrical distribution in other directions. The macro-orientation
characteristics on the longitudinal and horizontal profiles of calcite
veins are constrained by the micro-growth law of the triangular system
crystals.

Since the calcite crystals in the calcite veins are of sharp-rhombo-
hedral shape and extend longitudinally, it can be inferred that the
calcite veins are mainly composed of sharp-rhombohedral calcite
crystals superimposed vertically along the symmetrical axis in the study
area (Fig. 5a). Since the trigonal and hexagonal systems can usually be
converted to each other and the three rhombohedrons can form a
hexagonal prism, the horizontal profile of calcite veins is allo-
triomorphic granular. In fact, the ideal complete form is hexagonal,
rhombic or triangular. However, limited by the underground crystal-
lization conditions such as crystallization speed and space, the devel-
opment of hexagon, rhombus and triangle is incomplete, and the
boundary is concave or convex, showing allotriomorphic granular
(Fig. 5b).

6.2. Growth direction

The sharp-rhombohedral l crystals in calcite veins extend co-
lumnarly along the optical axis, and the calcite crystals are optic

uniaxial crystal (−) (Ne < No) (Fig. 14a). On the longitudinal profile
of calcite veins, the direction is close to the orientation of Ne and No
axes of the optical indicatrix, which have the largest birefringence and
the largest optical path difference. Thus, the maximum interference
colour under orthogonal light is generated, which is called advanced
white interference colour (Fig. 14b). Due to the misorientation between
adjacent grains on the longitudinal profile of calcite veins, the bi-
refringence index of the grains cut on the longitudinal profile is dif-
ferent, which results in the impurity of the advanced white interference
colour, and gives rise to a band of variegated tones composed of blue,
green, yellow, orange, red and violet. In addition, the misorientation
between grains results in the difference in the orientation of the optical
indicatrix, which further leads to the difference in the orientation of the
Ne and No axes of the optical indicatrix cut. Thus, the polarization
direction of light in some grains parallel to the Ne axis or the No axis
produces complete extinction (Fig. 14b), while some grains have in-
terference colour. However, the orientation difference between the
grains growing in the same direction does not vary much and usually
has the same extinction characteristics. In the horizontal plane of cal-
cite veins, the main cut is to, or near to, the Ne and No axes of the
optical indicatrix of calcite crystals, and the birefractive index is zero or
nearly zero, resulting in the minimum optical path difference. There-
fore, under the orthogonal light, it appears as complete extinction or
first greyish white interference colour (Fig. 14c).

Most calcite veins containing middle lines, and calcite crystals on
both sides of a given point on the middle line showing generally the
same interference and extinction characteristics with some dislocations
(Fig. 15a), indicated that there are some differences in orientation be-
tween the two sides of calcite veins in the process of crystal growth. All
the evidence discussed above suggested that calcite crystals initiated
from both outsides towards the middle line (inner side). The calcite
veins that are recrystallizing and the remnants of early heteromorphic
granular calcite crystals can be seen in Fig. 15b. Therefore, the mis-
orientation of calcite crystals observed by EBSD is the reason for the
difference in interference colour and extinction of calcite crystals under
orthogonal light. The difference in crystal interference and extinction
characteristics between the two sides of the middle line of calcite veins
at the same position indicates that the growth direction of calcite veins

Fig. 10. The grain misorientation of calcite crystals on the longitudinal profile. (a) Two positions on the longitudinal profile; (b) The grain misorientation between
the two crystals on the longitudinal profile; (c) The grain misorientation distribution on the longitudinal profile.

Fig. 11. The grain misorientation of calcite crystals on the horizontal profile. (a) Two positions on the horizontal profile; (b) The grain misorientation between the
two crystals on the horizontal profile; (c) The grain misorientation distribution on the horizontal profile.
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is from both sides to the middle. It belongs to the symmetric syntaxial
growth direction (Bons and Montenari, 2005).

6.3. Growth temperature

Crystal morphology, structure and chemical composition can reflect
the chemical composition of the diagenetic fluid, medium temperature
and pressure, pH value, water-rock volume ratio, solid-liquid or liquid-

liquid interface surface characteristics (Jones and Renaut, 1996; Qian
et al., 2009). Morphology is controlled by the temperature and pH value
of fluids, especially temperature. Hence, information about crystal
structure and growth environment can be obtained by observing the
crystal morphology (Wang, 1983). Calcite has various crystal forms,
which are closely related to its growth temperature. With the decrease
in growth temperature, the crystal shape tends to evolve from clin-
theriform and obtuse rhombohedron to ditrigonal scalenohedron,

Fig. 12. Crystal pole figures of calcite crystals on the longitudinal profile.

Fig. 13. Crystal pole figures of calcite crystals on the horizontal profile.
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hexagonal prism and sharp rhombohedron. According to M. H. Shka-
bara's research, the growth temperature of calcite with (0001) and
(101‾1) form is 250–350 °C, the growth temperatures of calcite with
(101‾0) and (011‾2) combination form is 150–250 °C, while the growth
temperature of calcite with sharp-rhombohedral shape is 25–75 °C (Li,
1994). In addition, it is generally believed that hexagonal prism crystals
occur at low temperature of crystallization environment. The crystal
morphology of calcite veins in the study area is sharp-rhombohedral
and some of them have hexagonal prism morphology, indicating that
the initial growth temperature of calcite veins is low, which coincides
with the late stage of organic matter biochemical gas generation and
the early stage of thermal catalytic hydrocarbon generation, at a tem-
perature of about 75 °C (Luan et al., 2019).

6.4. Stress condition

Calcite veins are usually of lenticular shape and fill in cracks. It is
usually considered that cracks form under tension-shear stress, so cal-
cite veins should develop under tension-shear stress. However, the
average misorientation of the grains obtained by this EBSD test in-
dicates that the calcite veins develop under the condition of three-di-
mensional compressive stress. Average grain misorientation is used to
describe the difference between the orientation value of a crystal in the
grain and the average orientation value of all crystals in the grain. It
represents the change in crystal orientation in grains and reflects the

degree of stress concentration. The average grain misorientation on the
longitudinal and horizontal profiles of calcite veins is uneven within
and between grains, and the stress concentration of small grains is
higher than that of large grains (Fig. 16a and b). These results show that
the crystals in calcite veins grow in competition in a limited space. The
growth rate of large grains is fast, and they occupy the main space
preferentially. The small grains can only grow in the space between
large grains by extrusion, resulting in the stress concentration of small
grains during extrusion (Fig. 16a and b). Hence, the extrusion of small
grains can also occur during the growth of large grains. Ultimately, the
calcite veins are not fully developed on the horizontal profile, showing
allotriomorphic granularity (Figs. 5b and 16b). In addition, although
the overall orientation of grains extending in the same direction on the
longitudinal profile is roughly the same, the average misorientation of
grains is different. This suggests that in the vertical extrusion en-
vironment, the early grains and the late grains interact during the
growth process, resulting in the stress concentration of some grains.
This results in a series of cracks in the grain interior or grain boundary
(Fig. 16c).

7. Conclusion

The pattern quality map, phase diagram, grain distribution map,
Euler graph, grain misorientation and pole figure of calcite veins ob-
tained by electron backscatter diffraction (EBSD) technology can better

Fig. 14. The optical indicatrix and orthogonal light
characteristics of calcite crystals in the calcite veins.
(a) Sharp-rhombohedral calcite crystal and the op-
tical indicatrix characteristics; (b) orthogonal light
characteristics of calcite crystals on the longitudinal
profile, with the characteristics of advanced white
interference colour and complete extinction; (c) or-
thogonal light characteristics of calcite crystals on
the horizontal profile, with the characteristics of first
greyish white interference colour. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 15. The interference characteristics under or-
thogonal light and growth direction of calcite crys-
tals of calcite veins. (a) The stagger of calcite crystals
on different sides of the intermediate line in calcite
veins results in crystal misorientation, which pro-
duces heterogeneity in the interference colour and
extinction characteristics; (b) The early micrite cal-
cite is recrystallizing into late sparry calcite from
boundary to intermediate. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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characterize the crystal habit, growth direction, growth temperature
and stress conditions during formation of calcite veins. Calcite crystals
in calcite veins belong to the sharp-rhombohedral space lattice struc-
ture of trigonal system. The growth direction of calcite crystals belongs
to symmetric syntaxial growth direction from the boundary to the
middle of the veins. The initial growth temperature of the calcite
crystals is low, and the calcite crystals are formed under the condition
of three-dimensional compressive stress. The origin of fibrous calcite
veins in organic rich shale is closely related to the bedding fracture and
calcite crystal growth. EBSD technology provides a powerful solution to
study the genetic mechanism and evolution of fibrous calcite veins, as
well as reveal the coupling mechanism of structural diagenesis. The
fibrous calcite vein not only provides reservoir space for shale reservoir,
but also increases shale brittleness. Therefore, EBSD technology can be
used to study the origin of the fibrous calcite vein for understanding the
process of shale oil and gas migration and accumulation, as well as
evaluating the fracturing effect of shale reservoir.
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