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Quartz is one of the most abundant minerals in shales, occurring predominantly in three forms: 
biogenic quartz (BQ), detrital quartz (DQ) and clay-transformed quartz (CTQ). The content of quartz 
is typically correlated with the fracability of shale gas reservoirs. However, the origins of quartz and 
its influence on mechanical properties remain not fully elucidated. To address this gap, this study 
examines shale samples from LM1-LM8 graptolite zones in well W202 of the Weiyuan shale gas field, 
the Sichuan Basin as the research object. After systematic analysis of organic geochemistry, mineral 
composition, cathodoluminescence observation, major/trace elements, and log interpretation and 
calculation of shale mechanical parameters, the genetic mechanism of quartz was analyzed and 
the percentage of quartz of different origins and the influence on rock mechanical properties were 
evaluated quantitatively. The results indicate that the three types of quartz (BQ, DQ and CTQ) were 
variably present in the Longmaxi shale across different graptolite zones. The LM1-LM3 graptolite 
zones exhibit the highest abundance of BQ, with contents ranging from 58.3 to 79.6%, with an 
average of 65.7%. DQ predominates in the LM4-LM5 and LM6-LM8 graptolite zones, with average 
contents of 38.7% and 34.9%, respectively. The BQ content is marginally higher in the LM4-LM5 zone 
compared to the LM6-LM8 zone, averaging 12.7% and 6.1%, respectively. The three types of quartz 
exert a dual influence on Young’s modulus, and a single linear effect on Poisson’s ratio. An increase 
BQ content correlates with a decreased in Poisson’s ratio, whereas increased contents of DQ and 
CTQ correlate with an increased Poisson’s ratio. With the highest Young’s modulus and the lowest 
Poisson’s ratio, the LM1-LM3 shale is the most favorable interval for hydraulic fracturing. Furthermore, 
BQ is positively correlated with the Brittleness index (BI), whereas the contents of DQ and CTQ are 
negatively correlated with BI. When the quartz content falls between 52% and 85%, the ratio of DQ 
to BQ is optimal for fracture development coinciding with high BI values, which are most conducive to 
fracturing stimulation.
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Due to the low porosity and permeability, the industrial development of shale gas necessitates hydraulic 
fracturing. Assessing the fracability of shale is essential for pinpointing the “engineering sweet spots” within 
shale gas reservoirs. Quartz, one of the most abundant minerals in shale formations1, occurs in various forms, 
including BQ, DQ and CTQ. Despite the diversity of quartz types, the quartz content significantly influences 
the difficulty of fracturing, fracture geometry, and effectiveness of the fracturing process2. With the rapid 
development of shale gas industry, the research on shale has become increasingly in-depth and focused. 
Utilizing scanning electron microscope (SEM) and cathodoluminescence microscope (CL)3,4, the origins and 
the characteristics of quartz were extensively studied5–16. The research reveals that, in addition to detrital quartz, 
authigenic quartz is associated with diagenetic processes within organic-rich shale. Authigenic quartz is formed 
as a result of various processes, including biogenic processes, transformation of clay minerals, hydrothermal 
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silicon input and volcanic ash transformation. In the lower interval of Longmaxi Formation, the quartz is 
predominantly of biological origin, whereas in the upper interval, it primarily originates from terrestrial input. In 
the Niutitang Formation, quartz is locally of hydrothermal origin. These findings are substantiated by elemental 
composition, SEM-based monochromatic CL images5,13,16, biological assays13,17,18and quartz crystallinity 
index19. Furthermore, the correlations between origins of quartz and organic matter (OM) enrichment, storage 
capacity, fracability, and shale gas accumulation have been thoroughly examined. These studies reveal a strong 
correlation between various quartz types and the physical properties of rocks20–23 and they proposed that a 
holistic valuation of quartz types and their interaction with rock mechanical properties can’t rely solely on bulk 
geochemical or mineralogical analysis23. However, quantitative characterization of quartz from different sources 
and influence of various quartz origins on rock mechanical properties have received limited attention.

Specific types of graptolites can only inhabit in certain periods, providing a basis for high-precision 
stratigraphic subdivision and correlation. We follow the graptolite biozonation reported by24,25 and the graptolite 
zones in the Longmaxi Formation are referenced by their codes rather than stating the full names repeatedly. 
Shale samples from the LM1-LM8 graptolite zones in Well W202 of Weiyuan shale gas field were selected for 
X-ray diffraction, SEM observation, SEM-CL observation and elemental analysis. Through these analyses, the 
silica source of quartz was clarified and the percentage of quartz with different origins and the content variation 
in different biozonations were quantitatively characterized. Incorporating the dynamic Young’s modulus, 
Poisson’s ratio and BI derived from logging data, the impact of quartz types on rock mechanical properties was 
comprehensively evaluated. This paper demonstrated a feasible and reliable method for quantifying different 
types of quartz and established a quantitative relationship between quartz types and rock mechanical parameters, 
which can be applied to shed light on the unconventional reservoir characterization.

Geological setting
Through the systematic evaluation of the generation, enrichment and preservation conditions, the Longmaxi 
Formation and the Sichuan Basin has become the key strata and area for shale gas development26–30. The 
Weiyuan shale gas field is situated in the southwestern Sichuan Basin. Structurally, it is a part of the low paleo-
fold belt in the Guzhong slope, in the southwest Sichuan Basin, and covers a production area of 1520 km231. The 
Silurian Longmaxi Formation was deposited in a deep-water shelf environment, and graptolite fossils are well 
preserved within it. Based on the lithological and logging data, the Silurian Longmaxi Formation is subdivided 
into Long1(S1l1) and Long 2 (S1l2) members, of which the Long1 member is well developed in the gas field with 
a thickness of 140 ~ 240 m and can further be divided into Long11 and Long 12 sub-members from bottom to 
top. Long11 sub-member consists of black carbonaceous shale with a thickness of 36 ~ 48 m32, which is rich in 
OM and well developed laminations. Long11 was divided into four intervals (S1l1

4, S1l1
3, S1l1

2 and S1l1
1) from 

top down. Through biostratigraphic analysis and correlation, it has been found that the high productive layer 
in the mid-lower S1l1

1mainly corresponds to the LM1-LM3 graptolite zones. The LM4-LM5 graptolite zones 
correspond to the upper part of the S1l1

1 and the S1l1
2 and the LM6-LM8 correspond to the S1l1

3 and the S1l1
4 in 

the Weiyuan area (Fig. 1).

Fig. 1.  Structural depth (A) and composite column (B) of Weiyuan Shale gas field (cited from reference 30).
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Samples and experimental methods
Samples
A total of 23 shale samples were collected from 2535 m ~ 2575 m of well W202, mainly distributed in Long11 
sub-member. Among them, 6 samples belong to the LM6-LM8 graptolite zones, 10 samples belong to LM4-LM5 
graptolite zones, and 7 samples belong to the LM1-LM3 graptolite zones. X-ray diffraction, TOC, major/trace 
elemental analysis were carried out for all samples. Additionally, 12 samples were subjected to CL analysis and 
7 samples were imaged by SEM.

TOC and mineral composition analysis
TOC measurement, mineral compositions analyses were completed in the National Energy Shale Gas R&D 
(Experiment) Center. TOC was measured by a LECO CS-230 carbon-sulfur analyzer in accordance with the 
standard GB/T 19,145 − 2003. Before the experiment, the samples were dried and grinded to 200 mesh. Then the 
following detailed procedures can be found in reference1.

Whole rock analysis and clay mineral composition were performed by using the German Bruker AXS D8 
Discover X-ray diffractometer in accordance with the SY/T5163-2018 standard. Powdered samples with 200 
mesh were prepared for experiments and the instrument parameters were set to 40 kV for voltage and 5 mA for 
current.

SEM and CL imaging techniques
The SEM observation was carried out using the FEI Helios650 dual-beam scanning electron microscope (FIB-
SEM). The ultimate resolution of the SEM images reached 0.8 nm at 5 KV. Before scanning, the sample were first 
mechanically polished using successively grit and then milled by using a Gatan693 argon ion polisher at 4 kV 
and a low incident angle (7.5o) for 2 h. During SEM imaging, the SEM was operated in low vacuum mode at a 
working distance of about 10 mm and an accelerating voltage of 15 kV.

The CL analysis was performed using the YF-2 cathodoluminescence instrument produced by the Instrument 
Factory of the Chinese Academy of Sciences. The operating conditions for the probe were a voltage of 10 kV, a 
spot size of 5.5 nm, and a working distance of 5.0 ~ 6.5 mm.

Major/trace elemental analysis
The analysis of major and trace elements was conducted in the Beijing Research Institute of Uranium Geology. 
The instrument used for major element analysis was X-ray fluorescence spectrometer (XRF), following the 
standard GB/T14506.28-2010. The trace element concentrations were measured by the Perkin Elmer ELAN9000 
inductively coupled plasma mass spectrometer (ICP-MS), following the standard GB/T14506.30-2010. Future 
details about the major and trace elements testing procedures can be found in reference33. The excess silica 
contents, which represents the SiO2 content above an average shale background, was calculated using the 
formula:34.

Siexcess= Sisample − (Si/Al)backgound × Alsample, the value of (Si/Al)background is 3.11

Results
TOC and mineral compositions
The TOC and mineral compositions of the shale samples are listed in Table  1. The TOC varies from 2.2 to 
7.7%, averaging 4.5%, and exhibits a gradual increase from the top to the bottom. The mineral compositions 
are complex, including potassium feldspar, plagioclase, pyrite, quartz, dolomite, calcite, clay and quartz. Clay 
minerals and quartz are dominant minerals in shale samples. The clay content ranges from 0 to 36.7% %, with 
an average of 19.8%, and exhibits a gradual increase from the bottom to the top. The quartz content ranges from 
16.5 to 91.8%, averaging 44.6%, and decreases gradually from the bottom to the top.

The mineral compositions exhibit minor variations in different graptolite zones. In the LM1-LM3 zone, 
quartz predominates with an average content of 82.8%. In LM4-LM5 zone, the clay and quartz contents are 
roughly equivalent, averaging 28.4% and 30.4%, respectively. In LM6-LM8 zone, clay content is marginally 
higher than quartz content, averaging 28.4% and 23.4%, respectively. K-feldspar has not been detected, possibly 
due to its low concentration which falls below the detection limit.

Clay minerals are primarily comprised of illite (3.0 ~ 29.1%, avg. 18.7%), which exhibits an upward increasing 
trend, chlorite (3.4 ~ 7.2%, avg. 4.9%) and a small amount of smectite (0 ~ 2.4%, avg. 0.5%).

Characteristics of major and trace elements
Major and trace elements are listed in Table 2. SiO2 is dominant, following by Al2O3, CaO and Fe2O3. The contents 
of SiO2, Al2O3, CaO and Fe2O3 are 40.14 ~ 86.37% (avg. 61.25%), 1.71 ~ 12.5% (avg. 8.33%), 1.52 ~ 16.84% (avg. 
7.12%) and 0.46 ~ 7.08% (avg. 3.26%), respectively. The remaining oxides such as MgO, Na2O, K2O, MnO, TiO2, 
and P2O5 are all below 5%. For trace elements, the contents of Zr and Rb are 14.7 ~ 97.7 × 10−6 (avg. 48.8 × 10−6) 
and 17.2 ~ 140 × 10−6 (avg. 83.5 × 10−6).

Discussion
Origins of quartz
Detrital quartz
DQ is the product of weathering of parent rocks, transported into sedimentary basins by various geological 
forces. agents. The quartz grains in thin section display first-class interference color under plane-polarized 
light and exhibit wavy extinction under crossed-polarized light. The DQ was displayed in Fig. 2A and B, and 
DQ generally exhibits blue color under cathodoluminescence microscope (Fig. 2B). Authigenic quartz usually 
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appears in the form of cryptocrystalline and microcrystalline aggregates under monochromatic polarized light 
(Fig. 2C and E). Authigenic quartz distributes no luminescence (Fig. 2D) or emits a dark brown light under 
cathodoluminescence microscope (Fig. 2F). The monochromatic CL spectra of detrital quartz usually exhibits 
two peaks, with a primary peak at 620 ~ 650 nm and a secondary peak at 420 ~ 450 nm13. The morphology and 
dimensions of detrital quartz grains are influenced by hydrodynamic conditions and transportation distance. 
Some quartz grains possess smooth edges, whereas others are angular. There are also a few quartz grains with 
bay-shaped edges, which may be the result of dissolution. Additionally, some individual quartz grains exhibit 
original sedimentary fractures on the surface16.

Zr and TiO2, associated with heavy minerals, serve as indicators of silty-grade terrigenous debris input10,35. In 
the LM1-LM3 and LM4-LM5 shales, SiO2 is negatively correlated with Zr and TiO2, suggesting a predominance 
of DQ. In contrast, for LM6-LM8 shales, SiO2 displays a positive correlation with Zr and TiO2, indicating a 
higher proportion of authigenic quartz (Fig. 3). It’s worth noting that when the shale samples from both LM1-
LM3 and LM4-LM5 are combined together, the correlation coefficients between SiO2 content and Zr as well as 
TiO2 content increase significantly to 0.67 and 0.79, respectively, which indicates a continuity in the depositional 
environments of the LM1-LM3 and LM4-LM5. However, the LM4-LM5 shales have a significantly lower SiO2 
content and remarkably higher Zr and TiO2 contents compared to LM1-LM3, which demonstrates a substantially 
higher content of debris-derived SiO2 in LM4-LM5 than in LM1-LM3.

Authigenic quartz
Authigenic quartz can form through diverse processes, including biological activity, hydrothermal activity, and 
transformation of clay minerals. The Al-Fe-Mn diagram effectively distinguishes siliceous rocks of hydrothermal 
origin from thoset of non-hydrothermal origin36,37. The LM1-LM8 shale samples are all distributed in non-
hydrothermal origin area, suggesting SiO2 is not the product of hydrothermal activity (Fig. 4). The Rb-to-K2O 
ratio is commonly used as an indicator of sediment source38,39. A low ratio indicates abundant pyroclastic 
components, or an increased K content in the sediment. A high ratio suggests the sediment is primarily originated 
from weathered ancient parent rock40. The Rb, K2O values of the shale, bentonite and the Post-Archean Australian 
Average Shale (PAAS) samples were displayed in Fig. 5. The Rb/K2O ratio of the LM1-LM8 shale samples ranges 
from 0.038 to 0.045, which is higher than that of bentonite (0.026 ~ 0.042) and approximately equivalent to that 
of the PAAS (0.043). It suggests the Longmaxi shale is mainly originated from the upper crust. In addition, it was 
reported that the K2O-to-Na2O ratio of the bentonite in the Wufeng—Longmaxi Formations ranges from 15.54 
to 27041. In comparison, the K2O-to-Na2O ratio of the 23 shale samples ranges from 1.42 to 4.53, with an average 
of 2.77, which is far lower than that of the bentonite, further confirming that the SiO2 in LM1-LM8 are not 
pyroclastic origin (Table 2). The ratio of TiO2 to Al2O3 can indicate the source of clay minerals. Usually, the ratio 
of TiO2/Al2O3 in acid volcanic ash is lower than 0.0240, and the value of the bentonite in Wufeng—Longmaxi 

Sample No. Graptolite zone TOC/%

Mineral content / %

Quartz Plagioclase Calcite Dolomite Pyrite Clay Illite Chlorite Smectite

w202-41 5.20 40.8 3.8 9.2 22.2 2.9 21.1 23.6 3.8 1.6

w202-50 2.30 20.1 5.9 28.2 18.1 3 24.7 23.2 6.2 0

w202-49 LM6-LM8 3.90 21.8 6.2 18.1 23 2.7 28.2 22.2 3.5 1.8

w202-48 4.40 17.8 4.7 17.2 27 4.9 28.4 23.3 7.2 0

w202-42 4.40 16.5 4.3 11.3 30.5 6.3 31.1 25.4 4.4 0.0

w202-40 5.60 23.6 5.3 8.3 21.1 5.0 36.7 29.1 5.8 0.0

w202-38 3.50 31.5 3.2 8.2 18.9 5.1 33.1 25.3 4.8 0.0

w202-39 6.70 28.4 6.8 8.8 18.7 8.7 28.6 29.1 5.0 0.1

w202-36 3.50 30.2 9.2 3.8 19.5 5.8 31.5 27.5 4.7 0.0

w202-37 2.40 23.7 10.9 7.0 25.1 5.8 27.5 26.7 4.0 1.1

w202-34 2.20 28.8 12.5 11.9 17.1 2.0 27.7 28 4.4 1.3

w202-35 LM4-LM5 2.20 28.1 9.5 8.8 20.2 4.3 29.1 28.2 4.9 0.5

w202-33 2.40 30.6 9.8 9.8 20.0 3.1 26.7 23.7 6.3 0.0

w202-31 2.50 29.1 9.4 12.0 17.1 2.7 29.7 24.6 7.0 0.0

w202-30 3.80 31.6 8.8 7.7 13.8 4.9 33.2 25.7 3.4 0.4

w202-27 5.50 42.2 4.1 17.3 14.8 4.6 17.0 7.3 3.7 0

w202-29 5.20 71.8 2.5 9.5 14.6 1.6 minor 6.7 4.0 0.0

w202-28 7.00 85.4 1.9 3.5 7.0 2.2 minor 6.1 4.3 0.0

w202-26 LM1-LM3 5.10 70.9 1.2 14.6 13.4 0.0 minor 4.4 5.0 0.0

w202-24 5.30 91.2 0.0 3.7 5.1 0.0 minor 3 6.0 0.0

w202-22 6.20 91.8 0.0 3.6 4.6 0.0 minor 3.5 6.1 0.0

w202-25 7.40 82.5 2.2 6.8 3.8 minor 7 4.4 1.2

w202-23 7.70 86.3 2.0 6.8 4.8 0.0 minor 7.4 3.9 2.4

Table 1.  TOC and minerals in Longmaxi Formation shale samples taken from well W202 in Weiyuan area.
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Formations is below 0.02. The TiO2-to-Al2O3 ratios of the 23 samples are 0.04–0.05, higher than 0.02 (Table 2). 
It is concluded that the silica in the LM1-LM8 shale, Weiyuan shale gas field is not affected by volcanism.

Biogenetic quartz  Two types of biogenetic silica have been identified through microscopic observation. One 
type exhibits biogenetic textures, while the other type lacks these textures. The quartz originated from siliceous 
organisms generally retains the original morphology (Fig. 2E and F). For example, radiolarian fossils appear as 
intact spherical structures filled with silica under microscopic observation (Fig. 2E). The quartz without bioge-
netic texture primarily forms through reprecipitation of dissolved silicon in the ocean, generally appearing as 
crypto-crystal and micro-crystal aggregates with vague surface, unclear boundaries and irregular shapes, or as 
fillings within fractures (Fig. 2B). This kind of quartz is non-luminescent and produces a broad luminescence 
peak at 620 ~ 650 nm in the CL spectra13. The ratio of Si to (Si + Fe + Al + Ca) is an important indicator of the 
silica source9,39,45. The ratio of BQ is generally greater than 0.8510,14. The ratio of the 23 samples ranges from 0.49 
to 0.95, with an average of 0.70, and exhibits minor variation across different graptolite zones, with 0.83 ~ 0.95 
(avg. 0.88) in LM1-LM3, 0.62 ~ 0.69 (avg. 0.66) in LM4-LM5 and 0.49 ~ 0.73 (avg. 0.56) in LM 6-LM8. The ratio 
shows that the authigenic quartz in LM1-LM3 is predominantly BQ, while the overlying LM4-LM8 contains a 
lesser amount of BQ.

Clay-transformed quartz  Clay-transformed quartz is mainly found in the interlayer pores of clay minerals 
(Fig. 6). Clay-transformed quartz is distributed in a granular form among clay minerals (Fig. 6A, C, D) and 
organic matter (Fig. 6B), with the quartz particles having a good degree of rounding. In Fig. 6B, in addition to 
the organic matter surrounding the quartz particles, filamentous clay minerals can also be found distributed 
near the quartz particles, which may suggest that these clay minerals were formed simultaneously with quartz 

Sample No.
Grapto-lite
zone SiO2% Al2O3% Fe2O3% MgO% CaO% Na2O% K2O% MnO% TiO2% P2O5%

Rb
10−6

Zr
10−6

K2O/
Na2O

TiO2/
Al2O3

Si/(Si + Fe
+ Al + Ca)

w202-41 63.94 8.59 2.85 2.61 5.8 0.486 2.2 0.043 0.399 0.104 87.5 63.1 4.53 0.05 0.73

w202-50 43.26 9.65 3.27 3.34 16.84 0.906 2.28 0.116 0.498 0.194 97.8 72.4 2.52 0.05 0.51

w202-49 LM6-LM8 43.25 9.48 3.76 4.19 15.04 0.871 2.18 0.118 0.473 0.447 87 65.7 2.50 0.05 0.52

w202-48 40.14 9.64 4.76 4.89 15.17 0.791 2.32 0.125 0.5 0.282 89.6 55.5 2.93 0.05 0.49

w202-42 40.94 9.51 7.08 5.12 13.6 0.704 2.38 0.117 0.477 0.231 95.7 74 3.38 0.05 0.49

w202-40 51.7 12.47 5.14 3.66 6.7 0.71 3.19 0.058 0.575 0.167 140 62.3 4.49 0.05 0.61

w202-38 60.23 10.74 4.07 2.73 5.53 0.624 2.73 0.044 0.481 0.108 113 56.2 4.38 0.04 0.69

w202-39 53.44 10.73 6.54 3.31 6.82 1.2 2.43 0.071 0.539 0.172 105 97.7 2.03 0.05 0.62

w202-36 57.59 11.47 5 3.16 5.15 1.27 2.63 0.071 0.497 0.141 110 68.3 2.07 0.04 0.67

w202-37 55.2 12.46 4.62 3.68 6.29 1.46 2.79 0.075 0.581 0.12 121 53.2 1.91 0.05 0.64

w202-34 58.97 11.68 3.4 3.05 6.39 1.69 2.4 0.064 0.607 0.121 106 67.8 1.42 0.05 0.67

w202-35 57.01 11.76 4.05 3.36 6.74 1.62 2.46 0.073 0.594 0.119 105 50 1.52 0.05 0.65

w202-33 57.61 11 3.62 3.21 7.33 1.27 2.46 0.06 0.561 0.107 110 47.3 1.94 0.05 0.66

w202-31 LM4-LM5 57.82 10.95 3.28 3.16 7.59 1.33 2.39 0.07 0.587 0.119 107 45.9 1.80 0.05 0.66

w202-30 58.81 12.5 4.03 2.7 4.87 1.27 3.01 0.048 0.606 0.125 132 53.2 2.37 0.05 0.68

w202-27 59.7 6.53 2.59 2.14 9.66 0.484 1.65 0.079 0.327 0.116 71.5 40.3 3.41 0.05 0.69

w202-29 74.2 4.02 1.04 1.35 5.45 0.313 0.973 0.049 0.18 0.057 41.4 20.8 3.11 0.04 0.84

w202-28 78.18 4.03 1.58 0.883 2.18 0.286 1.01 0.031 0.198 0.086 43.5 21.2 3.53 0.05 0.88

w202-26 73.77 3.43 0.886 1.32 6.27 0.24 0.869 0.072 0.167 0.057 39.2 21.5 3.62 0.05 0.83

w202-24 86.37 1.71 0.456 0.531 1.52 0.237 0.384 0.016 0.072 0.087 17.2 14.7 1.62 0.04 0.95

w202-22 LM1-LM3 84.47 2.09 0.604 0.519 1.89 0.167 0.489 0.027 0.094 0.08 21 18.5 2.93 0.04 0.93

w202-25 75.11 3.9 1.27 0.913 3.59 0.347 0.953 0.053 0.194 0.146 42.6 30 2.75 0.05 0.86

w202-23 76.99 3.34 1.06 0.803 3.34 0.278 0.823 0.046 0.152 0.097 37.1 22.7 2.96 0.05 0.88

SY-2 60.65 8.9 6.95 2.91 0.25 1.1 4.42 0.06 0.68 0.13 4.02 0.08 0.74

SY-3 79.61 7.11 2.99 1.13 0.64 0.54 1.92 0.03 0.32 0.19 3.56 0.05 0.85

SY-9 78.52 6.63 3.27 1.26 0.96 0.47 1.81 0.03 0.3 0.09 3.85 0.05 0.85

SY-11 82.86 5.52 3 0.85 0.61 0.35 1.71 0.03 0.22 0.12 4.89 0.04 0.88

SY-12 66.38 11.47 4.8 2.49 2.04 0.72 3.21 0.08 0.55 0.07 4.46 0.05 0.74

SY-13 Cited from reference 14 74.94 9.53 4.15 1.89 1.11 0.82 2.4 0.05 0.42 0.07 2.93 0.04 0.80

SY-1 70.15 10.17 3.6 1.58 2.07 0.72 2.69 0.04 0.4 0.09 3.74 0.04 0.78

SY-4 63.39 13.06 5.59 2.27 1.86 1.07 3.48 0.06 0.56 0.11 3.25 0.04 0.71

SY-5 67.92 10.28 3.66 1.88 3.03 0.75 2.65 0.05 0.48 1.31 3.53 0.05 0.76

SY-7 67.92 10.28 3.66 1.88 3.03 0.75 2.65 0.05 0.48 1.31 3.53 0.05 0.76

SY-10 75.05 8.2 4.58 1.39 1.06 0.55 2.27 0.04 0.37 0.44 4.13 0.05 0.81

Table 2.  Major and trace elements in Longmaxi Formation shale samples taken in well W202 in Weiyuan area.
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through the transformation of smectite. The shale samples from the study area predominantly consist of illite, 
with minor amounts of chlorite and an absence of smectite, indicating that the Longmaxi Formation has entered 
the late stage of diagenesis. The diagenesis of clay minerals follows the sequence of smectite - illite/smectite 
mixed layer - illite, and kaolinite – illite46–48. Studies conducted previously suggest that the original clay minerals 
in the sedimentary basin were dominated by smectite46,48. However, subsequent differentiation and transforma-
tion of clay minerals driven by various diagenetic processes resulted in the absence of smectite in the collected 

Fig. 2.  Plane-polarized light microscope images (A, C, E) and CL images (B, D, F) of different types of quartz 
taken in well W202 (detrital quartz in yellow, and authigenic quartz in red).
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Fig. 4.  Shale samples in different biozonations on Al-Fe-Mn discrimination diagram (base map after 
reference43).

 

Fig. 3.  Correlations between SiO2 and TiO2 (A) and Zr (B) in different graptolite zones.
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samples. This indicates that the smectite has undergone a relatively complete transformation and the process can 
be described by the followed Eq14:

1.308[(Al3.15Mg0.85)(Si8.0)O20(OH)4(Na0.85)2H2 O(smectite)] + 
(0.06Fe2O3 + 0.56K2O + 0.02CaO)]=[(Al4.12Fe0.1Mg0.56)(Si7.17)O20(OH)4(K1.47Na0.01Ca0.03)]
(illite) + 3.29SiO2 + 0.56Na2O + 0.55MgO + 3.23H2O.

As shown by the equation, the transformation of smectite to illite requires the supply of K+, which mainly 
comes from K-feldspar dissolution. However, no K-feldspar was detected in the samples, probably because the 
K-feldspar has been dissolved completely. According to the equation, the shale with 777.75 g of illite can produce 
197.4 g of SiO2. Therefore, the content of CTQ among the diagenetic quartz can be calculated from the illite 
content.

Quantitative characterization of quartz of different origins
As discussed previously, there are three types of quartz in the samples, including DQ, BQ and CTQ. The content 
of authigenic quartz (BQ and CTQ) can be calculated by using the excess silicon formula9 and the content of 
CTQ can be determined by the above equation. Then, the quartz content of each type can be derived respectively. 
The results are presented in Table 3. The excess silicon content in LM1-LM8 ranges from 2.9 to 37.5%, with an 
average of 14.9%, and the content of excess SiO2 is 6.13 ~ 80.3%, with an average of 31.8%. From LM1-LM3, 
LM4-LM5 to LM6-LM8, the content of excess SiO2 decreases progressively from 60.0 ~ 80.3% (avg. 67.1%), 
11.3 ~ 36.7% (avg. 18.9%) to 6.13 ~ 33.63% (avg. 12.3%). It should be noted that only one sample in the LM6-LM8 
interval shows a relatively high excess SiO2 content.

The contents of DQ, BQ and CTQ in S1l1
1 are 6.03 ~ 44.10% (avg. 29.40%), 0.21 ~ 79.6% (avg. 27.1%) and 

0.76 ~ 7.4% (avg. 4.76%) respectively. Overall, the content of BQ decreases gradually, while the DQ content 
increases from the bottom to the top. Compared to BQ and DQ, the CTQ content is relatively low, with the 
minimum content at the bottom of Long11 and stabilizing at approximately 5% in the upper layers. Quartz 
of different types exhibits varying contents across different graptolite zones. LM1-LM3 is predominately BQ, 
with content ranging from 58.3 to 79.6%, 65.7% on average. In LM4-LM5, the contents of DQ and BQ are 
23.0%~44.1% (avg. 38.7%) and 4.5 ~ 34.8% (avg. 12.7%), respectively. In LM6-LM8, the contents of DQ and BQ 
are 30.3 ~ 44.0% (avg. 34.9%) and 0.2%~27.6% (avg. 6.1%). Furthermore, the BQ content is positively correlated 

Fig. 5.  Contents of K2O and Rb in different biozonations, K-bentonite and PAAS K-bentonite data sourced 
from reference44.
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with both TOC and Ni + Cu/Al, and the correlation coefficient between BQ and Ni + Cu/Al is much higher, 
reaching 0.77 (Fig. 7), suggesting that paleo-productivity is a more reliable indicator of the silicon source.

Influence of quartz types on rock mechanical properties
Influence of quartz types on dynamic elastic parameters
It has been confirmed that shales with high Young’s modulus and low Poisson’s ratio are brittle and prone to 
the development of natural and induced fractures. Young’s modulus and Poisson’s ratio are crucial parameters 
for characterizing rock mechanical behavior. Usually, these parameters are obtained through rock mechanics 
experiments and geophysical methods. Rock static mechanical parameters are derived from applying a static 
stress on rock samples, whereas dynamic mechanical parameters are determined by continuously monitoring 
the P-wave and S-wave velocities propagating in the rock underground using geophysical techniques. Numerous 
studies have demonstrated that static and dynamic elastic parameters are linearly correlated6,49,50. Static Young’s 
modulus is approximately 70% of the dynamic Young’s modulus, and the dynamic Poisson’s ratio is basically 
equivalent to the static Poisson’s ratio51,52. Dynamic Young’s modulus and Poisson’s ratio can be derived from 
array acoustic logging data and the Eq. (1) (2) and (3) are as below:

	
Ed = G

3(△t2
s − 4△t2

p)
(△t2

s − △t2
p)

� (1)

	
µ d = 1

2 .
(△t2

s − 2△t2
p )

(△t2
s − △t2

p)
� (2)

	 G = ρ b/(△t2
s) × 304.82� (3)

where, µ d refers to dynamic Poisson’s ratio, dimensionless, G refers to shear modulus, GPa, Ed refers to dynamic 
Young’s modulus, GPa; ρ b represents bulk density, g/cm3; △ts and △tp refer to S-wave and P-wave time 
differences, µs/ft (1ft = 0.3048 m).

Fig. 6.  SEM images of clay-transformed quartz.
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Fig. 7.  Correlations of biogenetic SiO2 with TOC (A) and Ni + Cu/Al (B) in samples collected in well W202.

 

Sample No. Graptolite zone Siexcess/% DQ/% CTQ/ % BQ/ % DQ proportion/ % CTQ proportion, % BQ proportion, % σ E/GPa BI%

w202-41 33.63 30.31 5.99 27.64 47.40 9.37 43.23 0.18 30.02 58.49

w202-50 9.21 34.05 5.89 3.32 78.70 13.61 7.69 0.21 34.14 54.32

w202-49 LM6-LM8 9.80 33.45 5.63 4.17 77.33 13.03 9.64 0.21 31.98 53.76

w202-48 6.13 34.01 5.91 0.21 84.73 14.73 0.54 0.19 30.54 57.46

w202-42 7.39 33.55 6.45 0.94 81.96 15.75 2.30 0.19 32.33 58.22

w202-40 7.70 44.00 7.39 0.32 85.10 14.29 0.62 0.17 25.81 57.27

w202-38 22.34 37.89 6.42 15.92 62.91 10.66 26.43 0.20 27.96 53.61

w202-39 15.58 37.86 7.39 8.20 70.84 13.82 15.34 0.21 29.50 51.89

w202-36 17.12 40.47 6.98 10.14 70.27 12.12 17.61 0.23 31.76 49.66

w202-37 11.24 43.96 6.78 4.46 79.64 12.28 8.08 0.20 31.72 55.26

w202-34 17.76 41.21 7.11 10.65 69.88 12.05 18.07 0.20 30.18 54.49

w202-35 LM4-LM5 15.52 41.49 7.16 8.36 72.78 12.55 14.67 0.18 30.65 58.52

w202-33 18.80 38.81 6.02 12.79 67.37 10.44 22.19 0.17 33.79 62.17

w202-31 19.19 38.63 6.24 12.94 66.82 10.80 22.39 0.17 31.54 61.92

w202-30 14.71 44.10 6.52 8.19 74.99 11.09 13.92 0.22 26.36 48.35

w202-27 36.66 23.04 1.85 34.81 38.59 3.10 58.31 0.15 36.16 69.55

w202-29 60.02 14.18 1.70 58.32 19.11 2.29 78.59 0.14 36.00 69.77

w202-28 63.96 14.22 1.55 62.41 18.19 1.98 79.83 0.14 35.69 70.54

w202-26 61.67 12.10 1.12 60.55 16.40 1.51 82.08 0.12 33.87 73.49

w202-24 LM1-LM3 80.34 6.03 0.76 79.58 6.99 0.88 92.13 0.12 31.85 71.73

w202-22 77.10 7.37 0.89 76.21 8.73 1.05 90.22 0.10 30.63 74.21

w202-25 61.35 13.76 1.78 59.57 18.32 2.37 79.32 0.12 29.99 70.19

w202-23 65.21 11.78 1.88 63.33 15.31 2.44 82.25 0.17 34.02 62.62

SY-2 32.95 27.68 5.02 27.93 45.65 8.28 46.07 0.14 45.71 77.51

SY-3 57.50 22.10 3.74 53.76 27.76 4.70 67.54 0.14 44.29 76.49

SY-9 57.87 20.63 4.52 53.36 26.28 5.76 67.97 0.13 45.71 80.51

SY-11 65.69 17.16 4.27 61.42 20.71 5.15 74.13 0.12 50.00 84.57

SY-12 Cited from Xi et al. (2019) 30.69 35.68 3.26 27.43 53.76 4.91 41.33 0.19 34.29 59.85

SY-13 45.31 29.62 3.77 41.54 39.53 5.03 55.44 0.19 39.29 62.92

SY-1 38.52 31.62 3.74 34.78 45.08 5.33 49.59 0.14 40.00 73.43

SY-4 22.76 40.62 2.59 20.18 64.08 4.09 31.83 0.19 33.43 59.23

SY-5 33.71 30.98 2.18 35.53 45.10 3.17 51.73 0.15 35.71 68.37

SY-7 35.94 31.98 4.52 31.42 47.08 6.65 46.26 0.19 38.00 62.50

SY-10 49.53 25.51 4.02 45.52 33.99 5.36 60.65 0.11 33.93 75.09

Table 3.  Excess silicon, quartz of different sources, and rock mechanical parameters in samples collected in 
well W202.
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The results of the calculated dynamic Young’s modulus and Poisson’s ratio of the LM1-LM8 shale samples are 
listed in Table 3. A comparative analysis of Young’s modulus and Poisson’s ratio among different biozonations 
was conducted and the results were illustrated in Fig. 8. In LM6-LM8, the Young’s modulus ranges from 25.8 to 
34.1 GPa (avg. 30.8 GPa) and the Poisson’s ratio ranges from 0.17 to 0.21 (avg. 0.19). In LM4-LM5, the Young’s 
modulus is 26.4 ~ 36.2 GPa (avg. 30.9 GPa) and the Poisson’s ratio is 0.15 ~ 0.23 (avg. 0.19). In LM1-LM3, the 
Young’s modulus ranges from 30.0 to 36.0 GPa (avg. 33.2GPa) and the Poisson’s ratio ranges from 0.10 to 0.17 
(avg. 0.13). Comparatively, the LM1-LM3 exhibits the highest Young’s modulus and the lowest Poisson’s ratio, 
rendering it the most favorable section for hydraulic fracturing. At present, LM1-LM3 is the primary target for 
shale gas exploration and development, and the industrial production confirms its superiority.

The relationships among quartz types and mechanical parameters (the Young’s modulus and Poisson’s 
ratio) are displayed in Fig.  9, which shows that the quartz types are not merely linearly correlated with the 
Young’s modulus and Poisson’s ratio. However, as the content of these three quartz types increases, the Young’s 
modulus also increases. Nonetheless, beyond a certain threshold, the Young’s modulus begins to decrease with 
further increase in quartz content. The content of quartz derived from clay minerals in the shale samples is 
low (0.76 ~ 7.39%, avg. 4.76%), accounting for less than 10% of the total SiO2 content. DQ and BQ constitute 
the primary components of quartz in shale. The correlation between quartz content and Young’s modulus 
reveals that the Young’s modulus reaches its maximum when the contents of DQ, BQ and CTQ are 22.8%, 
46.4% and 3.7%, respectively, and then declines with the increasing quartz content. From Table 3, when the 
DQ is less than 22.8%, the content of plastic clay minerals is low, and biogenic microcrystalline quartz acts as 
the rock’s framework, leading to an increase in Young’s modulus. Conversely, when the DQ content exceeds 
22.8%, BQ decreases significantly, whereas plastic clay minerals increase remarkably. Under these conditions, 
the incremental quartz does not alter the original microstructure of the rock, and the DQ floats in the shale 
matrix, resulting in a decrease in Young’s modulus. However, a higher BQ content is not always preferable. 
Numerous studies have demonstrated the beneficial role of BQ in pore network development, and shale samples 
with high BQ have higher OM content8,10,32. This implies that the content of mechanically “soft” OM and the 
porosity of the samples increase with the increasing content of BQ, leading to a decrease in the Young’s modulus. 
Other research also discovered an asymmetrical inverted “V” shaped relationship in P- wave velocity profile at a 
quartz content threshold of 41%51.

Poisson’s ratio exhibits a linear correlation with the contents of three types of quartz. The contents of CTQ and 
DQ are positively correlated with the Poisson’s ratio, with correlation coefficients of 0.45 and 0.58 respectively, 
whereas the content of BQ is negatively correlated with Poisson’s ratio, with a correlation coefficient of 0.64, 
indicating different types of quartz exert varying influence on the fracability of the shales. Consequently, the 
origins of quartz should be considered when assessing the brittleness of shale gas reservoir.

Influence of quartz types on rock brittleness
The brittleness index defined by elastic parameters (Young’s modulus and Poisson’s ratio) can be expressed by 
Eq. (4)52,54:

Fig. 8.  Young’s modulus and Poisson’s ratio in different graptolite zones.
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BI = 100(Ed − 1

14 + 0.4 − ν d

0.5 )� (4)

where BI refers to the rock brittleness index, dimensionless; Ed refers to normalized dynamic Young’s modulus, 
dimensionless; ν d refers to dynamic Poisson’s ratio, dimensionless,

The BI of the Longmaxi shale ranges from 48.3 to 74.2%, with an average of 60.8%. The middle-lower section 
of S1l1

1, corresponding to LM1-LM3, has the BI greater than 60%. As illustrated in Fig. 10, the different types 
of quartz are correlated linearly to the BI. As the BQ content increases, the BI shows an increasing trend with a 
correlation coefficient of 0.62. The contents of DQ and CTQ are negatively correlated to the BI, with correlation 
coefficients of 0.54 and 0.41, respectively. It further underscores that the influence of different types of quartz 
content on rock brittleness varies. Relying exclusively on quartz content to assess shale brittleness could result 
in inaccuracies.

Due to the low content of CTQ, the brittleness and fracture density of shale are mainly dependent on the 
contents of BQ and DQ. In comparison with pure BQ or DQ, an appropriate mixture of BQ and DQ can render 
the shale more brittle. A negative correlation between DQ and BQ contents has been observed in the Longmaxi 
shale. When the quartz content is below 52%, DQ predominates, and the shale exhibits a BI below 60% and 
reduced fracture density. When the quartz content exceeds 52%, BQ becomes predominant, resulting in an 
increased BI and fracture density. When the quartz content surpasses 85%, the BI begins to decrease concurrently 

Fig. 9.  Correlations of different types of quartz with dynamic Young’s modulus and Poisson’s ratio.
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with a reduction in fracture density (Fig. 11). Therefore, within the quartz content range of 52 ~ 85%, the ratio of 
DQ to BQ is optimal for fracture development.

In the marine Longmaxi Formation of the Sichuan Basin, apart from quartz as the predominant mineral, 
shale also contains significant amounts of clay minerals and carbonate minerals. These two types of minerals 
also have a significant impact on the brittleness of the shale. However, in the sweet spot layer of the Longmaxi 
Formation in Weiyuan, the quartz content exceeds 70%, whereas the content of clay minerals is so low that it is 
unable to be quantitatively detected. Consequently, this study mainly focuses on the impact of different types 
of quartz on the mechanical properties of rocks. Nonetheless, in other shale formations, clay and carbonate 
minerals should also be considered as the primary factors affecting the mechanical properties of rocks.

Conclusions
(1) Quartz is a predominant diagenetic mineral in shale, with silica exhibiting a variety of sources. The Longmaxi 
Formation primarily comprises biogenetic quartz, clay-transformed quartz and terrigenous detrital quartz.

(2) Different graptolite zones exhibit varying proportions of these three types of quartz. Biogenetic quartz 
dominates in the LM1-LM3 graptolite zones, with content ranging from 58.3 to 79.6%, and 65.7% on average. 
Detrital quartz predominates in LM4-LM6 and LM5-LM8, averaging 38.7%, 34.9%, respectively. LM4-LM5 has 
a higher content of biogenic quartz than LM6-LM8.

(3) Different types of quartz have different mechanical properties. Biological quartz positively affects the 
Young’s modulus and Poisson’s ratio, whereas terrigenous detrital quartz and clay-transformed quartz are 
negatively correlated with the Young’s modulus and Poisson’s ratio. The LM1-LM3 shales have the highest Young’s 
modulus and the lowest Poisson’s ratio, making them the most favorable target for fracturing stimulation.

(4) The content of biogenic quartz is positively correlated with the brittleness index, while the contents of 
clay-transformed quartz and detrital quartz are negatively associated with the brittleness index. For shales with 
a quartz content between 52% and 85%, the ratio of detrital quartz to biogenic quartz is optimal for engineering 
fracturing stimulation.

Fig. 10.  Relationship between BI and different types of quartz.
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