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As an essential component in shale, OM (organic matter) grains and their arrangements may play essential roles in affecting the
anisotropy of the reservoir. However, OM grains are commonly treated as an evenly distributed isotropic medium in current
studies, and few works have been done to investigate their detailed arrangement characteristics. In this study, terrestrial and
marine shale samples were collected from three different shale plays in China, and the arrangement characteristics of OM grains
in each sample were investigated by SEM (scanning electron microscope) image analysis. The results indicate that OM grains in
shale are not evenly distributed in isotropic medium, and their directional alignment is pervasive in both marine and terrestrial
shale. OM grains in shale tend to subparallel to the bedding section, and their orientation degree and controlling factors differ
among different shales. OM grains in samples from terrestrial C-7(Chang-7 Formation) exhibit the strongest directionality in
their arrangement, and OM grains in samples from marine LMX (Longmaxi Formation) shale in the Fuling area also exhibit
strong directional alignment. While in samples from marine LMX shale in the Baojing area, their directional alignment is much
weaker. Shales with high clay content, high TOC (total organic carbon), low thermal maturity, and flat reservoir structure get
more OM grains parallel to the bedding section. The biogenetic texture of graptolite in marine LMX shale is the dominating
factor leading to the strong directional alignment of the OM grains. However, syncline structure may disorganize the preformed
directional alignment and weaken the directionality of the OM grains, which results in the OM arrangement difference between
LMX samples from Fuling and Baojing. While the compaction of the layered clay particles is the dominating mechanism leading
to the strong directional alignment of the OM grains in terrestrial shale samples from C-7.

1. Introduction

Shales are multiphase, multiscale, and compositionally
diverse sedimentary rock, and with the development of hor-
izontal drilling and hydraulic fracturing technology in recent
years, shale has become a research hotspot across the world
[1, 2]. Besides their low porosity and ultralow permeability,
shales also get more complex mineral composition than con-
ventional reservoirs. Besides quartz, feldspar, and calcite,
they also contain considerable amounts of clay minerals,
and a few but nonnegligible OM is another essential compo-
nent of shale [3]. The complexity in mineral constituent
results in the complex pore structure and fickle mineral

arrangement, and both factors endowed shale with much
stronger anisotropy than conventional reservoirs [4, 5].

The manifestation of anisotropy in shale is diverse,
among which elastic wave velocity, permeability, and
mechanical properties are the most focused points from the
field to the lab. These anisotropic characteristics play critical
roles in the exploration and development of the shales, and
scholars focus on this topic believe the anisotropy exhibited
in shale is mainly attributed to the alignment of clay min-
erals, nonspherical pores, or microcracks [6, 7]. Their effects
on gas transport, methane adsorption, fracture development,
and other aspects have been widely investigated [8–11].
Among these studies, the alignment of clay minerals and
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natural fractures is the most emphasized factors, and they
were regarded as the major factors controlling the heteroge-
neity of shale [12–14]. Besides, several compositional and
arrangement models have been presented to predict the pet-
rophysical parameters of the shales [15, 16]. However, the
arrangement of OM was not considered in these models.

Besides clay and fractures, many researchers have pointed
out that certain OM particles are not evenly distributed in the
shale matrix, and some OM particles may get an elongated
shape and show specific directionality in their alignment [17,
18]. Nevertheless, detailed studies on OM grains orientation
have seldom been carried out, and OM is still regarded as an
evenly distributed isotropic medium in most of the models.
The orientation of the OM grain was neglected in these
models, and the corresponding excuse is their low content.
However, the TOC in some shales with rich OM sources can
reach 20% [19], and OM grains may take a very considerable
volume due to their much lower density. Additionally, new
nanocomputed tomography and SEM studies have revealed
that OM grains with highly developed pores may form into
continuous organic frameworks, and these OM grains with
good connectivity may form a dominant pathway in shale.
Thus, their arrangement may intensify the permeability
anisotropy of shale [20]. Furthermore, studies also indicated
that some types of OM grains without organic pores might still
exhibit anisotropy in their inner structure due to their bioge-
netic texture [21], which may also affect the anisotropy of
shale if they were directionally arranged.

Besides organic pores, studies have also shown that
microfractures in shale are closely related to the elongated
OM particles [22]. Recent nanoindentation and AFM
(atomic force microscope) studies have proved that Young’s
modulus of the OM grains in shale is much lower than clay
or other inorganic minerals and OM is the softest part in
shale [23–25], and the development of organic pores may
further lower their Young’s modulus [26]. Besides, OM
grains also get a much larger thermal expansivity than the
ambient inorganic mineral particles [27]. These features
make OM grains in shale more sensitive to the stress and
thermal change during deposition, compaction, and thermal
maturation. Thus, fractures are more likely to be formed at
the boundary between OM and inorganic mineral particles,
which may further affect the anisotropy on permeability,
elastic wave velocity, and other vital features in return. Thus,
the orientation of OM grains in shale deserves more attention
and investigation.

In this study, marine and terrestrial shale samples were
collected from 4 wells in China, and their mineral constitu-
ent, TOC, and Ro were investigated. The morphological
and arrangement characteristics of OM grains in each sample
were compared and investigated by SEM image processing.
Moreover, the effects of mineral contents, TOC, and thermal
maturity on OM grain orientation and the corresponding
forming mechanism were also discussed.

2. Samples and Methods

The detailed parameters of the shale samples used herein are
listed in Table 1. The mineralogical composition was

obtained by XRD (X-ray diffractometer) (model Bruker D8,
45kv, 35mA) at State Key Laboratory of Petroleum
Resources and Prospecting at China University of petroleum,
Beijing. The analysis was performed in accordance with Chi-
nese Oil and Gas Industry Standard SY/T 5163-2010. The
TOC of samples JY11 and JY45 was obtained by a carbon
and sulfur analyzer (model LECO CS844) in the test center
of Exploration and Development Institute in Jianghan Oil
Field, Wuhan, and the analysis was performed in accordance
with Chinese National Standard GB/T 19145-2003. The TOC
of the rest two samples and Ro data were acquired from rele-
vant literature.

Sample JY11 and JY45 were collected from Fuling shale
gas play in Chongqing, which is the largest shale gas play in
China. Sample BY was collected from an exploratory well
in the Baojing area, Hunan. These three samples were all col-
lected from LMX, which is characterized by high OM abun-
dance and favorable organic types to generate large
amounts of gas. Sampled JY11 and JY45 were collected from
the same submember of LMX, and their TOC, Ro, and min-
eral constituent are very similar. Their TOC is around 3%,
and their Ro ranges from 1.8% to 2.9%, suggesting a stage
of high maturity and more complicated diagenesis. While
the Ro of sample BY is 3.28%, which is the highest among
the four samples. Sample YY was collected from C-7, Shanxi,
which is a typical terrestrial shale. The TOC of the samples
from C-7 ranges from 1.7% to 9.8%, with a mean value of
5.73%. The Ro of samples from C-7 is much lower than
LMX, which ranges from 0.7% to 1.3%, indicating sample
YY is within the oil window stage.

According to the XRD results, siliceous and clay minerals
are the dominating minerals in the four samples. Sample YY
has the highest clay content, which is over 50%, and quartz
occupied another 25.1%. While in sample JY11, JY45, and
sample BY, the clay content is around 30% and quartz occu-
pied about 40%. The specific types of clay minerals in these
samples were not further analyzed. According to the
researches of Yang et al. [28] and Ji et al. [31], the predominant
clay mineral in LMX shale is illite, which accounts for more
than 65%, and the primary clay mineral in terrestrial C-7
shales is illite-smectite mixed layers (with an average value of
43%) and then followed by illite ranging from 25% to 48%.

During the sample preparation, abundant graptolites
were found on samples collected from LMX, and their
amount is much larger in samples from Fuling than that in
samples from Baojing. Researches have indicated that grap-
tolites in shale can contribute to TOC [32, 33], and as
Figure 1(a) shown, these graptolites are usually subparallel
to the bedding section. Thus, it may be an important part
of contributing to the directionality of the OM grains in
shale. As shown in Figure 1(b), small shale pieces were col-
lected to investigate the mineral constituent and detailed
microstructure of the graptolites. A field emission SEM
(model FEI quanta200) was adopted to capture SEM images
of the graptolites. These small samples were not polished to
keep their microstructure, and they were all coated with a
thin gold film to enhance the image quality.

Besides these small samples, slice samples were also pre-
pared to investigate the OM orientation. As shown in
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Figure 1(c), two slices were orthogonally cut out from each
sample, among which one sample is parallel to the bedding
section and the other is vertical to the bedding section. For
the convenience of the expression in the rest of this paper,
we call the profile parallel to bedding direction as TS (trans-
verse section), and the profile vertical to bedding direction as
LS (longitudinal section). The slice samples were firstly
mechanically polished and then polished by argon-ion to
enhance surface flatness. Moreover, all these slice samples
were coated with a thin gold film to enhance the image qual-
ity. Slice samples complete coating and polishing are shown
in Figure 1(d), and a cold field emission SEM (model Hitachi
SU8010) was adopted to capture images from these slice
samples.

According to our tests, SEM images captured at ×500 or
×1000 magnification can reach the right balance between
ideal OM grain quantity and acceptable sharpness, and both
factors are critical to the accuracy of the subsequent image
processing and analysis. The SEM image capturing was con-
ducted in the State Key Laboratory of Petroleum Resources
and Prospecting at China University of Petroleum, Beijing.
As SEM images herein were saved as 8 bits grayscale figures,
the brightness of the particles is in direct proportion to the
atomic number of the elements inside. Thus, OM grains in
SEM images usually are much darker than the ambient inor-
ganic minerals, and pyrite grains usually are the brightest
[34]. Based on that brightness contrast, the Weka Trainable
Segmentation plugin in Image J segmented the OM grains

Table 1: Parameters of the shale samples.

Sample Formation
Sedimentary

Source TOC (wt%) Ro (%)
Mineralogical composition (wt%)

Environment Clay Quartz Feldspar Calcite Pyrite

JY11 LMX Marine Jaoshiba 3.3 1.8-2.9a 28.9 47.1 8.8 10.8 4.4

JY45 LMX Marine Jaoshiba 3.03 1.8-2.9a 32.2 39.5 8.3 15.7 4.3

BY LMX Marine Baojing 2.33b 3.28b 27.5 44.9 12.2 11.3 4.1

YY C-7 Terrestrial Yanchang 1.7-9.8c 0.7–1.3a,c 50.3 25.1 2.2 17.2 5.2

Note: aThe data was from [28]. bThe data was from [29]. cThe data was from [30].

(a)

Graptolite

(b)

Bedding direction

Slice parallel to the bedding

Slice perpendicular to the bedding

V
ertical direction

(c) (d)

Figure 1: Shale samples used in this study. (a) Samples with abundant graptolites. (b) Samples for graptolite observation. (c) Schematic plot of
the cutting direction. (d) Slice samples after polishing and coating.
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and pyrite grains in all SEM figures. This plugin is a machine
learning-based semiautomatic tool to produce pixel-based
segmentations, and it has been widely used as a powerful
and efficient tool in SEM image processing [35].

Figure 2 demonstrates the image processing steps. After
the OM and pyrite segmentation, they were identified and
numbered by Analyze Particles Function in Image J. This
function can find the major axis and minor axis of the iden-
tified particle, and the AR (aspect ratio) as well as the angle
between the major axis and horizontal axis was then calcu-
lated. The AR can reflect the shape of the grains, and the
angle represents their orientation. Particles with an area
smaller than 20 pixel2 (the resolution of the SEM image is
1280 × 960) were excluded to reduce the influence of pixel
noises. The segmented OM and pyrite grains were then
merged into one figure to investigate their coexistence rela-
tionship. 7 to 9 images were captured from each slice sample,
and the statistical data of MA (mean angle) and SDA (stan-
dard deviation of the angles) of each image were then calcu-
lated. The MA indicates the central tendency of the grain
orientation, and the SDA indicates the dispersion degree of
the grain orientation. Sample with smaller SDA means OM
grains inside get more definite directionality in their orienta-
tion, and there are more OM grains parallel to the MA
direction.

3. Results

3.1. Characteristics of the Graptolite under SEM. Graptolites
are widely distributed in organic-rich LMX shale in South
China, and it has been reported to be closely related to the
OM enrichment in LMX shale [36, 37]. According to the core
observation, most graptolites are preserved as black or gray
lamellate films, and their distribution can be clump together
or randomly dispersed. Due to the overlap effect, the size of
the graptolite in core scale can reach several centimeters,
and their abundance varies a lot from one core to another.

The chemical composition of graptolite is controversial,
and the chitinous substance was initially believed to be the
main composition. Subsequent studies demonstrated that
aromatic structure with aliphatic groups consisted of the
main body of graptolite. Thus, it will dealkylate during the
maturation and can act as good hydrocarbon-generating
material in shale [38]. The EDS results shown in Figure 3
indicate that carbon is the dominant element of the graptolite
in our samples, and several related studies have also drawn
similar conclusions [39, 40]. Due to its unique biogenetic tex-
ture, the geometrical characteristic of graptolite may differ
significantly from other OM grains.

As shown in Figure 4(a), the graptolite (indicated by the
yellow dash line) is in a lamellar structure with a width of sev-
eral millimeters, while the length can reach several centime-
ters. The main body of graptolite is made up of cortex and
central canal (Figure 4(b)), and the size of these lamellar cor-
texes is around dozens of microns, which is much larger than
the ambient inorganic grains. Moreover, a sharp boundary
can be observed between the lamellar cortex and the outside
matrix (Figures 4(b) and 4(c)).

Unlike most OM grains in shale that developed with mas-
sive spongy pores, only a few shallow pores can be observed
on these lamellar cortexes (Figure 4(c)). Some lamellar cortex
has broken into several fragments, suggesting lamellar cortex
may be more brittle than those amorphous OM grains
(Figure 4(d)), and the surface of these lamellar cortexes is
much smoother than other grains in the matrix, which may
reduce its adhesive strength with the ambient mineral parti-
cles. Besides the shallow holes, a fewmoldic pores were found
on the graptolite surface (Figure 4(e)), and the diameter of
which can reach 2.5μm. Organic pores in amorphous OM
grains are usually under micron scale, while nanoscale
organic pores were not observed in graptolites collected from
Fuling samples. The absence of the nanoscale organic pores
may cause by the shielding of the gold film, or it may be the
result of low thermal maturity. In other studies, abundant
nanometer-sized spongy pores were observed on the grapto-
lites from LMX (Figures 4(g)–4(i)), and these spongy pores
exhibited anisotropy inner the lamellar cortex. Moreover,
most elongated organic pores were subparallel to the bedding
section [36, 37]. The difference of the organic pore develop-
ment in the graptolites indicates that the maturity of the
graptolites may vary significantly among different shale
plays.

The maturity of graptolite is not easy to be identified
from SEM images, but the color of graptolites with lower
thermal maturity is usually much darker [33]. Moreover,
spongy pores are more developed in OM particles with
higher thermal maturities. These features can help estimate
the maturity of the OM grains. The color of the graptolites
in our sample is dark black, and pores inner graptolites are
less developed, both of which suggest the thermal maturity
of the graptolite in LMX samples herein may be much lower
than those amorphous OM grains. According to the SEM
images, due to the biogenetic texture, these graptolites
derived OM grains with lower thermal maturity may exhibit
much stronger anisotropy in its structure and orientation.

3.2. Distribution Characteristics of the OM Particles

3.2.1. OM Orientation in Sample BY. As shown in
Figures 5(a) and 5(b), most OM particles in sample BY are
amorphous and they are dispersed randomly in both LS
and TS, and the occurrence relationship between OM and
pyrite particles is also irregular in both LS and TS. Pyrite
grains in shale are usually coexisted with the OM particles
[28], but the later OM maturation and diagenesis may alter
their coexistence relationship. The OM particles in sample
BY are not closely adjoined to those pyrite grains, suggesting
sample BY may undergo intricate diagenetic processes, and
these pyrite or OM grains may have migrated away from its
original position.

Unlike graptolite-derived OM shown in Figure 3, the
shape of most OM grains in sample BY is flocculent. Accord-
ing to the research of Curtis et al. [41] and Nie et al. [42],
these flocculent or amorphous OM grains usually get higher
maturity as the maturation may increase the inner pressure
and induce more spongy pores. Those organic pores may
destroy the structural integrity of the OM grains, and the
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increasing inner pressure may push OM into other intergran-
ular pores or fractures. Moreover, subsequent sedimentation
and compaction may intensify the distortion of the OM
grains.

Besides these flocculent OM particles, a few banded OM
grains were also observed in LS (indicated by dash boxes in
Figure 5(a) (vi, vii, viii)), which get sharp edges and elongate
structure. It is quite easy to identify graptolites in cores or

outcrop due to their biological structures, but it is challenging
to identify them under ×500 or ×1000 magnification because
their biological structure was weakened by the cutting and
polishing processes. In contrast to those flocculent OM parti-
cles, graptolite remains get much larger AR and most of them
are subparallel to TS. Considering the geometrical feature of
those OM grains and the morphology study of Luo et al. [33],
we believe those banded OM grains in sample BY are highly

Extract OM

Extract Pyrite

Merge

Extract RA
and angle

Figure 2: Typical image processing procedures.
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Figure 3: EDS (energy dispersive spectrometer) spectrums and elements content of graptolite. (a) The red box indicates the area where the
element was analyzed. (b) The spectrum of the EDS. (c) Elements content results.

5Geofluids



likely to be graptolite remains, and they may contribute more
to the anisotropy than these amorphous OM grains due to
their more directed orientation and much larger AR. How-
ever, their overall contribution to the anisotropy may be lim-
ited by their quantity shortage.

As Figure 5(b) shows, OM gains are filled inner the inter-
granular pores of the pyrite grains (indicated by red dash line
boxes) in LS, and the size of these pyrite grains is much larger
than those without OM. The distribution of the OM grains in
TS is more agminated than LS, and very few banded OM
grains are observed in TS. Moreover, the orientation of these
banded OM grains is more random in TS, while the distribu-
tion of pyrite grains is more inhomogeneous in both LS and
TS, and their size in TS is slightly larger than the ones in
LS. Due to the FOV (field of view) limitation, these inhomo-
geneous exhibited in grain size and distribution in sample BY
are limited under the submillimeter scale. Besides those
bonded OM grains in LS, most OM grains in sample BY
exhibit weak directionality in their orientation in both LS
and TS.

As shown in Figures 5(c) and 5(d), though it is unobvious
in SEM images, the image processing results indicate that
OM grains in LS of sample BY still show specific directional-
ity, while the trend is much weaker in TS. The statistical
results indicate that the average MA of the OM grains in LS
is 95.07°, and the average SDA is 45.39°, while in TS, the aver-
age MA is 89.25°, and the average SDA is 53.02°. The average
SDA indicates that the directionality of OM grains in LS is
much stronger than TS in sample BY.

3.2.2. OM Orientation in Sample YY. Sample YY is a typical
terrestrial shale, as shown in Figure 6(a), the structure of
OM grains in sample YY differs quite a lot from sample BY.
Due to its much higher TOC, the area and size of the OM
grains in sample YY are much larger than that in sample
BY, and most OM particles in sample YY are banded grains
with lengths larger than several hundred of microns. The
position of the pyrite grains in sample YY is much closer to
OM grains than that in sample BY, and some pyrite grains
(indicated by the black dash line boxes in Figure 5(a)) also
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Figure 4: Microstructure of the graptolite under SEM. (g)–(i) are modified from [36].
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Figure 5: Images of sample BY after segmentation. The red part is OM, and the blue part is pyrite. (a) and (b) Merged images of sample BY in
LS and TS. (c) and (d) The long axis angle distribution of the OM grains in LS and TS.
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get banded shape. The directionality of the OM and pyrite
particles in LS is much stronger and more evident than that
in sample BY, and most OM and pyrite particles are subpar-
allel to the bedding section. The boundaries of the banded
OM grains in sample YY are not as smooth and clear as the
ones in sample BY, but these OM particles contain very few
inorganic mineral grains and get a more intact structure. As
shown in Figures 6(c) and 6(d), the long axis angle distribu-
tion of the OM grains in sample YY is far more concentrated

in LS, and the peak positions are almost the same. According
to the statistical analysis, the average MA of the OM grains is
100.67°, and the average SDA is 27.59° in LS, which is much
smaller than that in sample BY, indicating that OM grains
in the LS of sample YY are strictly directionally orientated.

Though OM grains quantity is smaller in LS of sample
YY, their size is much larger than that of sample BY. Banded
OM grains were also observed in TS of sample YY, but they
are much thicker than the ones in the LS. There are very
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Figure 6: Images of sample YY after segmentation. The red part is OM, and the blue part is pyrite. (a) and (b) Merged images of sample BY in
LS and TS. (c) and (d) The long axis angle distribution of the OM grains in LS and TS.
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few amorphous OM grains in LS, but it can be widely
observed in TS of sample YY, and its morphology shows cer-
tain differences with the ones in sample BY. The amorphous
OM grains in sample BY get irregular edges and relatively
intact inner structure, while in sample YY they get similar
snatchy edges but contain more inner pores. Besides, the size
of the amorphous OM grains in sample YY is much larger
than the ones in sample BY. These differences indicate that
mechanisms forming the amorphous OM grains in two sam-
ples may be different. Nevertheless, as Figure 6(d) shows,
these OM grains in the TS of sample YY also exhibit no direc-
tionality as the ones in sample BY. The average MA is 92.19°

and the average SDA is 55.73°, which is similar to that of
sample BY.

3.2.3. OM Orientation in Sample JY45. Sample JY45 was col-
lected from the largest gas shale play in China, and beddings
are highly developed in the main production layer. As
Figure 7(a)(i), (ii), (vii) shown, the banded OM grains are
of the largest size among the four samples, but many inor-
ganic grains are firmly attached or embedded in these the
banded OM. As Figure 7(a) (iv), (v), (vi) shown, amorphous
OM grains are also widely distributed in the TS of sample
JY45, and their morphological characteristics are similar with
ones in sample BY.

These banded OM grains in sample JY45 are highly likely
to be graptolite remains cause their thickness is over dozens
of microns, and the embedded inorganic grains may from
the overlap of graptolite layers. These graptolites, as we
observed from the core samples, are tabular organic films
with centimeter-scale. They are well parallel to the bedding
direction on the core scale, and their directionality is still dis-
tinct in these micron-scale SEM images. The quantity of the
banded OM grains in LS of sample JY45 is much smaller than
sample YY, but they also exhibit specific directionality in
their orientation. However, due to their less intact structure,
these banded OM grains may be identified as several smaller
independent particles by the software, and, thus, the holistic
orientation of the banded grains may be weakened in the
image analysis results. According to which, the average MA
and average SDA of the amorphous OM grains are 90.66°

and 49.2° in LS, respectively. While SDA of the bonded OM
grains ranges from 45°to 46°, both of which are much larger
than sample YY.

While in TS, the distribution of OM grains in sample
JY45 is as dispersed as sample BY. The size of the OM grains
is much smaller than LS, and only a few annular OM grains
can be observed (Figure 7(b) (i, ii, iii)). The number of pyrite
grains in TS of sample JY45 is much smaller than sample BY,
and the distribution of amorphous OM in sample JY45 is rel-
atively wider than sample BY, and their structure is also more
complicated. According to the image analyses shown in
Figures 7(c) and 7(d), the average MA of the OM grains in
TS is 87.89°, and the average SDA is 54.67°. Which is much
larger than the LS, but it is almost the same with that in sam-
ple BY.

3.2.4. OM Orientation in Sample JY11. Sample JY11 was col-
lected from the same shale play with sample JY45, and they

are from the same sub-member of the major pay zone. How-
ever, the morphology of the OM grains in sample JY11
exhibits noticeable differences from sample JY45. As
Figure 8(a) shows, the banded OM grains in sample JY11
are much thinner, and some are of rich branches
(Figure 8(a) (i, ii, viii)). These ramifications may derive from
the compressed graptolite multilayers, and some OM grains
also involved many inorganic particles, but their overall
structural integrity is much better than the banded ones in
sample JY45. The distribution of pyrite grains in sample
JY11 is also dispersive.

As Figure 8(c) shows, the angle distribution of the OM
grains in sample JY11 is more centralized than sample
JY45, and most peaks are located around 90°, suggesting the
OM grains in the LS of sample JY11 tend to subparallel to
the bedding direction. According to the image analysis, the
average MA of the OM grains in sample JY11 is 94.5° in LS,
and the average SDA is 41.93°, which is smaller than that of
sample JY45 and sample BY, but much larger than sample
YY, and the result agree well with the intuitive observation
of the SEM images.

While in TS, the amount of the OM grain is the smallest
and their distribution is also highly dispersed, and almost no
banded OM grains were observed. The MA and SDA of the
OM grains in sample JY11 are 94.5° and 54.29° in TS, indicat-
ing that the directionality of the OM grains in sample JY11 is
much weaker in TS. The position of the pyrite grains in sam-
ple JY11 shows no significant correlation with the OM parti-
cles, especially in TS. While in sample JY45, more pyrite
grains are involved with the OM grains.

4. Discussion

4.1. The Representativeness of SEM Images. The magnifica-
tion used in this study was fixed to ×500 and ×1000 to
ensure SEM images contain enough target particles and
with acceptable sharpness as well. However, if the magnifi-
cation is too large, the FOV will be too small to represent
the characteristics of the sample. To estimate the represen-
tativeness of the SEM images, we calculated the area ratio
of OM and pyrite grains in each image. As shown in
Figure 9(a), the area ratio of OM grains in both LS and
TS of the four samples exhibits a well positive correlation
with the TOC data. While the consistency between pyrite
area ratio and pyrite content calculated from XRD is
weaker (Figure 9(b)), which may cause by the misidentifica-
tion of Ca or Ba, as particles contain Ca or Ba in shale get
similar brightness with pyrite, thus, they may be misidenti-
fied as pyrites. Nevertheless, the identification of OM is
more precise cause OM grains get more evident differences
in their density and composition. The TOC and XRD data
of the four samples are derived from experiments accord-
ing to relevant industry standards, and these results can
accurately indicate the amount of the OM and pyrite in
each sample. Thus, the positive correlation between XRD,
TOC, and area percentage can prove the SEM images used
herein can represent the difference of the OM grains in
the four samples.
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Figure 7: Images of sample JY45 after segmentation. The red part is OM, and the blue part is pyrite. (a) and (b) Merged images of sample BY
in LS and TS. (c) and (d) The long axis angle distribution of the OM grains in LS and TS.
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4.2. The Directional Characteristics of the OM Grains. As
shown in Figure 10(a), the MA of the OM grains in both LS
and TS of the four samples ranges between 85° to 95°, indicat-

ing the general tendency of the OM orientation in four sam-
ples is similar, all of which are subparallel to the bedding
section and it may be a universal phenomenon in shale.
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Figure 8: Images of sample JY11 after segmentation. The red part is OM, and the blue part is pyrite. (a) and (b) Merged images of sample BY
in LS and TS. (c) and (d) The long axis angle distribution of the OM grains in LS and TS.
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The tendency of the OM grains orientation among the
four samples seems counterintuitive cause it shows obvious
differences in SEM images, especially for OM grains with
large AR in sample BY and JY. However, due to the inner
fractures or embedded inorganic mineral particles, many
banded OM grains with obvious directionality may be iden-
tified as several individual particles during the binarization
and segmentation, and this effect may be prominent in sam-
ple JY11and JY45 due to the embedded inorganic particles in
OM grains. As Figure 10(c) shows, OM grains in sample JY11
and JY45 get similar AR with sample BY, while the banded
OM grains get much larger AR in the SEM images, suggest-
ing the calculated AR of the OM grains after segmentation
is much smaller than that in SEM images. OM grains in LS
of sample YY still get much larger AR after segmentation,
because OM grains in sample YY are much lathy and very
few inorganic particles are embedded.

As many banded OM grains are identified as several indi-
vidual particles, the quantity of the segmented OM grains is
much larger than we perceptually observed from SEM
images. The number of OM grains identified by software
ranges from 100 to 500 (Figure 10(d)), and the average num-
ber in sample JY11 is even larger than that of sample BY,
which is counterintuitive to the SEM image observation. As
Figure 10(b) shows, the SDA of sample JY45 is similar to
sample BY, but OM grains in sample JY45 exhibit more def-
inite directionality than sample BY in SEM images. The dis-
crepancy may be the result of the disintegration of the
banded grains, as the increment in grain quantity may
heighten the dispersibility of the OM orientation and weaken
the difference induced by banded OM grains. Moreover, the
disintegration of the banded grains also decreases the AR of
the grains, which may further weaken their directionality.

However, the holistic directional differences of the OM
grains exhibited in LS and TS can still be fully embodied by
the SDA. As shown in Figure 10(b), there are more OM
grains arranged parallelly to bedding direction in LS of the

samples, especially for sample YY. While in TS, the OM
grains in four samples exhibit similar dispersions in their ori-
entation and thus get very familiar SDA, which means the
directivity of the OM grains in shale mainly exhibits in the
LS of the formation, and this may be one of the reasons
why some researchers regard shale as a transversely isotropic
medium.

The image analyses indicate that many OM grains in
shale are directionally arranged and are subparallel to the
bedding section. However, the orientation degree of the
OM grains varies significantly among different samples. In
the four samples studied herein, OM grains in samples col-
lected from C-7 formation exhibit the strongest directional
alignment, and most OM grains are parallel to the bedding
section. The alignment of OM grains in LMX shale samples
collected from the Fuling area also exhibits strong direction-
ality, while the directionality of the OM grains in LMX sam-
ples collected from Baojing is the weakest. Additionally, most
OM grains in LMX shale that exhibited directional alignment
are derived from graptolite.

4.3. Factors Affecting the Directionality of the OM Grains.
According to the cross plots shown in Figure 11, OM grains
in shale samples with higher clay content, TOC, and lower
thermal maturity may exhibit more definite directionality
in their orientation. As previously discussed, the major clay
minerals of the shale samples herein are illite and illite/smec-
tite mixed-layers, and both minerals get layered structure and
of rich intergranular fractures. Additionally, they are usually
subparallel to bedding sections, and, thus, they are com-
monly regarded as one of the vital factors affecting the anisot-
ropy of shale.

Though clay minerals are usually treated as “soft” min-
erals in shale, recent AFM and nanoindentation studies have
proved that OM grains are the softest component in shale
[22, 23], and thus OM grains may be the first components
to be squeezed and out of shape during the sedimentation.
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Figure 9: Area percentage of the grains in each image. (a) OM grains. (b) Py stands for pyrite grains. PyC stands for pyrite content.
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They may be directly squeezed into strips by those layered
clay minerals or be pushed into the fractures inner these lay-
ered clay minerals by other hard minerals, and both will
increase the directionality of the OM grains. As samples from
the C-7 Formation get the highest clay content and their OM
grains are mainly derived from planktonic algae and lower
hydrobiont [43], both types of OM get much weaker inherent
structural anisotropy than graptolite. With the compaction
of layered structure clay minerals, these OM grains are more
likely to be deposited as banded grains. Therefore, the
squeezing of the laminar clay minerals may be the dominant

mechanism leading to the strong directionality of the OM
grains in samples from C-7, and samples that contain more
clay minerals tend to exhibit stronger directionality in the
OM orientation. In comparison, banded OM grains in sam-
ples collected from LMX are mainly derived from graptolite
remains. Due to its biogenetic texture, its directional orienta-
tion may be controlled by other mechanisms.

As Figure 12 shows, the inorganic mineral particles in
shale samples from LMX (Figures 12(a) and 12(b)) are
much larger than the sample from C-7(Figure 12(c)), and
their average size is around 20~30μm. While the average
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Figure 10: Statistical information of the OM grains in the four samples. (a) MA of OM grains in each image. (b) SDA of the OM grains angle
in each image. (c) Average AR of the OM grains in each image. (d) OM grain numbers in each image.
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grain size in sample YY is smaller than 10μm and the larg-
est grain is OM particles. The sedimental source mainly
controls the grain size, and it may be the factor affecting
the morphology of the OM edges. The sizes of the clay
and mica particles in samples from LMX are similar to
the adjacent OM grains, and these clay and mica grains
usually get smooth edges. Thus, the adjoining OM grains
may get similar smooth edges as the clay and mica particles
after the squeezing.

While OM grains in sample YY border a mass of rugged
small-sized clay or other inorganic mineral particles, the
shape of the rugged inorganic particles may stamp on the
OM grains after compaction, and, thus, jaggier edges are
formed in these OM grains. With part of the jaggier edges
been polished, these banded OM grains may exhibit as floc-
culent OM grains in TS of the samples, while the flocculent
OM grains in samples from LMX may derive from the real
amorphous OM grains.

The stress conditions may also affect the arrangement of
the grains. Most clay or micas particles in LMX samples are
subparallel to the banded OM grains in LS (Figures 12(a)

and 12(b)), and some clay sheets are thicker than the adjacent
OM grains in samples from LMX (Figure 12(c)). If the main
extrusion force is orthometric to grains depositional plane,
the adjacent OM grains will be squeezed into strips by these
clay minerals, and this phenomenon is widely observed in
samples JY45 and JY11. While in sample BY, the structure
of clay minerals is more jumbly due to their much smaller
size (Figure 12(e)). Though their inner sheet structures can
still be observed, their orientation is more changeable, and,
thus, the adjoining OM grains are of various shapes, suggest-
ing these OM and clay grains may be squeezed from multiple
directions. While most clay grains in sample YY are well par-
allel and OM grains are embedded in these directionally
arrayed clay sheet clusters (Figure 12(f)), which implies the
main extrusion force in sample YY is also perpendicular to
the depositional plane. The difference in clay and OM
arrangement in sample BY may mainly be caused by the tec-
tonism, because sample BY is collected from the bottom of a
syncline, where the horizontal stress is much higher. The
high horizontal stress may disorganize the preformed lami-
nated structure and deform the shape of the laminar OM
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Figure 11: (a) Relationships between Ro and SDA. (b) Relationships between clay content and SDA. (c) Relationships between TOC and SDA.

18 Geofluids



and clay grains. While sample YY, JY11, and JY45 are all col-
lected from formations with the flatter structure and weaker
horizontal stress. Thus, the laminated structure of the clay
and OM grains is better preserved.

As shown in Figure 11(a), thermal maturity is closely
related to the directional arrangement of OM in shale. Due
to the sedimental environment differences, OM in sample
YY is mainly derived from planktonic algae and lower hydro-
biont. While in LMX samples, OM is mainly originated from
planktons (graptolite, radiolarian, etc.), microbes, and algae
[44]. Among these OM grains, algae are relatively harder to
be preserved during the thermal maturation, and their
structural features are almost indistinguishable when Ro
is larger than 1.0 [45]. These OM may entirely or partially
decompose as the thermal maturity goes higher. Conse-
quently, their inner pressure will increase and organic
pores may appear, and both will alter the geometry and
arrangement of the OM grains. Thus, OM grains in sam-
ples with higher thermal maturity usually exhibit weaker
directionality in their orientation.

However, the development of organic pores varies among
different OM types. Bitumen usually gets well-developed
pores, and algal fragments may have angular pores, while
graptolites are relatively tight and usually have few or no
pores [22]. Sample YY gets the lowest thermal maturity,
and organic pores are less developed among most OM grains.
Thus, the structure and shape of the OM grains in sample YY
are well preserved. OM grains that exhibited directionality in
samples from LMX mostly are derived from graptolite,
though the thermal maturity of sample JY is much higher
than sample YY, graptolite in LMX can be well preserved
due to the componential difference [36], and the structure
of graptolite is lamellate. Thus, graptolite may contribute

more to the OM directionality than other types of OM in
LMX. However, the maturation may still decompose or
reshape other types of OM, which may decrease the total
amount of the directionally distributed OM grains and thus
weaken the holistic directionality. Considering graptolites
account for 20 to 93% of the dispersed OM in LMX [33],
the intrinsic biological structural characteristics of graptolites
may be the dominating factor leading to the directional array
of OM grains in samples from LMX. Nevertheless, complex
tectonic movement may disorganize all the previously
formed directional arrangement of OM or other grains in
both marine and terrestrial shale. Thus, the influence factors
of OM grains orientation in shale are diversified and compli-
cated, and the orientation of OM grains in shales should be
specifically analyzed, and OM grains should not be treated
as an equally distributed medium in shale.

5. Conclusions

(1) OM grains in shale are not evenly distributed in iso-
tropic medium, and their directional orientation is
pervasive in both marine and terrestrial shale. Most
OM grains in LS of the formation tend to array sub-
parallel to the bedding section, while their orientation
in TS is nearly random

(2) The orientation degree of the OM grains and their
controlling factor differ a lot among different shales.
OM grains in shale samples from C-7 and LMX in
the Fuling area exhibit strong directional orientation,
while OM grains in samples from LMX in the Baojing
area exhibit much weaker directionality. The orienta-
tion of the OM grains in shale is closely related to the
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Figure 12: Size and morphology of the mineral grains in LS and TS of the four samples.
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clay content, thermal maturity, content and type of
the OM, and tectonism of the formation

(3) The directional orientation of OM grains in samples
from C-7 is mainly dominated by their high TOC
and clay content, and the compaction of the direc-
tional arrayed platy clay minerals in the primary
mechanism. The biogenetic texture of graptolite is
the dominating mechanism leading to the directional
alignment of the OM grains in LMX shale in the Ful-
ing area. The weak directional arrangement of the
OM grains in LMX shale in Baojing area may be
mainly caused by the horizontal squeezing induced
by the syncline structure
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