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Shale lithofacies were an important key for the exploration and development of unconventional oil and gas reservoirs. Previous
studies usually use logging data, X-ray diffraction analysis (XRD), and scanning electron microscopy (SEM) to identify shale
lithofacies, but these methods cannot accurately and quickly identify geochemical characteristics. Portable X-ray fluorescence
(XRF) analysis can identify geochemical characteristics. However, few publications reported the feasibility of XRF identifying
lithology. We tested the major elements of this formation systematically by X-ray fluorescence and compared the
characteristics of these elements in the silty laminated shales against the calcareous laminated shale and the argillaceous shales.
We analyzed the geochemical characteristics of shale using portable XRF and proposed a method to identify argillaceous shale,
silty laminated shale, and calcareous laminated shale in the Chang 7 of Well Y1 (in Xiasiwan area). Furthermore, we
established a lithoface identification standard. We also found that Ca/Mg of calcareous laminated shale was the highest which
indicated a dry depositional environment; in contrast, lowest Ca/Mg of silty laminated shale indicated a humid depositional
environment. Argillaceous shale was deposited in a strongly reducing environment because Fe content of argillaceous shale was
the highest. Finally, this criterion is tested against the data from the Well Y2, and the results are in good agreement with the
thin section analysis and core data.

1. Introduction

Shale is considered a fine-grained, brittle rock that acts as an
important source of petroleum [1, 2]. There are various litho-
facies in shale because of changes in the depositional environ-
ment, such as silty laminated shale, calcareous layered shale,
and siliceous shale. Shale was proved to be an important
source rock for conventional oil, also, as source and reservoir
for unconventional oil [3]. Shale is mainly composed of fine-
grained quartz, clay minerals, and other minerals that include
feldspar, carbonate minerals, sulfide minerals, and oxide min-
erals [4]. Previous published articles proposed that there were
many differences in the mineral composition and elemental
concentrations of different shales [5–7]. Unfortunately, no

criteria for the classification of favorable shale lithofacies have
been established.

Unconventional shale reservoirs contribute to an increased
reservoir capacity as well as brittleness of shale units, which
makes the shale reservoir conducive to formation of fractures
during hydraulic fracturing as discussed [8–10]. There are
many multiscale images techniques that can accurately identify
shale microstructure at different scales in the past decade or so,
such as 3D X-ray computed tomography (μ-CT and nano-CT)
and focus ion beam/scanning electron microscopy (FIB/SEM)
[11, 12]. These techniques can be combined to describe shale
pore space and microfracture networks at multiple length
scales due to the highly anisotropic nature of shale; however,
they provide no quantitative information about fine-grained
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components. Silt shale and calcareous shale were more easily
fractured than argillaceous shale because of the texture. There-
fore, the identification of potential silty and calcareous shale is
crucial for shale oil and gas development.

The lacustrine shale of Chang 7 in the Xiasiwan area devel-
oped a large number of silty laminated, which leads to its strong
heterogeneity. This lacustrine shale is composed of fine-grained
quartz, clay, and other minerals such as feldspar, carbonate
minerals, sulfideminerals, and oxide minerals, which proposed
by previous published studies [13–17]. However, these silty
laminated shales and calcareous laminated shales are usually
difficult to identify by conventional tools; result in the quantifi-
cation and distribution of these shales cannot be obtained
through direct measurement on the core or logging data. In this
study, we proposed to directly measure the elemental composi-
tion on fresh cores by XRF to study the mineralogy and
geochemical characteristics. We measured the major elements
of Chang 7 of Well Y1 through X-ray fluorescence (XRF) and
analyzed the characteristics of the major elements in silty
laminated shales, argillaceous shales, and the calcareous lami-
nated shales. There are only four XRD samples in Well Y1,
and it is not representative to discuss the relationship between
a little of XRD samples and XRF based on the only experimen-
tal data. Therefore, in this study, we only described the charac-
teristics of different lithologies and minerals. Finally, a new
identification model was developed to establish a criterion for
lithology identification within shale laminated, based on the
elemental differences in the different shales.

2. Geological Setting

The Ordos Basin is the second largest sedimentary basin in
China with an area of 25 × 104 km2. It is located in the cen-
tral part of the China and divided into six structural units,
namely, the Yimeng Uplift, the Weibei Uplift, the Western
Edge Thrusting Belt, the Jinxi Flexural Fold Belt, the Tian-
huan Depression, and the Shanbei Slope (Figure 1).

The study area is located in the southeastern section of
the Shanbei Slope, with a present dip less than 1° and no
major faults or anticlines developed. The Yanchang Forma-
tion is one of the main oil-bearing series in this basin, and
it is subdivided into 10 members, namely, Chang 10-
Chang 1 from bottom to top [18]. The lacustrine Chang 7
Formation developed in the Late Triassic, with the shale
members forming at specific phases of the basin develop-
ment, showing the Chang 10 member was formed in the
initial phase when the basin opened up, while Chang 9 to
Chang 7 members was deposited during the basin expansion
phase. Lastly, the Chang 6 to Chang 1 was deposited during
the shrinkage phase of lacustrine basin [19, 20]. The peak of
the expansion period is recorded in the Chang 7 member.
During this stage, dark fine-grained shale and mudstone
were deposited in semideep and deep lake settings, forming
high-quality source rocks and reservoirs [21]. The study area
is close to the depositional center of the lacustrine basin at
this stage [22–24] and covered by the semideep and deep
lake surfaces. The thickness of shale formation in this area
ranges from 100m to 135m (Figure 2).

3. Materials and Methods

3.1. X-Ray Diffraction Analysis. The mineral composition of
whole-rock has been identified by using X-ray diffraction anal-
ysis (XRD). Samples of the Chang 7 Formation from the Xiasi-
wan area of Ordos Basin were analyzed for whole-rock mineral
composition using the D/MAX2500 X-ray diffractometer. Each
sample was crushed and sieved to 200 mesh and fully dried.
The angle range was 3-85° at the rate of 2θ for the whole-
rock mineral analysis.

3.2. X-Ray Fluorescence Analysis. The X-ray fluorescence tech-
nique has been used to generate quantitative geochemical
results for many years [25–29]. The implementation of the
handheld XRF for elemental research can provide unique
insights into the lithological analysis by measuring major ele-
ments with error less than 5% [30], such as silica (Si), aluminum
(Al), iron (Fe), potassium (P), calcium (Ca), and magnesium
(Mg). Samples from depths 1358m to 1394m in the Yanchang
Formation in Well Y1 were measured at intervals of 0.1m, and
the lithology of the measuring points is shown in Figure 3. In
order to ensure the accuracy of the measurement results, each
sample was tested for up to 120 seconds, and each sample point
is measured three times. The average value of each measure-
ment was taken to analyze changes and distribution of the
major elements from the shale in this shale layer.

4. Results

Based on core observations (Figure 4), the shale Yanchang For-
mation in the Well Y1 was measured from 1358m to 1394m.
Lacustrine shale was controlled by climate and seasonal
changes, which directly affected the density and thickness of
laminated [31]. Moreover, the texture of lacustrine shale was
sensitive to sediment environment, in turn leading to compli-
cated laminated development. Hence, the density of laminated
reflected vertical changes of lithofacies [32]. Then, we divided
Well Y1 into ①~⑨ units on the basis of core observation
(Table 1). Elemental measurement of these shale intervals
reveals a total of 360 groups of major elements, and these were
further characterized into distinct silty laminated shale and the
argillaceous shale. Argillaceous shale was dark black with oily
fresh surface. XRF results showed that argillaceous shale was
mainly composed of Si, Al, and Fe, which consists of high clay
content obtained from the XRD test. Silty laminated shale was
interbed of dark shale and silt. The Si content of silty laminated
shale was the highest among three types of shale, which also
proved by high quartz and feldspar content. Calcareous lami-
nated shale was black or gray black, consisting highest Ca con-
tent and lowest Al and K. XRD results indicated that calcite,
dolomite, and pyrite were the highest in these three lithofacies.

4.1. Lithologic Characteristics of Chang 7. Through core obser-
vation, Chang 7 shale is mainly composed of argillaceous
shale, silty laminated shale, and calcareous laminated shale
(Figure 4). Argillaceous shale is characterized by high carbon
content, thin flake, and well-developed foliation. Silty lami-
nated shale is mainly light gray. The sandy lamina is straight,
continuous, and vertically overlapping. Calcareous laminated
shale is characterized by bright white calcareous lamina, clear

2 Geofluids



Yimeng upli� Xiasiwan

Ganquan

Yan’ an

Y2
Y3

Y1

Y4

Liupan M
ts. Weibei upli�

Hela
n 

M
ts.

Yin Mts.

Qinling Mts.

Sh
an

be
i S

lo
pe

Lu
lia

ng
 M

ts.

Jin
xi

 fl
ex

ur
al

 fo
ld

 b
elt

Ti
an

hu
an

 d
ep

re
ss

io
n

W
es

te
rn

 ed
ge

 th
ru

st
in

g 
be

lt
Etuokeqi

Yulin

Shenmu

Jingbian
Suide

Yan’ an

Fuxian

Huachi

Qingyang

0 50 100 km

N

Well
Town
City
Tectonic unit boundary

County boundary
Study area
Ordos boundary

0 4 8 12 km

Figure 1: The location of Xiasiwan area in the tectonic units of Ordos Basin.
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boundary with shale, high brittleness, and easy to separate
from shale.

4.2. Mineralogic Characteristics of Chang 7. X-ray diffraction
analysis results from core samples show that the Chang 7 shale
is composed of clay, quartz, feldspar, calcite, ankerite, siderite,
and pyrite (Figure 5). Clay, quartz, and feldspar are main min-
eral composition. The mineral composition shows that argilla-
ceous shale possesses higher content of clay mineral, with
average values of 57.38%. The average contents of quartz and
feldspar is 36.49% in argillaceous shale. Calcite, ankerite, sider-
ite, and pyrite are merely lower than 5%. In silty laminated
shales, quartz and feldspar are relatively high, with 57.38% in
average, while the clay is significantly lower with proportion
of 34.08%. The percentage of calcite and ankerite in calcareous
laminated shale considerably larger than that of argillaceous

shale and silty laminated shale, with the proportion of 25.33%
and 10.7%, respectively, and calcareous laminated shale has a
relatively lower content in terms of quartz and feldspar.

4.3. Element Composition Characteristics. The results show
that the major elements the Chang 7 shale in this well are Si,
Al, Fe, K, Ca, Mg, P, S, Ti, and Mn (Table 2), with Si, Al,
and Fe with concentrations greater than 5%. The concentra-
tion of Si element was the highest, with a mathematical aver-
age of 26.36%. The concentration of Al on the other hand
has an average 7.91%. While, the Fe in this shale has an aver-
age concentration of 5.04%. In addition to the above three
main elements, there are also a minimal amount of K (1.9%
average concentration), Ca (2.9% average concentration), Mg
(1.02% average concentration), and S (0.91% average concen-
tration). The average content of P, Ti, and Mn are less than

10 cm

(a)

Measuring point

(b)

(c)

Figure 3: Major element test method.
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0.5%. Compared with the North American shales [26], the
geochemical observations of Chang 7 shale are similar to that
of North American shales as shown in Table 1. See Table 1 for
min andmax elemental concentration of the elements discussed.

We found that the element content closely related to
mineral content from XRF and XRD results plots, e.g., Ca
vs. calcite, K vs. feldspar, Si vs. quartz, and (Al+Si) vs. clay
(Figure 6).

(a)

250 𝜇m

(b)

(c) (d)

(e)

200 𝜇m

(f)

Figure 4: Lithologic characteristics of shale layers in Chang 7, Xiasiwan area. (a) 1369.11m black shale in Well Y1. (b) Silty laminated in
Well Y1 1371.35m, single polarized light. (c) 1362.00m calcareous laminated in Well Y1. (d) 1370.8m silty laminated in Well Y1. (e)
1393.87m silty laminated in Well Y1. (f) 1393.87m silty laminated in Well Y1, single polarized light.

Table 1: Laminated density classified standard of Y1 units.

Unit ① ② ③ ④ ⑤ ⑥ ⑦ ⑧ ⑨

Laminated density (no./m) 31~43 5~ 33 20~42 6 20~56 2 16~48 5~ 20 42~55
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5. Discussion

5.1. Elemental Distribution across Chang 7 Unit. Based on the
observed lithologic changes and the distribution characteris-
tics of silty laminated in cores in the Chang 7 (units ①~⑨
Figure 7) of Well Y1, the elemental differences in each strati-
graphic unit was recorded and described in sections. The fre-
quency of occurrence of silty laminated is relatively large in

units ①, ③, ⑤, ⑦, and ⑨ units (in the upper, middle, and
lower shale layers) in this Well (see Figure 7). These shales
contain mainly between 16 counts and 56 counts per meter.
The frequency of occurrence of silty laminated in upper ②,
middle ④ and ⑥, and lower ⑧ shale units is relatively low,
mainly between 5 counts per meter and 18 counts per meter.

The elemental composition in each unit was counted,
respectively (Table 3), and the results show that units ①, ③,
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Figure 5: Mineral content of the studied area in Chang 7.

Table 2: North America Shale and Chang 7 Shale elemental concentrations.

Elements
North America shale

Chang 7 Shale
Woodford Fm Barnett Fm Ohio Shale Eagle Ford Fm
Min Max Min Max Min Max Min Max Min Max Average

Si (%) 5.89 38.2 6.22 32.7 26.8 28.8 3.75 22.6 7.508 38.91 26.36

Al (%) 0.64 7.62 1.2 8.47 6.87 10.77 1.07 5.98 2.851 11.31 7.91

Fe (%) 0.61 4.92 0.64 3.54 3.09 4.6 0.43 3.57 1.72 13.81 5.04

K (%) 0.17 3.51 0.27 1.83 2.92 4.32 0.14 1.61 0.7 2.71 1.9

Ca (%) 0.07 18.1 2.77 31.2 0.19 0.71 9.36 34.7 0.32 24.07 2.02

Mg (%) 0.27 10.25 0.52 2.64 0.66 1.08 0.24 0.66 0.33 4.49 1.02

S (%) 0.46 5.32 0.25 2.24 0.72 2.25 0.33 3.81 0.026 5.024 0.91

P (%) 0.01 0.48 0.07 0.98 0.02 0.17 0.02 0.15 0.047 0.94 0.217

Ti (%) 0.04 0.33 0.07 0.46 0.4 0.53 0.04 0.39 0.083 0.575 0.42

Mn (%) 0.008 0.325 0.008 0.031 0.008 0.031 0.008 0.023 0.011 0.355 0.09
∗Bold and italic are the maximum and minimum values of this element, respectively.
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⑤ (Figures 4(b) and 4(d)), ⑦, and ⑨ (Figures 4(e) and 4(f)),
where the silty lamination is relatively dense has higher silica
content, with Si values between 2.93% and approximately
38.91%. In these units, the concentration of aluminum (Al),
iron (Fe), and potassium (K) is relatively low with respective
values between 0.53% and approximately 10.73% for Al,
1.72%~10.10% for Fe, and 0.70%~2.51% for K. However, in
units ②, ④ (Figure 4(a)), ⑥, and ⑧ with relatively lower silty
lamina densities, the content of Si is relatively low, with values
ranging from 11.87% to approximately 30.20%, while the con-
tent of Al, Fe, and K is relatively higher, with values
4.13%~10.63%, 3.76%~13.81%, and 0.92%~2.71%, respec-
tively. The contents of Ca and Mg are relatively low, except
for the extremely high values in ② (Figure 4(c)), ③, ⑤, ⑦,
and ⑧ units.

Sedimentary rocks are the materials formed response to
sedimentary environments, which is thus composed of differ-
ent minerals and elements. Therefore, stratigraphic change in
elemental composition implies that the sedimentary environ-
ment has slight changes during the deposition of Chang 7
shale. The unit with higher silica may be due to the relatively
shallow water depth during the deposition or the inflow of a
relatively large volume of water which carried siliceous debris
to a deeper part s of the basin. The unit with higher concentra-
tion of Ca and Mg is due to the evolution of organic matter to
form acids, and with further evolution, acid decarboxyl group
to form hydrocarbons and carbonate ions. These carbonate

ions combine with Ca and Mg in water to form calcite and
dolomite [9, 33–35]. Ca/Mg values can reflect climates humidity
due to the varied solubility [36–38]. Calcareous laminated shale
with high Ca/Mg value demonstrated dryer climate compared
to other two lithofacies. Argillaceous shale showed lower Si/Al
value, which can character grain size to deduce water depth
[39, 40]. We thus concluded that argillaceous shale developed
in deep lake. Silty laminated shale with lowest Fe content indi-
cated that it was deposited in oxidizing environment.

The abundance of Si, Al, Fe, K, Ca, Mg, and other ele-
ments were calculated according to three lithologies, identi-
fied from drilled core and thin section analysis. These are
argillaceous shales, silty laminated shales, and calcareous
laminated shales. The elemental composition in the Y1 shale
unit (Table 4) shows that the presence of Silica is highest in
this shale, with values ranging from 14.25% to 34.17%. The
contents of Al, Fe, K, and Ca were 4.12% to 11.31%, 2.48%
to 13.81%, 1.14% to 2.71%, and 0.32% to 7.80%, respectively.
The concentration of Mg element was the lowest in the unit,
with the range between 0.33% and 1.75%.

In the silty laminated shales, Si content is the highest,
which ranges from 18.30% to 38.91%. The abundance of
Al, Fe, K, and Ca are 3.71% to 10.25%, 1.72% to 7.32%,
0.59% to 2.46%, and 0.51% to 7.57%, respectively. The distri-
bution of Mg was the lowest, with 0.47% to 1.90%. On the
other hand, the calcareous laminated shales have higher rel-
ative abundance of Ca, with values from 8.95% to 24.07%,
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Figure 6: The plots of element content and mineral content.
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followed by Si, Al, Fe, and Mg, which range from 2.93% to
18.54%, 0.53% to 5.40%, 3.26% to 9.65%, and 1.35% to 4.49%,
respectively. Also, the abundance of potassium is the lower with
values between 0.70% and 1.94%. It can be observed that there
are differences in the concentration of various elements in dis-
tinct lithologies in these shale layers. In consequence, the visual
discrimination of the encountered shales in the Well Y1 can be
attributed to the differences in these elemental compositions.

5.2. Standard for Fine Scale Lithology Identification. Based on
the above analysis, we propose a criterion for lithology identi-
fication in shale layers with Si, Al, and Ca, which is sensitive to
calcareous laminated shale. According to the ternary diagram
of relative percentages of Si, Al, and Ca (Figure 8(a)), the
content of Ca in calcareous laminated shale is obviously higher
than that in argillaceous shale and silty laminated shale. Silty
laminated shales contain relatively more Si element, while
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Figure 7: Lithology and element content of shale strata in Well Y1.

Table 3: Element contents of shale layers ①~⑨ in Well Y1.

Si (%) Al (%) Fe (%) K (%) Ca (%) Mg (%)

① 26.84~38.91 5.18~9.02 1.72~5.67 1.47~2.38 0.54~1.36 0.71~1.05
② 11.87~30.20 4.13~10.16 3.76~9.98 0.92~2.71 0.32~24.07 0.33~3.57
③ 7.58~30.55 2.93~10.73 2.87~10.03 0.74~2.51 0.70~22.18 0.61~4.49
④ 17.16~21.24 5.57~11.31 4.32~6.30 1.78~2.51 0.44~1.27 0.67~1.23
⑤ 9.96~30.03 2.58~8.68 2.87~7.23 0.73~2.42 0.63~21.87 0.62~2.62
⑥ 17.16~22.56 4.47~9.57 4.55~9.81 1.69~2.55 0.59~1.43 0.36~1.19
⑦ 2.93~32.41 0.53~9.61 2.76~10.10 0.70~1.95 0.66~17.75 0.47~3.15
⑧ 14.5~ 29.76 4.55~10.63 3.77~13.81 1.14~2.22 0.51~7.80 0.52~2.71
⑨ 25.37~31.72 6.06~9.19 3.14~4.85 0.91~1.81 0.62~3.65 0.67~1.22

Table 4: Element concentration of three types of lithology.

Si (%) Al (%) Fe (%) K (%) Ca (%) Mg (%)

Argillaceous shale 14.25~34.17 4.12~11.31 2.48~13.81 1.14~2.71 0.32~7.80 0.33~1.75
Silty laminated shale 18.30~38.91 3.71~10.25 1.72~7.32 0.59~2.46 0.51~7.57 0.47~1.90
Calcareous laminated shale 2.93~18.54 0.53~5.40 3.26~9.65 0.70~1.94 8.95~24.07 1.35~4.49
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argillaceous shales contain a relatively higher Al element. How-
ever, the boundary between Ca and Al is not obvious in the ter-
nary diagram. Cross-plot of Si and Al content (Figure 8(b))
shows that the content of Si andAl in argillaceous shale presents
a linear relationship (shale line). Silty laminated shale plots
above the shale line, and its Si content is relatively high. Using
the shale line as the boundary, while argillaceous shale plots
mainly below this line. The third type, the calcareous laminated
shales, which are characterized by lower Si and Al content, thus
plots in the lower quadrant of this plot.

In calcareous laminated shales, the concentration of Ca
and Mg is relatively high, while the values of Si and Al is rel-
atively low. Due to the influence of high concentration of Ca,

Si, and Al is diluted to a large extent. Calcareous laminated
shale has relatively high Ca content (>8.95%) (Figure 8(c)),
and Al content is less than 4.49% (Figure 8(d)). However,
there is no significant difference between identifying argilla-
ceous shale from silty laminated shale. Therefore, we used
the shale line as a boundary (Figure 8(b)). Lithology inter-
pretation for points which lie above shale line is identified
as silty laminated shale; while the points below the shale line
with Ca element content greater than 8.95% identified as
calcareous shales. Also, in this case, the rest of data represent
argillaceous shales. Based on this, a criterion for lithologic
identification from elemental logging in shale layers is
proposed.
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Figure 8: Element content relationship of different lithologies in Well Y1.
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5.3. Validation of Lithology Identification. Based on the identi-
fication criteria described in this paper, the lithology of Chang
7 shale unit inWell Y2 was identified (Figure 9). The thickness
of silty laminated shale in the well is between 0.33m and 4.8m
(track 10 on the Figure 9). Calcareous laminated shale (track
10 on the Figure 9) is scattered throughout the shale series
and are usually in thin laminated; the uncharacterized shale
here is referred to as argillaceous shale.

The silty laminated shale is interbedded with gray or white
silty laminated and black-gray shale. Under single polarized
light, the light and dark layers are interbedded with the dark
parts comprising of fine particle size, while the light layer com-
prises the coarser particle size. The results were validated with
the thin section and drill cores and showed good agreement
with the predicted lithology, while the core observation sug-
gested silty laminated shales in depth (1312.9~1313.13m),
which is also consistent with the predicted results, thus indi-
cating that the identification criteria established by XRF can
be used to identify different suites of shales within a formation.

6. Conclusion

(1) The elemental make up of shale layers varies greatly,
and there are differences among different lithologies;
the content of Fe, Al, and other elements in shale is rel-
atively high, with Fe ranging from 2.48% to 13.81%
and Al from 4.12% to 11.31% in the study well. Silty
laminated shale is characterized by high abundance

of Si, ranging from 18.30% to 38.91%. Calcareous lam-
inated shale on the other hand has relatively high con-
centration of Ca and Mg, ranging from 8.95% to
24.07% and Mg ranging from 1.35% to 4.49%,
respectively

(2) Based on the abundance of elements Si, Al, Fe, and
Ca in shale layers, the lithology identification stan-
dard of shales was established. Taking the shale line
as the boundary, lithologies with Si content above
the shale line is interpreted as silty laminated shale,
while the lithologies with Ca abundance greater than
8.95% and plots below the shale line is interpreted as
calcareous laminated shale, the rest of data represent
argillaceous shales

(3) A test from Well Y2 shows that silty laminated shale,
calcareous laminated shale, and argillaceous shale
can be predicted by the lithologic identification cri-
teria described, and the identification results are in
good agreement with thin section analysis and visual
identification from drilled core

Data Availability

Data are available upon request to the corresponding
author’s email address: amelia-yu@hotmail.com.
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