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Abstract. The fine construction of a continuous mechani-
cal profile for the Wufeng–Longmaxi (WF-LMX) Forma-
tion is crucial for designing hydraulic fracturing projects
in shale gas development, which however is generally dif-
ficult to achieve by conventional macroscopic mechanical
testing methods due to the difficulty in obtaining continu-
ous block shale samples. This study employed the nanoin-
dentation technique to achieve the continuous mechanical
characterization of the WF-LMX Formation and correlated
the mechanical stratigraphic profile to the sedimentary con-
ditions. A total of 27 cutting samples were collected at 1–
1.5 m intervals from the Sanquan-1 (SQ-1) well. Nanoin-
dentation testing, rock mineralogy, major element analysis,
and porosimetry were performed. The results showed that
the WF-LMX shales in this study region were deposited in
a passive continental margin environment, primarily from
biogenic silica. Mechanical properties (hardness, fracture
toughness, Young’s modulus, and brittle index) varied syn-
chronously with mineral and organic content across the ver-
tical drilling profile, reflecting changes in lithology and sedi-

mentary facies within the WF-LMX Formation. Shales in the
upper part of the WF Formation and lower part of the LMX
Formation, belonging to the deep-water shelf facies, exhib-
ited high mechanical properties. Quartz and clay play a dom-
inant role in controlling shale mechanics, while the minor
rock constituents and nanoporosity have little effect. In par-
ticular, biogenic silica (authigenic quartz) plays an important
role in increasing the brittleness of shale. The effect of shale
constituents on micromechanics is essentially controlled by
the sedimentary environment. Additionally, the potential of
using nanoindentation to effectively assess shale brittleness
was also demonstrated. This study provides a continuous and
accurate interpretation profile of mechanical parameters and
is helpful in determining favorable intervals for hydraulic
fracturing in the design of shale gas development.

Published by Copernicus Publications on behalf of the European Geosciences Union.



820 J. Wang et al.: Nanoindentation to quantify the mechanical profile of the Wufeng–Longmaxi Formation

1 Introduction

Shale gas is a significant unconventional hydrocarbon re-
source in China and occurs in shale-dominated formations
with low porosity and low permeability (Zou et al., 2010).
Realizing commercial development of shale gas requires
large-scale reservoir fracturing of shale formations (Guo et
al., 2014). The optimal design of reservoir stimulation (i.e.,
hydraulic fracturing) highly depends on the reliable measure-
ment of the mechanics of shale at different scales, which re-
mains an ongoing challenge (Rickman et al., 2008; Sone and
Zoback, 2013a, b). In the past, the uniaxial/triaxial compres-
sion and the acoustic emission tests were the most common
methods to investigate the mechanical properties of shale
rock. These tests are conducted on centimeter-sized cores,
thus obtaining shale mechanics at core scale. Although these
macroscopic mechanical testing methods can provide reli-
able and directly applicable rock mechanics data for explo-
ration and development, they are always flawed, especially
when mechanical characterization of the entire shale forma-
tion is required to optimize favorable fracture intervals, since
they rely on bulky core samples that are typically difficult
to obtain (Alramahi and Sundberg, 2012; Sone and Zoback,
2013a).

Nanoindentation, a technique widely used in microme-
chanical characterization, is increasingly being used to eval-
uate the micromechanical properties of shales (Ulm et al.,
2005). It involves pressing a hard needle tip into the sur-
face of the material, thus requiring small sample volumes
on the millimeter scale. Because drill cuttings (at the mil-
limeter scale) can meet the requirements of nanoindentation
mechanical testing and are readily available, the nanoinden-
tation can achieve accurate mechanical characterization of
the entire shale formation. By adjusting the indentation depth
or applied load, elastic–plastic parameters such as hardness
and Young’s modulus of materials can be quickly derived
from the load–displacement curves (Oliver and Pharr, 1992).
In addition, by developing mathematical models, scholars
have also used indentation data to calculate other mechanical
parameters, including fracture toughness characterizing the
ability of a material to resist crack propagation and brittle-
ness index quantifying the fracturability of materials (Lawn
and Marshall, 1979; Ma et al., 2023). In order to deter-
mine the micromechanical properties of shales by nanoin-
dentation, it is crucial to develop an appropriate indenta-
tion protocol, highlighting the importance of establishing a
well-designed approach in this field, because shales have a
more pronounced size effect and transverse heterogeneity at
the microscale (Ulm and Abousleiman, 2006; Wang et al.,
2022a, 2023; Yang et al., 2020). Currently, a statistical grid
nanoindentation scheme is widely used, which is based on
averaging a large amount of mechanical data from a series
of indentations performed over a sufficiently large area and
using large indentation loads (200–500 mN) (Abedi et al.,
2016; Gupta et al., 2018; 2020; Kumar et al., 2012; Long et

al., 2021; Shi et al., 2019a, b, 2020; Shukla et al., 2013; Zhao
et al., 2019). The use of a relatively large load is to indent a
large volume to involve more matrix phases in each inden-
tation (i.e., to reduce the impact of size effects), and the use
of a nanoindentation campaign is to make the results more
statistically significant (i.e., to reduce the impact of hetero-
geneity). A large number of indentation cases indicate that
this method is reliable and scientific for obtaining the mi-
cromechanical properties of shale. Besides, some research
indicates that the Young’s modulus determined by acoustic
emission testing correlates well with measurements obtained
by nanoindentation (Kumar et al., 2012). In general, the me-
chanical properties (mainly Young’s modulus) measured by
nanoindentation can provide us with an efficient approach to
analyze the mechanical properties and variation patterns of
specific shale formation at the microscopic scale.

The Wufeng–Longmaxi (WF-LMX) Formation shales are
the primary marine formations for shale gas exploration and
development in southern China, with commercial develop-
ments successfully implemented in several locations, includ-
ing Fuling, Changning, and Weiyuan in Sichuan Province,
China (Zou et al., 2010). In particular, the marine black
shales of the WF-LMX Formation were predominantly de-
posited in a deep-water shelf environment characterized by
strong reducing conditions (Zou et al., 2010). To date, exten-
sive research has been conducted and documented on the ge-
ologic characteristics of areas conducive to WF-LMX shale
gas accumulation (Guo and Zeng, 2015; Yan et al., 2018;
Zheng et al., 2022; Zou et al., 2010). Currently, engineer-
ing challenges have emerged as critical to the success of
shale gas development. Among these, rock mechanics re-
search, particularly as it relates to hydraulic fracturing, has
been at the forefront of research efforts. Previous mechan-
ical research on the WF-LMX shale was mainly based on
macromechanical testing (Guo et al., 2019; Jia et al., 2021b).
Although many significant achievements and insights have
been made to guide exploration and production, several chal-
lenges remain, such as determining exactly how changes in
stratigraphy correlate with changes in the mechanical prop-
erties of a shale sequence, which can then be used to iden-
tify the most suitable intervals for hydraulic fracturing oper-
ations (Sethi et al., 2024). Previous studies have attempted to
use macroscopic testing to establish the relationship between
macroscopic mechanics and sedimentary conditions (Li et
al., 2024; Sethi et al., 2024), but they were not able to charac-
terize shale strata continuously or accurately depict the corre-
lation between shale mechanics and sedimentary conditions,
especially for the fragile shale samples. Nanoindentation can
overcome sampling problems, and a single mechanical test
can simultaneously obtain these mechanical parameters. Re-
cent literature mainly discusses the selection of indentation
method (Du et al., 2021; Jia et al., 2021a; Shi et al., 2019b;
Wang et al., 2022b), fluid influence (Yang et al., 2018, 2016),
and component analysis of small sample size for the study of
WF-LMX shale mechanics (Long et al., 2021). Few studies
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concerning the geological effects have been conducted on the
micromechanical properties of shales (Charlton et al., 2023).
To the best of our knowledge, there have been no investi-
gations focusing on the microscale mechanical properties,
namely elasticity, plasticity, toughness, and brittleness, of the
marine shale of the WF-LMX Formation along the southeast-
ern margin of the Sichuan Basin and how these properties are
related to sedimentary conditions.

In this study, we aim to use nanoindentation technology
to perform a thorough mechanical characterization of WF-
LMX shales at the microscale and to quantitatively assess
the mechanical profile of WF-LMX shales. Specifically, in
order to obtain micromechanical parameters, we used a novel
method to calculate the shale brittleness index based on
nanoindentation data. Additionally, we aim to correlate the
measured micromechanical data with the sedimentary con-
ditions (e.g., redox condition and bedding) and rock physics
(petromineralogy, reservoir space) of the WF-LMX Forma-
tion. This correlation will enable us to identify the controlling
factors of shale mechanics at the microscale and to investi-
gate how lithofacies influence the micromechanical profile of
WF-LMX shales. In general, this mechanical study of WF-
LMX shales in the whole layer using the nanoindentation
technique overcomes the limitations of traditional mechani-
cal testing associated with sample availability. This approach
provides a continuous and accurate interpretation profile of
mechanical parameters for the design of shale gas develop-
ment.

2 Geological setting and sampling shale samples

The Sichuan Basin and surrounding regions were character-
ized as stagnant basins during the Late Ordovician to Early
Silurian, resulting in the formation of extensive low-energy
and anoxic sedimentary environments (Chen et al., 2014).
During this period, two significant global transgressions oc-
curred, which contributed to extensive organic-rich shale in-
tervals within the WF Formation and the bottom part of the
LMX Formation (see Fig. 1a). The black shale gradually
shifted from the central sedimentary region to the source re-
gion (as shown in Fig. 1a), while the paleoenvironment grad-
ually evolved from deep-water shelf environments to semi-
deep-water environments and finally to shallow-water shelf
environments (Guo and Zeng, 2015).

The Sanquan-1 (SQ-1) well, located in Sanquan Town,
Nanchuan District, Chongqing City, within the Sichuan
Basin of China (as shown in Fig. 1b), is located on the crest
of an anticline and to the east of the Qiyue Shan Fault (see
Fig. 1b). Core shale samples were collected from the Up-
per Ordovician Wufeng Formation and the lower part of the
Silurian Longmaxi Formation (as shown in Fig. 1c). The
stratigraphy of the SQ-1 well consists of muddy limestone,
siliceous shale, carbonaceous shale, black shale, sandy mud-
stone, and mudstone in sequence from base to top. According

to biostratigraphy, petrography, and gamma rays (GRs), the
sequence stratigraphy of the SQ-1 well can be distinguished
(Fig. 1c). There are two sections in the Longmaxi Formation
of the SQ-1 well: the Rhuddanian and Aeronian stages. The
Rhuddanian stage, ranging from 60.5 to 84.7 m in depth, con-
sists of black carbonaceous and black shale. The Aeronian
stage, from 11 to 60.5 m, consists of black shale and grayish-
black argillaceous sandstone (Fig. 1c). The WF Formation
(84.7–90.0 m) contains two parts, the Katian stage (86.0–
90.0 m) and the Hirnantian stage (84.7–86.0 m) (Zheng et al.,
2018).

3 Samples and method

3.1 Shale rock samples

Shale core samples were systematically collected from the
WF-LMX Formation within the wellbore at intervals of 1–
1.5 m from the bottom up. A total of 27 core samples were
collected for analysis. These samples have been used in pre-
vious geological and petrological studies targeting shale gas
exploration in WF-LMX shales (Yang et al., 2020; Zheng et
al., 2018, 2022). Most of the information regarding total or-
ganic carbon (TOC) assessment, mineral composition anal-
ysis, major element analysis, experimental assessment of to-
tal porosity by mercury injection capillary pressure (MICP),
and characterization of nanopore structures by N2/CO2 gas
adsorption techniques is provided in our previous research
(Zheng et al., 2018), and the related data can be found in
Tables S1–S2 in the Supplement. It is noted that previous
studies of these samples have focused primarily on the or-
ganic geochemical properties, mineralogy, and porosity of
the WF-LMX Formation shale. In contrast, our research pri-
marily investigates the coupling relationship between the mi-
cromechanical properties and the sedimentary environment
of these shales.

3.2 Sample preparation

Shale samples were prepared with cuttings for nanoinden-
tation testing, generally 1–10 mm thick (Fig. 2a). We chose
shale samples oriented perpendicular to the bedding plane
(designated X1) and those oriented parallel to the bedding
plane (designated X3) (Fig. 2b), cut them into ∼ 5 mm thick
chips, impregnated them and cemented them with resin, and
ground and polished them using silicon carbide abrasive pa-
pers of various mesh sizes ranging from 50 to 2000 grit. This
was followed by the application of diamond suspension fluid
with particle diameters of 9, 3, and 1 µm for detailed polish-
ing (Yang et al., 2020). Finally, an IM4000 argon ion mill
was used for an additional 1–2 h of polishing to achieve a
very smooth surface. The average roughness (measured as
root-mean-square roughness, Rq) of the shale surface, which
measures 30× 30 µm2 and was measured using atomic force
microscopy, is less than 100 nm (Wang et al., 2022b). Fig-
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Figure 1. Panel (a) shows a paleogeographic map of the Sichuan Basin and adjacent regions during the Early Silurian. Panel (b) shows
the regional, structural, and geological profiles of the Sanquan region, highlighting the exposed strata and the Sanquan-1 well. Panel (c)
shows the stratigraphic, lithologic, and paleontologic column, along with the intervals under study (modified from Zheng et al., 2018).
Fm =Formation.

ure 2c shows a typical optical microscopy image of the shale
sample after grid nanoindentation.

3.3 Optical microscopy

The mineralogy was examined using an Olympus 4500P op-
tical microscope under reflected light, which was integrated
with the nanoindentation system. This high-resolution opti-
cal microscope offers magnifications ranging from 200× to
4000×, making it suitable for precise visualization of the
surface area prior to nanoindentation testing.

3.4 Scanning electron microscope (SEM) and
energy-dispersive spectroscopy (EDS) imaging

Following the nanoindentation tests, we used a Hitachi
S8010 scanning electron microscope (SEM) integrated with
energy-dispersive spectroscopy (EDS) to examine the inden-
tations formed on the shale surface. Deviating from standard
pre-treatment procedures, the specimens were not coated
with a gold layer prior to testing to avoid potential damage to
the indentation sites and to ensure unobstructed observation
of the indentations. The phase distribution diagram based on
elemental composition was quantified by EDS analysis.
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Figure 2. (a) The primary components of the nanoindenter are shown, with the polished specimen in the lower-right corner. Panel (b) shows
the specimen with X1 and X3 planes, oriented differently for nanoindentation testing. Panel (c) shows typical light microscopy images
of a shale sample undergoing nanoindentation. Panel (d) provides a schematic representation of the indentation profile. Panel (e) shows a
typical load–displacement (P -h) curve (modified from Wang et al., 2023). Here, P is the applied load, Pmax is the maximum load, r is
the contact radius, S is the contact stiffness, and h is the indentation displacement, while hf , h1, and hmax are the residual displacement,
the displacement at the onset of the hold phase, and the maximum displacement during nanoindentation, respectively. The elastic–plastic
deformation zone under the indenter is 3–5 times hmax (Larsson et al., 1996).

3.5 Nanoindentation tests

3.5.1 Nanoindentation and theoretical background

Mechanical nanoindentation tests were performed using
an Anton Paar TTX NHT3 nanoindenter with a diamond
Berkovich indenter tip with a radius of curvature between 50
and 100 nm (shown in Fig. 2a). A high-resolution optical mi-
croscope was integrated into the indenter for precision. Loads
ranging from 0.1 to 500 mN were applied to the indenter as
it contacted and penetrated the sample surface.

Before performing the indentation tests, a standardized
fused silicon sample was used to calibrate the shape of
the tip. Thanks to the unique reference ring design of the
Anton Paar instrument, automatic thermal drift correction
was implemented to ensure data stability. Figure 2d shows
a schematic representation of the indentation profile, while
Fig. 2e shows a typical load–displacement curve (P -h curve)
consisting of three distinct phases: loading, holding, and un-

loading. The loading phase includes both elastic and plastic
deformation components, while the unloading phase captures
only the elastic-deformation-related strain recovery (Cheng
et al., 2002; Yang et al., 2020). Consequently, the area un-
der the unloading curve is referred to as the elastic energy
(Ue), and the area enclosed by both the loading and unload-
ing curves represents the irreversible energy (Up). The total
energy (Ut) is the sum of Ue and Up (Cheng et al., 2002).
By analyzing the P -h curve, the hardness (H ) and reduced
elastic modulus (Er) of the shale will be derived (Oliver and
Pharr, 1992, 2004). In this investigation, a Poisson’s ratio
of 0.3 was assumed for the shale samples to calculate their
Young’s modulus (E) (Li et al., 2018).

3.5.2 Experimental protocols

Constant load holding tests were performed, in which the
indentation load was applied in a linear fashion until the
peak load of 400 mN was reached. Once this peak load was
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reached, the diamond indenter was held in position for 2 s.
Finally, the indentation test was completed with a 30 s un-
loading of the tip. We adopted the statistical nanoindentation
method, which is widely used in the mechanical characteri-
zation of multiphase composite materials (Fig. 2c). Specifi-
cally, the peak load of 400 mN was used (Kumar et al., 2012).
Each shale sample surface contained at least 7× 7 grid in-
dentations with a distance of at least 60 µm between adja-
cent indentations (Wang et al., 2022a). Therefore, the size of
the indentation areas was approximately 450 µm× 450 µm,
which is a much larger representative elementary area (REA)
than that proposed by Liu et al. (2016) to ensure an unbiased
statistical characterization. Prior to conducting the nanoin-
dentation tests, we firstly observed the shale surface using
a high-resolution optical microscope to determine the rep-
resentative regions of interest, taking into account the multi-
scale heterogeneity and mineralogical variability in the shale.
We did not find any obvious laminar structure in our shales.
The shale surface areas selected for testing exhibited miner-
alogical characteristics consistent with the overall shale sur-
face.

3.6 Determination of fracture toughness and
brittleness index

In this study, the energy-based method was used to calcu-
late the fracture toughness (Kc) of shale (Gautham and Sas-
mal, 2022; Gupta et al., 2020; Liu, 2015; Liu et al., 2016,
2022; Liu, 2015; Manjunath and Jha, 2019; Zeng et al., 2017,
2019). After we obtained Kc, the brittleness index (B) based
on the mechanical properties can be calculated as (Lawn and
Marshall 1979)

B =
HE
Kc
. (1)

The detailed calculation process can be found in Text S1 of
the Supplement.

3.7 Statistical analyses

Statistical significance of the correlations between mechan-
ical parameters and mineralogy, TOC content, porosity, and
pore volume was determined by SPSS 23.0 software with
Pearson correlation analyses and two-tailed Student’s tests.
This statistical analysis provides a range of correlation coef-
ficients and tests designed to assess the magnitude and direc-
tion of the relationship between two variables. This allows
us to gain a deeper insight into the patterns and relationships
in the data and to uncover potential associations that may go
beyond the confines of simple linear correlations. All numer-
ical analyses were performed using Origin 2021, Python 2.0,
and Microsoft Excel 2016, and all graphs were made with
Origin 2021, Corel Draw X8, and Microsoft Excel 2016.

4 Results

4.1 Mineralogy and indentation of shale

4.1.1 Optical properties of shale mineralogy

The core samples are mainly composed of quartz and clays
(≥ 70 vol %) with small percentages of feldspar, carbonate,
pyrite, and organic matter. Here, we selected two represen-
tative samples (i.e., SQ-80b and SQ-90) in terms of their
different mineralogical characteristics (i.e., quartz-rich and
clay-rich) to demonstrate the microstructure of the shale. The
quartz grains present in the detrital material are translucent
and have a grayish-white color when viewed under reflected
light (Fig. 3). They have a variety of irregular shapes charac-
terized by sharp, straight boundaries and are predominantly
between 15 and 40 µm in size (Fig. 3). It is noteworthy that
WF-LMX shales have a large number of authigenic quartz
grains, which are usually very small in size, less than 2 µm,
and can only be observed by an SEM (Milliken et al., 2016;
Yang et al., 2020). The clay minerals show a dark-gray color
and are continuously distributed in the shale matrix, consti-
tuting the connected skeleton of the shale (Fig. 3). Notably,
the clays are usually intermixed with nanometer-sized or-
ganic matter, forming the organoclay composites (Ma et al.,
2015; Yang et al., 2020). Organic matter, consisting mostly
of particles smaller than 3 µm, is embedded in matrix voids
or intermixed with clay minerals (Fig. 3d). Pyrite typically
appears as aggregates with dimensions ranging from 1 to
8 µm (Yang et al., 2020). The pyrite and organic matter usu-
ally show a grayish-white to bright-white color under the
reflected light. Overall, the quartz-rich shale sample has a
coarse-grained texture, with large mineral particles such as
quartz acting as the supporting skeleton. However, the clay-
rich shale has a continuous and fine-grained texture with
organoclay composites acting as the framework materials of
shale. Notably, the X1 plane (as shown in Fig. 4a and c) ex-
hibits a lower amount of quartz compared to the X3 plane (as
shown in Fig. 4b and d).

4.1.2 Nanoindentation of representative microdomains

Figure 4 displays the indents of sample SQ-78b in the X3
plane. Figure 4a shows the panorama of all the indentations.
It is observed that some of the indents are located on mi-
crofractures. Given the strong heterogeneity of the shale, we
chose three representative indentation areas for further anal-
ysis: the clay-rich area, the organic-matter-rich area, and the
quartz-rich area. The quartz particle is large, and its surface is
very smooth, mainly containing Si and O elements (Fig. 4g
and i). The organic matter in the backscattering (BSE) dia-
gram appears black (Curtis et al., 2012; Zhao et al., 2014),
with no fixed form, and is shown in the form of small strips
and thin threads (Fig. 4f). The clay matrix often combines
with the organic matter and mainly contains elements such
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Figure 3. Optical microscopy images of the mineralogy of the two representative shale samples. The mineral composition characteristic for
(a, b) quartz-rich shale and (c, d) clay-rich shale. Panels (a) and (c) are from the X1 plane, and panels (b) and (d) are from the X3 plane. The
X1 plane (a, c) of the shale sample has a lower concentration of quartz grains compared to the X3 plane (b, d). The “indent” in all panels
represents the residual indentation impressions left in the shale.

as Al, Si, C, and O (Fig. 4e and h). The indentation impres-
sion in the quartz-rich area measures approximately 20 µm
in diameter, while those in the other two areas exceed 30 µm.
Microcracks are found around the quartz-rich area, indicat-
ing that quartz grain is fractured under the load of 400 mN.
In contrast, no significant cracks are observed in the clay-rich
and organic-matter-rich areas. Furthermore, indentation im-
pressions are clearly visible in the clay-rich and quartz-rich
areas. In contrast, no indentation impressions are observed
on the surface of the organic matter. This phenomenon has
also been found in previous studies (Liu et al., 2019b; Wang
et al., 2022c) and is attributed to the high elasticity of organic
matter in the high maturity stage.

Figure 5 shows the P -h curves of all the indents and three
typical indents. Figure 5a shows the maximum displacement
ranges from ∼ 3 to 6 µm. The indents present at the fracture
zones (as shown in Fig. 4) show significant displacements
along with pop-in behavior characterized by abrupt jumps in
displacement. This phenomenon could possibly be due to the
development of microcracks during the indentation process.
We did not use these data for statistical mechanical analy-
sis. The maximum indentation displacement in the quartz-
rich area is significantly smaller than those in the organic-
rich area (∼ 4900 nm) and clay-rich area (∼ 4900 nm). The
E and H of the indentations in the quartz-rich area are the

highest, with values of E = 31.7 GPa and H = 0.93 GPa,
respectively, while those in the organic-matter-rich area
(E = 26.7 GPa, H = 0.85 GPa) and the clay-rich area (E =
26.3 GPa, H = 0.77 GPa) are lower (Table 1). Despite the
relatively large differences in elastic–plastic parameters, the
fracture toughness of these three indents is relatively simi-
lar, ranging from 0.79 to 0.85 MPa m0.5. The B value for the
indent of the quartz-rich area is the highest (43.6 µm−1), fol-
lowed by the indent in the clay-rich area (34.8 µm−1) and the
indent in the organic-matter-rich area (29.1 µm−1). Overall,
the average mechanical parameters obtained are E = 29.4±
3.2 GPa, H = 0.95± 0.41 GPa, Kc = 0.90± 0.31 MPa m0.5,
and B = 37.3± 10.5 µm−1. Notably, the values of H show a
larger variability (43.2 % variation) than those of E (10.9 %
variation) and Kc (34.4 % variation).

4.2 TOC, mineralogy, porosity, and major elemental
characteristics

Using lithofacies analysis and gamma ray (GR) values, pre-
vious researchers divided the WF Formation into two pri-
mary sections from base to top, the Transgressive Sys-
tems Tract (TST) and the Highstand Systems Tract (HST),
while the LMX Formation was divided into TST, HST,
and the Lowstand Systems Tract (LST) from bottom to top
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Figure 4. Backscattering (BSE) diagrams (a–g) and phase distribution diagrams (h–i) of indented points in different regions. The numbers
1, 2, and 3 in panels (b)–(d) represent the corresponding enlarged parts. The phase distributions of panels (h) and (i) show the indentations
located on the clay-rich area and quartz-rich area, respectively. The indentation impression in the quartz-rich area has a diameter of about
20 µm, while the diameters of the other two areas are larger than 30 µm. The indent is clearly visible in the clay-rich or quartz-rich area but
not in the organic-rich area.

Figure 5. Load–displacement curve of (a) all the indentation points and (b) three typical indentation points in different areas.

for the SQ-1 well (Zheng et al., 2018) (Fig. 6). The TOC
content of the LMX Formation and WF Formation are in
the range of 0.53 wt %–3.34 wt % (average 1.94 wt %) and
1.30 wt %–6.53 wt % (average 3.74 wt %), respectively. The
quartz content values of the LMX Formation and WF For-
mation are in the range of 19.6 vol %–43.6 vol % (average
29.4 vol %) and 22.7 vol %–51.5 vol % (average 39.3 vol %),
respectively. The clay content values of the LMX Forma-
tion and WF Formation are in the range of 30.3 vol %–
54.3 vol % (average 43.1 vol %) and 28.8 vol %–48.1 vol %
(average 35.5 vol %), respectively. Feldspar content ranges

from 10.6 vol % to 20.4 vol %, with an average of 16.2 vol %.
Conversely, the carbonate and pyrite contents are minimal,
typically less than 10 vol % (Table S1). The major oxides
in the WF-LMX Formation are SiO2 and Al2O3. Other ma-
jor element concentrations were observed to be < 7 % (Ta-
ble S2). The SiO2 content is the highest of all the oxides in
the shale samples, ranging from 58.63 % to 76.32 %. The av-
erage SiO2 content of the WF Formation (69.73 %) is higher
than that of the LMX Formation (61.54 %). The average
Al2O3 contents in the LMX and WF formations are 13.66 %
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Table 1. Mechanical parameters of indentation points in different regions.

Point Point of area E (GPa) H (GPa) Kc (MPa m0.5) B (µm−1)

1st Clay-rich 26.3 0.77 0.79 34.8
13th Organic-matter-rich 26.7 0.85 0.85 29.1
42th Quartz-rich 31.7 0.93 0.82 43.6

All All areas 29.4± 3.2 0.95± 0.41 0.90± 0.31 37.3± 10.5

and 8.61 %, respectively. The excess SiO2 contents are in the
range of 5.93 %–58.93 % (Table S2).

As one moves upward through the drilling profile of the
WF-LMX shales, the GR values and TOC content initially
increase and then decrease. The quartz content follows a
similar pattern to the TOC content, while the clay mineral
content shows an opposite trend. Excess silicon is widely
distributed in the WF shales (Zheng et al., 2018). Previous
research has shown that the excess silicon originates from
authigenic silicon in shale, which is closely related to the
genesis of siliceous plankton, such as diatoms and sponge
spicules, in sedimentary waters (Schieber et al., 2000). In
the SQ-1 well, the excess SiO2 content varies from low at
the bottom to high in the middle and then back to low at
the top, with the higher values (ranging from 43.04 % to
58.93 %) being observed in the upper section of the WF
Formation. In terms of reservoir space parameters, the to-
tal pore volume (Vtotal) and total porosity exhibit ranges of
21.0 × 10−3–41.4× 10−3 cm3 g−1 and 1.3 %–6.4 %, respec-
tively. The higher values are in the WF Formation, where the
average values are 37.6× 10−3 cm3 g−1 and 4.5 %, respec-
tively. In general, both Vtotal and total porosity are positively
correlated with the TOC content (Table S1).

4.3 Micromechanical profile of WF-LMX shales

Figure 7 shows the longitudinal variations in different mi-
cromechanical parameters (E, H , Kc, and B) of WF-LMX
Formations in the SQ-1 well. Table S3 presents the corre-
sponding data. Overall, the mechanical parameters in the
X1 plane change synchronously with those in the X3 plane.
Specifically, they first increase and then decrease from the
bottom to the top, which is consistent with the variation in
quartz and TOC content in the drilling profile. The highest
mechanical property values occur in the Hirnantian and the
upper Katian of the WF Formation (85–87.6 m), where the
contents of TOC (4.2 wt %–6.5 wt %) and quartz (44.4 %–
53.3 %) are also very high (Fig. 6, Table S4). In fact, the
WF Formation was in a deep-water marine shelf setting dur-
ing the Hirnantian and upper Katian stages. Conversely, the
shales of the upper Aeronian stage of the LMX Formation
(SQ-11 and SQ-17), which belong to the shallow-water shelf
facies, have the lowest mechanical values.

In general, the lower part of the Rhuddanian stage of the
LMX Formation and the Hirnantian and upper Katian stages

of the WF Formation have higher values of E, H , and B.
Table S4 indicates that the average values of micromechani-
cal parameters (E, H , Kc, and B) in the WF Formation are
relatively higher than those in the LMX Formation. The mi-
cromechanical parameters (E,H ,Kc, and B) in the X1 plane
are lower than those in the X3 plane.

5 Discussion

5.1 Paleodepositional conditions of WF-LMX shales

5.1.1 Sedimentary shale site

Al2O3 and TiO2 are commonly used as indicators of ter-
rigenous material, while Mn is considered a marker element
from the deep ocean (Adachi et al., 1986; Boynton, 1984).
The MnO/TiO2 ratio is generally less than 0.5 in coastal or
continental shelf areas and ranges from 0.5 to 3.5 in open-
ocean or deep-sea environments (Adachi et al., 1986; Boyn-
ton, 1984; Sethi et al., 2024). The average MnO/TiO2 value
of 0.06 in the WF-LMX shales indicates a sedimentary envi-
ronment closer to the continent. The Al2O3/(Al2O3+Fe2O3)

ratios in sediments from ridge, basin, and continental margin
areas are less than 0.4, in the range of 0.4 to 0.7, and be-
tween 0.7 and 0.9, respectively (Murray et al., 1991). The
Al2O3/(Al2O3+Fe2O3) ratio of WF-LMX shales ranges
from 0.65 to 0.78, with an average of 0.71, suggesting a
continental margin sedimentary environment. In addition, the
K2O/Na2O vs. SiO2 and SiO2/Al2O3 vs. K2O/Na2O plots
can also be used to determine the ancient and modern tec-
tonic backgrounds of the basins (Roser and Korsch, 1988;
Sethi et al., 2024). In Fig. 8a–b, the WF-LMX shales show
high SiO2/Al2O3 ratios, K2O/Na2O ratios, and SiO2 values.
The majority of the data points are within the passive conti-
nental margin. Therefore, the WF-LMX shales in the study
area are indicative of a passive continental margin sedimen-
tary environment.

5.1.2 Sources of silicon

Currently, the main sources of silicon in shales include bio-
genic, terrestrial detrital, and hydrothermal origins (Adachi
et al., 1986; Reynolds and Verhoogen, 1953). Al2O3 is
typically indicative of terrestrial detrital input. When the
SiO2/Al2O3 ratio is close to 3, the silicon is primarily of
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Figure 6. A detailed histogram depicting various properties of the WF-LMX shales, including gamma ray (GR) intensity, TOC content,
excess SiO2 content, quartz content, and clay content (modified from Zheng et al., 2018). HST is the highstand systems tract; LST is the
lowstand systems tract; TST is the transgressive systems tract.

crustal origin. However, when the ratio exceeds 3, silicon
is primarily derived from biogenic and hydrothermal pro-
cesses (Boström et al., 1973). The SiO2/Al2O3 values of the
WF-LMX shales range from 3.63 to 13.73 (with an aver-
age of 6.42), suggesting that silicon in these shale samples
is not primarily derived from terrestrial detrital sources. In
particular, geochemical proxies such as (Fe+Mn)/Ti ratios
above 25 (± 5) and Al/(Al+Fe+Mn) ratios below 0.35 are
recognized as the presence of hydrothermal activity during
deposition (Boström and Peterson, 1969; He et al., 2016).
The WF-LMX shale samples exhibit (Fe+Mn)/Ti ratios
ranging from 5.8 to 11.3, with an average of 8.9, while the
Al/(Al+Fe+Mn) ratios exhibit a narrower range of 0.64 to
0.78, with an average of 0.71 across the data set. This result
indicates that silicon in the WF-LMX shale samples is not
primarily derived from hydrothermal sources. Furthermore,
by observing the Mn–Al–Fe ternary diagram (Fig. 8c), all the
sample data fall within the non-hydrothermal origin range. It
is commonly believed that an SiO2/Al2O3 ratio exceeding
3.0 typically suggests a primarily biological origin (Boström

et al., 1973). In the case of the WF-LMX shale samples, the
SiO2/Al2O3 values varied between 3.63 and 13.34, with an
average of 6.42. This indicates that the silica source in these
shale samples was predominantly influenced by biogenic in-
put.

5.1.3 Paleoclimate and chemical weathering

Cox et al. (1995) proposed the Index of Component Varia-
tion (ICV), which is calculated as the molar ratio of (Fe2O3+

K2O+Na2O+CaO∗+MgO+MnO+TiO2), to Al2O3. Ac-
cording to Cullers and Podkovyrov (2000), an ICV greater
than 1 in fine-grained clastic rocks suggests low clay content
and originally deposition in a tectonically active area. Con-
versely, an ICV less than 1 indicates high clay content result-
ing from chemical weathering or redeposition. In this study,
the ICV values of the samples (1.18–1.46; see Table S2) ex-
ceed 1, which confirms the first deposition without redeposi-
tion and can reflect the weathering degree and paleoclimate
of the source area.
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Figure 7. A histogram ofE,H ,Kc, and brittleness index (BI) of shale in the SQ-1 well. X1 indicates a direction perpendicular to the bedding
plane of the shale, while X3 indicates a direction parallel to the bedding plane. BI1, BI2, and BI3 are brittleness indices based on mineral
composition (as shown in Table 4). From the bottom to the top of the SQ-1 well, E, H , Kc, and BI all show a similar trend, and the bottom
of the LMX Formation and the upper part of WF Formation (∼ 80–87 m) have large values.

The process of chemical weathering typically results in the
depletion of elements such as Ca, Na, and K, while promot-
ing the relative accumulation of Al and Ti (Fedo et al., 1995;
Nesbitt and Wilson, 1992). To quantify the extent of chemical
weathering in sediment source areas, previous research has
established indices such as the chemical index of alteration
(CIA) (CIA= 100×Al2O3/(Al2O3+CaO∗+Na2O+K2O))
(Nesbitt and Wilson, 1992; Nesbitt and Young, 1982) and the
plagioclase index of alteration (PIA) (PIA= 100× (Al2O3−

K2O)/((Al2O3−K2O)+CaO∗+Na2O)) (Fedo et al., 1995).
The units of the oxides used in these calculations are mo-
lar masses. CaO∗ refers specifically to the CaO content in
silicate minerals. Since the CaO content in silicate miner-
als is often comparable to that of Na2O, a correction method
is applied: if the molar amount of CaO is greater than that

of Na2O, CaO=Na2O; conversely, if the molar amount of
CaO is less than that of Na2O, no correction for CaO is re-
quired. The sample trend is generally parallel to the A-CN
edge (Fig. 9), indicating that potassium (K) has not been
significantly leached during weathering and may be weakly
affected by potassium metasomatism. In general, CIA val-
ues between 50–60 and PIA values between 50–69 corre-
spond to low weathering intensity, while CIA values be-
tween 60–80 and PIA values between 69–86 indicate mod-
erate weathering, and CIA values between 80–100 with PIA
values between 86–100 represent intense weathering condi-
tions (Li et al., 2024; Nesbitt and Young, 1982; Reimann and
de Caritat, 2012). For the WF-LMX shale samples, the cal-
culated CIA indices range from 64.2 to 70.2 (mean= 65.9)
(Fig. 9; Table S2), and the PIA values range from 72.8 to
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Figure 8. Depositional position classification diagrams (a) after Roser and Korsch (1988) and (b) after Maynard et al. (1982). Identifica-
tion origin of hydrothermal–biogenic sediment (Adachi et al., 1986). PM= passive continental margin; ACM= active continental margin;
CIAR= continental island arc; OIA= oceanic island arc.

82.8 (mean= 76.94). These results indicate that the source
rocks have experienced a consistent stable and moderate in-
tensity of chemical weathering. In addition, the CIA index is
commonly used to evaluate paleoclimatic conditions (Fedo
et al., 1995; Nesbitt and Wilson, 1992). In hot, humid pale-
oclimates, CIA indexes fluctuate between 80 and 100, while
warm, humid environments show values between 60 and 80.
Conversely, cold, arid paleoclimates generally record CIA
values in the range of 50 to 60 (Nesbitt and Wilson, 1992).
CIA values decrease from the lower to middle-upper part of
the Wufeng Formation and then remain relatively stable at
higher values in the Longmaxi Formation. This suggests that
the paleoclimate shifted from warm and humid to cold and
arid before returning to warm and humid conditions. How-
ever, the average CIA value of the WF-LMX Formation is
65.9, which generally indicates deposition under warm, hu-
mid conditions. It should be noted that this interpretation is
based solely on major element data. To more precisely deter-
mine the paleoclimatic conditions, further validation through
carbon–oxygen isotopes and palynological fossils is neces-
sary.

5.1.4 Redox conditions

Previous studies have found that the redox indicators (e.g.,
U/Th, Ni/Co, and Mo values) of the WF-LMX shales are
positively correlated with TOC content (Li et al., 2017; Yan
et al., 2018; Wang et al., 2024; Wei et al., 2021). Based on
the TOC content column profile of the SQ-1 well (Fig. 6),
it can be inferred that the bottom of the LMX Formation
and the upper-middle part of the WF Formation had the
strongest reducing conditions, with TOC content exceeding
2.5 % formed in anoxic environments, while shale sections
with TOC less than 2 % were mainly formed in oxic envi-
ronments (Li et al., 2017). Furthermore, the high excess sil-
icon content in organic-rich shales in the middle-upper part
of the WF Formation and the bottom of the LMX Formation
indicates relatively high paleoceanic productivity during de-
position, which is consistent with previous findings (Li et al.,
2017; Yan et al., 2018).
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Figure 9. Ternary plots of Al2O3-(CaO∗+Na2O)-K2O (A-CN-K)
in molar proportions that reflect the intensity of weathering (map
based on Nesbitt and Young, 1982). Here, CaO∗ denotes the CaO
content specifically within the silicate component.

5.2 Effect of components on micromechanical
properties

5.2.1 Young’s modulus, hardness, and fracture
toughness

The sedimentary environment controls the mineral compo-
sition, TOC content, and pore characteristics of organic-rich
shales. Here we discuss the effect of constituents on the me-
chanical properties of WF-LMX shales. For both X1 and X3
planes, the linear positive correlation between Young’s mod-
ulus of shale and the quartz content is good (Fig. 10a). The
reason is that quartz is thought to be a brittle mineral. The
measured Young’s modulus of bulk shale is enhanced by el-
evated concentrations of the quartz. In particular, Young’s
modulus of shale on both X1 and X3 planes and the con-
tent of excess SiO2 show a positive correlation, especially
on the X1 plane (Fig. 10i). This means authigenic quartz
plays an important role in increasing the strength of shale
and improving the fracturability of the shale. Conversely,
Young’s modulus and clay mineral content show a nega-
tive correlation in different planes (Fig. 10b), as clay min-
erals inherently act as plastic components within shale ma-
trices. While increased clay content decreases mechanical
properties of shale, the scientific consensus remains unre-
solved regarding the brittle classification of feldspar, calcite,
dolomite, and pyrite (Glorioso and Rattia, 2012; Wang and
Gale, 2009). As shown in Fig. 10c–f, there is no direct posi-
tive relationship between the content of these minerals and
Young’s modulus values. Notably, there is a negative cor-
relation between calcite content and modulus measurements

(Table 2, Fig. 10c), which is consistent with previous triaxial
compression studies of core samples (Diao, 2013). This phe-
nomenon may be due to two factors: (1) relatively low calcite
volume fractions (vol %< 8 %) and (2) isolated grain distri-
bution patterns within the shale matrix. Such dispersed rigid
particles (calcite, dolomite, and pyrite) fail to form effective
load-bearing frameworks, thereby precluding embrittlement
enhancement by mineral reinforcement.

Compared to inorganic minerals, organic matter has lower
density (approximately half the density of the shale rock min-
erals) and much lower modulus values in the range of 1–
20 GPa (Fender et al., 2020; Wang et al., 2024). However,
Young’s modulus is statistically positively correlated with
TOC content of WF-LMX shales in both planes (Fig. 10g).
The reason is that the contents of quartz and organic matter
show a synchronous and co-directional trend in the strati-
graphic profile. While organic matter inherently reduces
shale strength, quartz emerges as the primary determinant in
increasing shale Young’s modulus, thereby leading to a con-
sistent contribution relationship between organic matter and
the Young’s modulus of shale. Young’s modulus shows no
correlation with total nanopore volume or the total nanopore
surface areas (Fig. 10k–l) and even a weak positive corre-
lation with porosity (measured by MICP method) (Fig. 10j).
The main reason is that, in the WF-LMX shale, high porosity
and total pore volume are associated with high organic con-
tent (Table 2), which is positively correlated with the content
of authigenic quartz. The influence of pores on shale mechan-
ical properties may be compensated by authigenic quartz.
On the other hand, the relationship between Young’s mod-
ulus and individual components shows a more pronounced
correlation in the X1 plane compared to the X3 plane, a dis-
parity that could be primarily due to the preferential orienta-
tion of mineral particles during sedimentation and the distinct
mechanical behaviors inherent to their depositional environ-
ments.

Figure 11 shows a good positive linear relationship be-
tween Young’s modulus and both hardness and fracture
toughness. The relationship between Young’s modulus and
hardness exhibits greater strength along the X1 plane (R2

=

0.74) compared to the X3 plane (R2
= 0.60). Conversely, the

correlation between Young’s modulus and fracture tough-
ness maintains comparable magnitudes in both the X1 and
X3 planes (Fig. 11). Generally, the influence of components
on hardness or fracture toughness is equivalent to that of
Young’s modulus. This observation may be due to the fact
that Young’s modulus serves as a direct measure of material
stiffness, with higher values corresponding to increased re-
sistance to deformation and crack propagation, thereby con-
tributing to higher fracture toughness values (Gupta et al.,
2020).

Table 2 presents the statistical correlation analysis be-
tween the mechanical parameters and the mineralogical com-
positions, TOC content (volumetric fraction), porosity, and
total pore volume for the shale samples via SPSS soft-
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Figure 10. Correlation of shale Young’s modulus (E) with volumetric proportions of matrix constituents (a–h), excess SiO2 content (i),
porosity (j), total nanopore volume (k), and surface areas (l). Note: Q= quartz; F= feldspar; Car= carbonate; Dol= dolomite; Py= pyrite;
Vtotal= the total nanopore volume; SAtotal= the total nanopore surface areas. The percentage of various components is the volume percent-
age. The three samples marked in panels (g) and (j) are in high quartz, TOC contents, and porosity. Young’s modulus shows high dependence
on quartz, clay, and clay+TOC content, especially along the X1 plane, while it has a weak correlation or no correlation with the change in
the content of other rock constituents, including the carbonates, organics, and pores.

Figure 11. Relationships between E and (a) H or (b) Kc.

ware. Similar to the linear fit results observed in Fig. 10,
the micromechanical properties (E, H , and Kc) of the WF-
LMX shale show a good positive linear relationship with
quartz, Q+Dol (quartz and dolomite), and QFC (quartz,
feldspar, and carbonate) mineral assemblages, while exhibit-
ing a negative correlation with clay mineral abundance and
O/C (clay+TOC) composite content. Taken together, these
relationships suggest that the micromechanical behavior of
the shale is predominantly controlled by the proportional
content of quartz, clay minerals, and organic clay complexes,
as these components form the primary structural framework
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of the shale matrix and collectively determine the overall me-
chanical performance of the WF-LMX Formation.

5.2.2 Brittleness index

Table 2 shows that the B value based on micromechani-
cal properties is strongly positively correlated with quartz
(R2
= 0.91), Q+Dol (R2

≥ 0.91), and QFC (R2
= 0.74)

contents and negatively correlated with clay (R2
≥ 0.88) and

clay+TOC contents (R2
≥ 0.81). However, no significant

correlations were observed between these parameters and
other individual minerals, porosity, or total nanopore volume.
Notably, the R2 values for the correlations between the brit-
tleness index (B) and mineralogical constituents were similar
to those for Young’s modulus (E) and hardness (H ) but had
consistently higher magnitudes (Table 2). Therefore, quartz,
especially for the authigenic quartz, as a distinct constituent
of marine shale, plays an important role in enhancing the brit-
tleness of shale. The B is strongly positively correlated with
the E and H in both the planes, indirectly suggesting that
the effect of component on B in shale is similar to that of
E and H . To explain the accuracy of the brittleness index
calculated based on micromechanical properties, the mineral
composition method and micromechanical properties based
on the nanoindentation method are compared to characterize
the brittleness of shale. Due to the disunity of brittle min-
erals, three typical formulas based on mineral composition
are each selected. Table 3 shows the brittle mineral and the
corresponding formulas.

Figure 12 shows that the brittleness index has a better lin-
ear positive correlation with E along the X1 plane than along
the X3 plane. The correlations between BI1 and E are the
strongest among the brittleness indices (BI1, BI2, and BI3)
along both the X1 (R2

= 0.70) and X3 (R2
= 0.49) planes.

The correlation between the brittleness index (BI1, BI2, and
BI3) and H in the X1 plane is close to that in the X3 plane.
The correlations between the brittleness index (BI1, BI2, and
BI3) and H are almost all larger than those between E and
the brittleness indices. This suggests that H in the X3 plane
is more sensitive to the brittleness index than E. The rea-
son may be related to the presence of various mineral phases
and their overall physical properties. E is an inherent prop-
erty of a material, fundamentally related to atomic bonds,
while H measures the resistance to local plastic deformation
caused by mechanical indentation or wear, which mainly de-
pends on the microstructure or the arrangement of molecules
and atoms (Liu et al., 2021). This difference may lead to
the varying correlations with the brittleness index. The B
value, determined from the micromechanical properties cal-
culated from nanoindentation, exhibits a strong correlation
with the mineral-component-based BI1, BI2, and BI3 values
(Fig. 12g–i). Moreover, it shows a similar trend in changes,
from the base to the top of the SQ-1 well, to the BI1, BI2, and
BI3 values, indicating a high brittleness index at the lower
interval of the LMX Formation and the upper interval of the

WF Formation, between ∼ 80.0–87.0 m (Fig. 7). Compared
with Young’s modulus from conventional logging, we can
not only obtain the Young’s modulus of shale via drill cut-
tings but also predict its brittleness in the X1 and X3 planes
(Fig. 7). Therefore, nanoindentation technology shows great
potential for predicting the brittleness index of shale.

5.3 Relationship between micromechanical properties
and sedimentary environment

All studied shale samples were deposited in a passive conti-
nental margin environment, and the depositional period was
mainly characterized by a warm and humid climate. There-
fore, these factors are not the main reasons for the change in
micromechanical properties of WF-LMX shales. However,
changes in constituents (e.g., organic matter and biogenic sil-
ica) and redox conditions may have a significant effect on the
variations in micromechanical properties of the shales. Previ-
ous studies have reported stratigraphic variations in mechan-
ical properties of shales associated with different rock min-
eralogy, which resulted from sea level cycles (Harris et al.,
2011; Slatt and Abousleiman, 2011) and were determined by
the sedimentary environment. The WF Formation shales are
located in a deep-water continental shelf sedimentary envi-
ronment. They are located on a transgressive surface of ero-
sion (TSE) or sequence boundary (SB) (Zheng et al., 2018).
A decrease in clay minerals and an increase in organic matter
and biogenic silica (excess SiO2) were observed in the Trans-
gressive Systems Tract (TST) of the WF Formation from the
lower part to the upper part, which is likely due to the change
in relative sea level and sediment supply (Liu et al., 2019a).
Young’s modulus, hardness, and brittleness increase in the
TST. The increase in diagenetic silica upward through the
TST is also found in the Devonian gas shales of the Ap-
palachian Basin, which increases the brittleness (Lash and
Blood, 2011). The Young’s modulus, hardness, and brittle-
ness increase almost throughout the TST until reaching up
to the maximum flooding surface (MFS) and then decrease
slightly in the Highstand Systems Tract (HST) (Figs. 6 and
7).

The lower section of the LMX Formation primarily oc-
cupies a deep-water continental shelf, characterized by low-
energy and strong reduction conditions, resulting in the depo-
sition of mainly gray-black shale. During the later stages of
sedimentation in the LMX Formation, the sea level dropped,
and the sedimentary environment gradually shifted to oxi-
dizing conditions and turbidite sediments, leading to the de-
velopment of a lithological combination dominated by sandy
mudstone and muddy siltstone (Fig. 1). The LMX Forma-
tion locates on a relatively thin carbonaceous shale TST (at
the bottom of the Rhuddanian stage) and a thicker Lowstand
Systems Tract (LST) and Highstand Systems Tract (HST).
In general, organic matter and biogenic silica (quartz) de-
crease sharply from the basal to the upper intervals of the
Rhuddanian stage of the LMX Formation, while they de-
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Table 3. Brittleness index model based on mineral composition (V = volume fraction).

Model Equation Brittle minerals Reference

1 BI1 = VQtz/(VQtz+Vcarb+Vclay) Quartz Jarvie et al. (2007)
2 BI2 = (VQtz+VDol)/(VQtz+Vcarb+Vclay+TOC) Quartz and dolomite Wang and Gale (2009)
3 BI3 = (VQtz+Vcab)/(VQtz+Vcarb+Vclay+TOC) Quartz and carbonate Glorioso and Rattia (2012)

Figure 12. Relationship between Young’s modulus (E), hardness (H ), brittleness index (B) based on the micromechanical properties, and
brittleness index (BI1, BI2, and BI3) based on the mineral composition of shale.

crease slightly in the LST of Aeronian stage in the LMX
Formation. Similarly, there is a decrease in Young’s modu-
lus, hardness, and brittleness in the HST, followed by a slight
decrease in the LST. The HST in the LMX Formation records
a large decrease in biogenic silica and organic matter input,
which contributes to the decrease in hardness and brittleness.
In contrast, the LST records a small decrease in silica and
an increased flux of terrigenous clay minerals, resulting in
a lower hardness and brittleness (Figs. 6 and 7). In general,
the elevated values of Young’s modulus, hardness, and brit-
tleness values are in the middle-upper part of the TST in the
Katian stage, the middle-upper part of the HST and TST in
the Hirnantian stage, and the bottom part of the HST in the
Rhuddanian stage, which belong to the deep-water shelf fa-
cies, corresponding to a high content of biogenic silica and
organic matter, which may be the optimal intervals for hy-
draulic stimulation in these areas.

6 Conclusions

In this paper, we applied nanoindentation mechanical testing,
along with rock mineralogical, major elemental, and pore

analyses, to quantitatively evaluate the mechanical profile
of WF-LMX shales and the relationship between microme-
chanical properties and the sedimentary conditions of marine
shale formation from the WF-LMX member in the shallow
SQ-1 well, Sichuan Basin, southwestern China. The results
were as follows:

1. The WF-LMX shales within the study region were de-
posited in a passive margin environment. Biogenic silica
was the major source of quartz mineral.

2. The micromechanical properties varied synchronously
with mineral and organic content across the vertical
drilling profile, reflecting changes in lithology and sed-
imentary conditions within the WF-LMX Formation.
Specifically, in the SQ-1 well, the micromechanical
properties of the shales in the WF-LMX Formation ex-
hibit a distinct vertical pattern from bottom to top, se-
quentially passing through low, high, and low intervals.
This pattern is relatively consistent with the variation in
quartz and TOC content. However, it is opposite to the
pattern of clay mineral content. We interpret these dif-
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ferent trends as essentially dominated by the sedimen-
tary environment of shale.

3. Young’s modulus shows a positive linear correlation
with quartz content and TOC content and a negative lin-
ear correlation with clay minerals and clay+TOC con-
tent. There are no correlations or weak correlations with
other individual minerals or porosity, suggesting that the
micromechanical properties of LMX shale are primarily
controlled by quartz content, clay minerals, and organ-
oclay complexes. Autochthonous quartz contributes sig-
nificantly to the elevated bulk Young’s modulus values
of the shale.

4. The mineral content/Young’s modulus relationship
shows a stronger correlation on the X1 plane compared
to the X3 plane, and the influence of components in
shale on hardness or fracture toughness is equivalent to
that of Young’s modulus.

5. The mineralogy-based brittleness index exhibits a good
positive linear correlation with both Young’s modulus
and hardness, with a slightly better correlation observed
for hardness. Besides, the brittleness index based on
micromechanical properties shows a significant consis-
tency with the index based on mineral composition.
Based on the nanoindentation method, the lower section
of the LMX Formation and upper section of the WF For-
mation, belonging to the deep-water shelf facies, have
high brittleness index values, potentially making them
ideal intervals for hydraulic stimulation in relevant ar-
eas.

Our observations here demonstrate the relationship between
the micromechanical properties and sedimentary environ-
ment of WF-LMX shale and predict the optimal intervals for
hydraulic stimulation of WF-LMX shale by the brittleness
index based on micromechanical properties. Future research
can verify the effectiveness of micromechanics in predicting
shale fracture intervals by actual field logging data, such as
dynamic Young’s modulus, thus expanding the application
scope of micromechanics in this field.
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