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a b s t r a c t

This study utilizes the experimental technique named “Umbrella Deconstruction & Energy Dispersive
Spectrometer (UD-EDS)” method to quantify the anisotropic element distribution of shale which has
been proved significant in the stimulation of shale. Direct quantification of anisotropic distribution of
element in shale from the Triassic Yanchang formation in the HJS” district was carried out to ensure both
observational resolution and sample representativeness.

Results show that many types of elements distribution vary in eight directions. The element contents
are similar in three directions - 90� (270�), 112.5� (292.5�) and 135� (315�), they are quite different from
which in other five directions, which has obvious significance in shale stimulation.

Results also prove that the evidence of dominant fracture direction in fracturing can be found in brittle
minerals. As to “Chang 7” shale, the dominant fracture direction of shale reservoir is distributed in a
specific area instead of overall extending along a single direction. In this specific area the best dominant
fracture direction can be found.

The subsequent results would offer the microscopic evidences for the shale fracturing and point to an
innovative direction for research on exploration and development of the unconventional oil and gas.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

With rapid development of the petroleum industry and large-
scale production from unconventional reservoir resources, the
world energy pattern is facing new challenges [1]. Various
advanced technologies have injected fresh vitality into industry,
promoted production efficiency greatly. For example, Arsalan et al.
(2018) introduced an NAS (nitrifying-enriched activated sludge)
approach to mitigate fouling which significantly improved the
performance of wastewater treatment. They found that regarding
wastewater containing low C/N ratio, the NAS approach lowers
fouling and enhances the nitrification efficiency [2]. The rapid
increasing energy demand requires the development of the deep
earth energy extraction methods such as unconventional oil and
gas production by hydraulic fracturing [3,4]. A large number of
crude oil and natural gas reserves have been extracted from un-
conventional reservoirs such as shale, tight sandstone, volcanic
rock, oil shale, and oil sand. Unconventional oil and gas resources
have became a new, primary battleground for energy exploration
and development [5e9].

As an critical type of unconventional oil and gas resources, shale
reservoir is characterized by quasi-continuous reservoir formation,
small pore-throat scale, obvious micro-anisotropy and difficult
exploitation [8,9]. The pore-throat and mineral anisotropies are the
two main types of microscopic anisotropy The pore-throat anisot-
ropy is due to its shape and size of pore-throat, connectivity,
configuration relationship, sorting degree. The mineral anisotropy
is owing to mineral type, content and distribution. Microscopic
anisotropy can directly affect the displacement efficiency of
injector, and is also one of the fundamental causes of the formation
of residual oil. Therefore, the comprehensive and quantitative
characterization of micro-anisotropy of shale reservoirs is an vital
way to explore the distribution mechanism of remaining oil and
gas, and a frontier scientific issue in the field of petroleum geology
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[10e12].
The effective development of unconventional resources will face

four major challenges: (1) the development of micro-nano pores
and throats in reservoirs that introduce the challenge regarding the
improvement of the effective utilization rate; (2) the reservoirs’
obvious heterogeneity which causes difficulties in enhancing oil
recovery (EOR); (3) the low pressure and low permeability of res-
ervoirs which may also cause difficulties in increasing the pro-
duction of a single well; and (4) high investment costs which
introduce the challenge of increasing the return on investment.
Among them, two major challenges of (1) and (2) require the im-
provements of the overall precision of reservoir characterization
and the effective utilization of all particles and pores [10e14].

Visualizing and quantifying the microstructure of unconven-
tional reservoirs before and after pyrolysis permits a more accurate
determination of petrophysical properties which are significant in
modeling hydrocarbon production potential [16].

In the quantitative characterization of micro-anisotropy of shale
reservoirs, earlier researches have acquired a lot of fruitful results.
Rock slice observation is the most intuitive and effective method to
study the pore and mineral development characteristics of rocks.
Some landmark achievements in reservoir geology, such as the
identification of pore and throat, and the discovery of nanopore, all
originate from this technology [15,16]. However, the observation
resolution and sample size are always negatively related, and it is
still impossible to achieve a good compromise under the existing
technical conditions [14,17]. In recent years, most of the related
studies focus on how to improve the observation accuracy. To some
extent, it has been neglected that the larger observation view re-
quires smaller sample size but it may cause the weaker the
anisotropy. It will deviate from the original intention of anisotropy
research [17e19].

In recent years, with the help of computed tomography (CT),
focused ion beam (FIB)escanning electron microscopy (SEM) and
other technologies, scholars have carried out the characterization
of shale organic matter, mineral composition, pore structure and
fracture, which provides technical support for the new idea of this
study. Grathoff et al. (2016) carried out the porosity and perme-
ability determination of organic-rich shales based on 3-D analyses
by FIB-SEM microscopy which suggesting that upscaling may be
possible in the future as soon asmaturity dependent organicmatter
permeability coefficients can be determined [20]. Davy et al. (2017)
determined the macroscopic permeability of a natural shale by
using structural measurements include transmission electron
microscopy(TEM) and focused ion beam (FIB)escanning electron
microscopy (SEM) on three different scales [21]. Pejman (2018)
proposed a new method for integrating such images at different
scales. His aim is to include the nano-scale information within the
coarse images. This is a good step, but the anisotropy of shale has
not yet been addressed [22]. Mohamed et al. (2019) did some
studies on potential shale gas reservoirs in Saudi Arabia. The main
contribution of their study is an affordable, Digital Rock Physics
(DRP)-based characterization of the organic content, mineral con-
tent, and pore-network structure of samples representative that is
consistent with laboratory measurements. This shows that the
digital core technology is of great significance for the study of shale
fine characterization [23]. Cudjoe et al. (2019) bridged a gap in the
literature by comparing and revealing the pore-scale heterogene-
ities of an outcrop sample to that of a subsurface sample tomeasure
the impact of the underlying mechanisms associated with gas huff-
n-puff recovery at the laboratory-scale using FIB-SEM [24]. Jan et al.
(2019) used the FIB-SEM with nanoscale-resolution to obtain im-
ages of pore structures within two organic-rich regions of interest
(ROIs), which is selected based on correlative SEM and automated
mineralogy maps [25]. Gou et al. (2019) tried to use a combination
of field-emission scanning electronic microscopy (FE-SEM), gas
adsorption (N2 and CO2) and CT scanning (nano-CT and micro-CT)
to comprehensively evaluate the characteristics of the pore-
fracture structure of the Longmaxi shale at different scales [26].
Lin et al. (2019) carried out the workflow for detailed analysis to
quantify the composition of the pore channel surface regions using
nano-CT images [27].

The above research shows that scholars have realized the
importance of acuqiring research conclusions from the micro
perspective to the macro interpretation, but we still need to
consider whether we can use the same technology to complete the
multi-scale representation, which is more meaningful. The princi-
ples of different detection technologies are different. If we want to
get a relatively reliable conclusion, we need to integrate the results
of various technologies. However, there is a logical contradiction in
fusing data from different principles. It is concluded that previous
studies regarding the characterization of micro-heterogeneity of
shale reservoirs mostly used CT scanning or FIB-SEM, and paid little
attention to the sample size-observation resolution in the micro-
quantitative characterization of tight reservoirs.

The quantitative characterization of reservoir micro-anisotropy
should always focus on the ultimate goal of effective dessert
identification and enhancing oil recovery. If any technique deviates
from this goal, it will easily neglect the essentials. In-depth com-
parison and analysis of “two-dimensional” and “three-dimen-
sional” characterization research indicate that with the
introduction of high-precision three-dimensional reservoir testing
techniques such as CT technology and dual-beam electron micro-
scopy (FIB-SEM), the classical two-dimensional characterization
technique seems to have some limitations [20e24]. Even though it
is impossible to solve technical problems such as the high-precision
scanning, storage, statistical analyzing and processing of massive
reservoir data in a short period of time, and taking into account
resolution-representativeness issues to a large extent in three-
dimensional space, two-dimensional characterization still has a
great potential in exploration and application. Moreover, with the
rapid development of large horizon imaging technology, the
contradiction between resolution and representativeness is most
likely to be solved in two-dimensional space [25e27]. We aimed to
keep a close eye on the purpose of research and continue to exca-
vate in the field of existing mature technologies to obtain reservoir
information which has not been fully explored before. It is neces-
sary to explore a new way to achieve the accurate pore throat-
mineral characterization without reducing the resolution. Of
course, this does not mean to ignore the meaningful role of three-
dimensional testing technology in related disciplines.

From the viewpoint of shale energy development, it is of great
significance to carry out multi-scale fracturing quantitative pre-
diction and comprehensive evaluation of fracturability of shale oil
reservoirs, and to accurately predict the distribution of artificial
fractures before fracturing, so as to improve the efficiency of
measures and increase production efficiency. There are a large
number of pore-fracture spatial structures in shale with different
sizes and complex morphologies. Compared with the macro-scale
characteristics of homogeneity, continuity and isotropy of reser-
voir rocks, shale shows the characteristics of non-uniformity,
discontinuity and anisotropy on the micro-scale. Previous studies
have shown that pore-throat structure, including porosity, pore-
throat shape and size, pore-throat connectivity and other proper-
ties, have critical effects on the fluid seepage, mechanical behavior
and other rock physical and mechanical properties [16e25]. The
extension law of fracture from the micro perspective will inevitably
be restricted by mineral types and distribution, pore-throat size
and structure. For shale reservoirs, pore throat itself has the low
degree of development, complex size and structure, and complex
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and changeable mineral composition. Therefore, it is very mean-
ingful to look for mineralogical evidence affecting the formation of
multi-scale fractures in shale oil reservoirs in the process of frac-
turing [1e4].

The novelty of this work will be mainly manifested in two as-
pects: first, the quantitative characterization evaluation system
based on “Umbrella Deconstruction & Energy Dispersive Spec-
trometer (UD-EDS)" can greatly improve the resolution which
could meet the research needs. Comparing with the indirect
multidirectional cutting on CT scanned data, “UD-EDS” could be
used to carry out the multidirectional direct dissection of rock
samples. Second, the cross sections of rock samples are real sam-
ples, which can be observed directly under optical microscope and
SEM. EDS technology and other mineral quantitative analysis
technology can be directly carried out for an accurate mineral and
pore identification.
Fig. 2. Permeability value distribution and cumulative probability curve of yanchang
formation.
2. Methodology

The authors proposed the “Umbrella Deconstruction” technique
to characterize pore-mineral heterogeneity of unconventional
reservoirs in large scale, which reduces the contradiction between
observation resolution and scale to a certain extent [17,18].

Sample preparation and technical process is also included in
Fig. 1 (a, b) [30]. Using this, we characterized the anisotropic
element components of the unconventional hydrocarbon reservoir
effectively and flexibly. The standard core drill string of the shale
reservoir in Ordos Basin was selected. First, we drilled six syn-
chronous core columns from the same full diameter core. Eight
marking lines were drawn every 22.5� in each core column. The
automatic rock grinding machine was used to precisely slice and
cut the rock along 8 marking lines. The diameter standard of rock
slice is 25mm. High resolution field emission scanning electron
microscopy (FE-SEM) combined with large horizon imaging tech-
nology was used to perform high resolution imaging of eight slices.
By constructing the basic attribute parameters, the micro-
anisotropy and anisotropy of pores or minerals were quantita-
tively characterized.

It could be clearly seen that in order to ensure the repeatability
and reliability of the experimental results, we drilled 10 synchro-
nous samples on the same full diameter core, and used UD-EDS
method to handle all synchronous samples. In the process of
element analysis, we also carried out element analysis on all sam-
ples. That is to say, the results of element analysis in each direction
have undergone 10 repeated experiments, which can fully guar-
antee the reliability of the experimental results.
Fig. 1. Sample preparation and the technical process of the updated “Umbrella Deconst
anisotropic characteristics on element distribution of shale [30].
3. Results

It is difficult to establish the effective displacement pressure
system in the reservoir of the Upper Triassic Yanchang Formation
because of the low permeability (Fig. 2), the high original oil
saturation (60%e70%), the complex pore connectivity, and the
compactness [19,20]. The permeability values range from 0.01 to
0.80� 10�3mm2, and most of the samples are around
0.17� 10�3mm2 (Fig. 2). Evidences and mechanisms between the
microscopic element and macroscopic exploitation need to be
furtherly discovered.

The Ordos Basin is located in the western portion of the North
China landmass and the study area of “HJS” district is shown in
Fig. 3. This area is one of the most typical demonstration areas of
unconventional oil and gas development in China.

At the same time, in order to ensure the representativeness of
the selected samples, we selected several shale core samples
belonging to the same stratum in different locations of the study
area combined with the typical characteristics of strong brittleness
and undeveloped fossils, which can fully guarantee the represen-
tativeness and repeatability of the experimental samples.

Direct quantification of anisotropic distribution of element in
"Chang 7" shale from the Triassic Yanchang formation in the HJS
district, Ordos basin China was carried out. The initial determina-
tion results and the statistics of the element in each angel were
ruction & Energy Dispersive Spectrometer (UD-EDS)” technique to characterize the



Fig. 3. The location of study area in Ordos Basin [31].
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shown in Figs. 4 and 5. Many types of elements distribution in 8
directions were varied. The sample size of the element testing can
reach 5mm � 5mm.

In Fig. 5, the element of carbon(C) may exist in minerals such as
dolomite and calcite. 112.5� (292.5�) and 135� (315�) had the lowest
content, and the other directions are roughly the same. The
mechanism needed to be clarified.

As to the element of oxygen (O), except for pyrite and other
minerals commonly contained in shale, oxygen element exists in
almost all minerals, and there are differences in content in eight
directions, but it is not quite obvious.

The element of sodium (Na) is an key element in the minerals
represented by albite and may also exist in typical clay minerals
such as montmorillonite. Clay mineral is difficult to be found in
eight directions. Therefore, sodium mainly exists in the form of
feldspar containing sodium (Figure 4 and 5). We can see from Fig. 4
and Figure 5 that the sodium content is similar in the three
directions: 90� (270�), 112.5� (292.5�) and 135� (315�). The sodium
content in the other five directions are also similar. The sodium
content in the three directions mentioned above is about three to
six times that in the other directions, mainly owing to the high
feldspar content in these three directions. This may be a note-
worthy microcosmic evidence for the shale reservoir stimulation.

As to the element of magnesium (Mg), as the clay mineral
content is relatively low in the sample, it is the main element of the
mineral represented by dolomite in this sample. Similar to that of
sodium, the magnesium content is similar in three directions: 90�

(270�), 112.5� (292.5�) and 135� (315�). The magnesium content in
the other five directions is also similar. Magnesium content in the
three directions mentioned above is about 1.6 times higher than
those in the other directions, mainly as a result of the high content
of dolomite containing magnesium in these three directions. This is
also a noteworthy micro-evidence for the shale stimulation.

The element of aluminum (Al) exists in almost all minerals
except quartz, pyrite and other minerals in shale. The content is
similar in three directions: 90� (270�), 112.5� (292.5�) and 135�

(315�), the aluminium content is also similar in the other five di-
rections, and the aluminium content in the other directions is about
11 times higher than those in the three directions mentioned
above. This may be owing to the fact that the clay mineral content
in these three directions is much lower than which in other di-
rections. Of course, this needs to be further verified by the content
of other elements.

The element of aluminum (Si) is one of the most fundamental
elements in feldspar, because all feldspars are aluminosilicates.
Silicon content is similar in 112.5� (292.5�) and 135� (315�). Silicon
content in the other five directions is also similar, and the silicon
content in the two directions mentioned above is about 1.4 times
higher than those in the other directions because of the high
feldspar content in the three directions. As we can see clearly from
Figure 4 and 5 that the white band is obviously reduced and the
matrix content is higher, and the main component of the matrix is
feldspar.

The element of sulfur (S) is mainly composed of elements of
pyrite commonly contained in shale. It can be seen that except for
22.5� (202.5�), 67.5� (247.5�) and 157.5� (337.5�), there is a small
amount of sulfur in all directions.

The element of potassium (K) is the most fundamental element
of K-feldspar. In the three directions of 90� (270�), 112.5� (292.5�)
and 135� (315�), the content of potassium is similar, and the content
of potassium in the other five directions is also similar, and the
content of potassium in the other directions is about 2.7 times
higher than those in the three directions, mainly as a result of the
low content of potassium feldspar in the three directions.

The element of calcium (Ca) is the main element of calcite or
dolomite. In the three directions of 90� (270�), 112.5� (292.5�) and
135� (315�), the calcium content is similar in the other five di-
rections, and the calcium content in the three directions mentioned
above is about 5.7 times higher than those in the other directions
because of the high content of calcite or dolomite in the three di-
rections. This can also be easily seen from the field emission
scanning electron microscopy of Figure 4

The element of iron (Fe) is the main element of pyrite and
typical clay minerals such as chlorite. In the three directions of 90�

(270�), 112.5� (292.5�) and 135� (315�), the content of potassium is
similar, and the content of potassium in the other five directions is
similar, and the content of potassium in the other directions is
about 2.7 times higher than those in the three directions, mainly
due to the low content of potassium feldspar in the three directions.

The element of chlorine (Cl) may exist in a small amount of
crude oil, but it is almost unlikely to exist in minerals, because only
a very small amount of 90� (270�) exists, there are none in other



Fig. 4. Determination of anisotropic distribution of element in shale from the Triassic Yanchang formation in the HJS district, ordos basin China (The labels of “a”, “b”, “c”, “d”, “e”,
“f”, “g”, “h” in Fig. 4 represent the thin section of the shale with the angle of 0� (180� or 360�), 22.5� (202.5�), 45� (225�), 67.5� (247.5�), 90� (270�), 112.5� (292.5�), 135� (315�), 157.5�

(337.5�), respectively.).
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directions.

4. Discussion

4.1. Feasibility and innovation

Microscopic heterogeneity of shale reservoirs still has broad
exploration potential in two-dimensional space. The basic principle
of stereology proves that the feature points in three-dimensional
space can be represented by the eigenvalues of two-dimensional
cross-section feature points [17,18]. This is also the core theoret-
ical basis of previous breakthroughs in understanding reservoir
space in two-dimensional. It has been proved by long-term engi-
neering practice, which fully shows that there are still a lot of two-
dimensional methods and techniques. Information needs to be
excavated, that is, it still has a strong exploration “vitality”. At the
same time, the high precision and large horizon anatomy in three-
dimensional space can not be achieved technically at present.
Therefore, we can try to achieve it in two-dimensional space in
order to take the lead. Its principle and technology should be
further explored. In addition, the existing three-dimensional
testing technologies (high pressure mercury injection, constant
velocity mercury injection, nuclear magnetic resonance, porous
permeability testing, nitrogen adsorption, etc.) all have their own
testing accuracy and overlapping data ranges. Due to different
testing principles, it is difficult to effectively overlap, and there are
inherent logical contradictions. Therefore, the comprehensive
characterization of reservoirs should attach great importance to
two-dimensional information.

At the same time, the development and enrichment of “UD-EDS”
method has a solid experimental technical foundation. The reso-
lution of FE-SEM can reach 1 nm. Its greatest feature is that it has



Fig. 5. Statistics of the anisotropic distribution of element in shale from the Triassic Yanchang formation in the HJS district.
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the ability to observe ultra-high resolution scanning images. It is
one of the most effective techniques for the micro-nano pore
structure testing and morphological observation. Meanwhile, The
“UD-EDS” method is based on this theoretical and technical back-
ground, so it has sufficient feasibility.

It is quite urgent to answer the questionwhich is how this study
could be beneficial for others. From the viewpoint of quantitative
analysis of elements, though X-Ray diffraction could directly get the
components of the rocks, the sample size is about 30 mme40 mm,
which could not meet the need of our research. Meanwhile, pre-
vious research also shows that for the study of the fine character-
ization of microstructure in unconventional reservoir, scholars rely
too heavily on CT technology or NMR to achieve quantification, they
ignored the significance of taking into account both sample size and
resolution for microstructure anisotropic quantification in shale.
This provides a new direction for our methods and technological
innovation in realizing the effective matching between scale and
resolution and improving the representativeness of the conclu-
sions. This technique and its results demonstrate the efforts to solve
this problem, that is, how to realize the direct quantification of
Fig. 6. Statistics of the anisotropic distribution of element in the s
element anisotropy in unconventional oil and gas reservoirs using
observational resolution and sample representativeness. Then we
can figure out the significance between the element anisotropy and
the shale reservoir stimulation.

In addition, in order to prove the reliability of the conclusions
and the repeatability of the experimental results furtherly, we
selected shale samples of different depths from the adjacent XAB
area in Ordos basin and carried out the same experiments. The
results are shown in Fig. 6. As seen from Fig. 6, similar to Figure 5
the contents of sodium, magnesium and aluminium are different
from those of other five directions in three different directions,
including 90� (270�), 112.5� (292.5�) and 135� (315�). This proves
the unity of the conclusions.
4.2. Indicative significance of anisotropy of special elements

As the content of silica and calcareous is generally regarded as
an crucial basis for quantitative evaluation of shale fracturability
[31], the relative content of silicon and calcium in each direction is
added , and the trend of this parameter with the direction of
hale from the Triassic Yanchang formation in the XAB district.



S. Du et al. / Energy 191 (2020) 116443 7
“umbrella section” is also drawn (Fig. 7).
The direction with large parameter value represents the direc-

tion of strong brittleness, and is also the dominant direction of
fracture in the process of fracturing, while the other direction is
weak brittleness or non-brittleness [30]. From Fig. 5, we can see
that the parameter value is at a high level from 90� (270�) to 135�

(315�). The average value is 18.6, the maximum value is in 135�

(315�), the value is 19.5, and the average value of other direction
parameters is 12.8, and the minimum value is in 45� (225�). The
angle between themaximum andminimum is 90�, which coincides
with the direction of the maximum horizontal principal stress and
minimum horizontal principal stress.

As seen in Fig. 8, for the study area, it is mainly affected by the
Yanshanian and Himalayan paleotectonic stress fields. In the
Fig. 7. Microscopic identification results of strong brittle zone distribution (fracturing
dominant fracture zone). (The angle in the Fig. 7 is determined by the angle of the
umbrella slice.)

Fig. 8. The stress rosette of Yanchang Formation reservoir in Ordos Basin. (Revised
according to [29], the northward direction in the Figure 8 has been set to 0�).
Yanshanian stage, a set of conjugate shear fractures in NW and EW
directions were formed under the compressive stress of NW-SEE
horizontal structures [28,29][].

In the Himalayan stage, a group of conjugate shear fractures in
NNE-SW horizontal structures were formed, and a group of con-
jugate shear fractures in NNE and NE directions were formed
[28,29][]. This is mutually verifiable with the conclusions of this
paper.

5. Conclusion

Quantification results of the anisotropic distribution of elements
in "Chang 7" shale in "HJS" district have important meanings,
mainly shown as follows:

Many types of elements distribution in 8 directions were
varied. As to the content of silica and calcareous of eight directions,
the parameter value is at a high level from 90� (270�) to 135� (315�).
The average value is 18.6, the maximum value is in 135� (315�), the
value is 19.5, and the average value of other direction parameters is
12.8, and the minimum value is in 45� (225�). The angle
between the maximum and minimum is 90�, which coincides with
the direction of the maximum horizontal principal stress and
minimum horizontal principal stress.It could prove the significance
between the elements anisotropy and the "Chang 7" shale reservoir
stimulation

Of course, it also remains some problems in the study of the
accurate characterization on microscopic anisotropy in shale.
Further researches are needed to improve the accuracy of elements
quantification and minerals identification. This is also a promising
research focus of future efforts that deserves careful attention.
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