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Abstract: To evaluate the effects of quartz precipitation on the abundance and preservation of organic
matter pores in marine shale reservoirs, the type of authigenic quartz and the source of silica, as well
as the corresponding relation of the Lower Cambrian Shuijingtuo Formation shale in South China
were investigated. Quartz in the Shuijingtuo shale occurs as four different types: detrital quartz,
replacement of biosiliceous debris, euhedral quartz filled in interparticle pores, and microquartz
dispersed in a clay matrix. Euhedral quartz (1–5 µm) and matrix-dispersed microquartz (100–400 nm)
are found to be the dominant forms of authigenic quartz. The euhedral quartz accumulates along
the interparticle pores, and the porous organic matter fills the interior of the space. Microquartz is
mainly wrapped in porous organic matter. Two silica sources were revealed: biogenic silica and
clay-derived silica. Biogenic Si is most likely the major source for authigenic quartz in the organic-rich
(total organic carbon (TOC) > 2.55 wt.%) samples, which accounts for 23–57 wt.% (average 35 wt.%)
of the total Si. Based on petrographic observations, we posit that the precipitation of large-sized
euhedral quartz in the interparticle pores most likely originated from biogenic silica in the early stage
of diagenesis and that the silica for the clay matrix-dispersed microquartz is provided by biogenic
silica and clay-derived silica. The observation of SEM images indicates that the precipitation of early
diagenetic euhedral quartz in the interparticle pores enhances rock stiffness, and the buttressing
effect can protect the organic matter pores from compaction during the late-stage burial diagenesis.
In contrast, the precipitation of late diagenetic microquartz in the clay matrix can lead to a reduction
in the capacity of the accommodation space to host retained petroleum, consequently leading to a
reduction in the development of organic matter pores and the generation of shale gas.

Keywords: authigenic quartz; silica source; organic matter pores; pore development; marine shale

1. Introduction

As an unconventional energy source with huge resource potential, shale gas, which is
characterized as self-generating and self-preserving, has been stimulating great exploration
in many countries, including America, Canada, China, and others [1]. An organic matter
pore, one of the significant pore types in shale reservoirs, serves not only as the primary
storage space of adsorbed and free gas, but also as an important micro seepage channel for
shale gas [2–4]. Therefore, the abundance and preservation of organic matter pores are of
great significance for shale gas exploration and development [2,5–7].

The thermal simulation experiments of sealed gold-tube pyrolysis on shale rocks
showed that the generation of a large number of organic matter pores and shale gas is
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mostly related to the thermal cracking of retained petroleum [8,9]. The higher the amount of
retained petroleum or the lower the hydrocarbon expulsion efficiency in shale reservoirs, the
more abundantly organic matter pores develop, leading to enrichment of shale gas [10]. For
the research of conventional sand reservoirs, petroleum geologists focus on hydrocarbon
expulsion efficiency and have carried out significant in-depth research on the controlling
factors, such as the organic matter attributes (type, abundance, and thermal maturity),
combination structures between the source rock and reservoir rock, and roof/floor sealing
conditions of the source rock [7,8,10–13]. However, for unconventional shale reservoirs,
the amount of retained petroleum is more significant and plays an important role in shale
gas enrichment [8,12]. In addition to the factors that affect the efficiency of hydrocarbon
expulsion mentioned above, the changes in pore space before and during the hydrocarbon
expulsion period also have an important control effect on the amount of retained petroleum.

Precipitation of authigenic quartz in the shale reservoirs is suggested to rank second to
mechanical compaction in affecting the pore space for retained petroleum [14–16]. Never-
theless, research has found that the rigid lattice formed by the self-generated embrittlement
of siliceous cement has a strong resistance to compaction [14,17]. Therefore, although
siliceous cement occupies some of the primary pores, it holds residual pores, providing
favorable space for the migration and filling of residual oil during the oil generation period,
and also has a protective effect on the organic matter pores generated by the later thermal
cracking of residual oil. However, the siliceous cement observed in shale, especially marine
shale, can be of various types and originates from multiple silica sources that formed
during different diagenetic periods [18–20]. The complexity of the relationship between the
quartz type and the siliceous source brings uncertainties to the assessments of the impacts
of siliceous cement on the abundance and preservation of organic matter pores. Therefore,
it is necessary to investigate the corresponding relationship between quartz types and
silica sources.

The Lower Cambrian Shuijingtuo Formation marine shale in southern China has been
recognized as another interval with a tremendous gas exploration potential, after the Upper
Ordovician–Lower Silurian Wufeng–Longmaxi Formations shale [21–23]. In this study,
a set of marine shale samples collected from the Shuijingtuo shale in the Yichang slope
in southern China was investigated to determine the quartz types and silica sources, as
well as the corresponding relation between them. More importantly, this study aims to
gain insight into the impact of quartz precipitation on the abundance and preservation of
organic matter pores.

2. Geological Setting

The Yichang slope zone is located south of the Huangling anticline, the middle of
the Yangtze Craton, and is bordered by the Qinling–Dabie orogenic belt to the north and
the Xuefeng orogenic belt to the south [24–26] (Figure 1). During the Sinian (Ediacaran)
and Cambrian periods, the tectonic movement and sedimentary environment changed
drastically in southern China. At the end of the Ediacaran period, the Tongwan orogenic
movement formed an alternating structural unit of uplift and depression in the study
area [27]. In terms of the sedimentary environment, the transgression from south to north
in the Early Cambrian period ended the carbonate deposition of the Late Sinian Dengying
Formation and started the deposition of black organic-rich shale in the Early Cambrian
Shuijingtuo Formation. The paleogeographical background of uplift and depression re-
stricted the distribution of Early Cambrian sedimentary facies and controlled the thickness
of the shale in the Shuijingtuo Formation [22]. The eastern uplift area included shallow-
water platform facies with thin shale, and the shale thickness in the local areas was <3 m,
similar to that of the YD 3 well (Figure 1). Furthermore, the western depression area mainly
belonged to the deep shelf facies, where the shale is thick, such as the 140 m thick shale
in the EYY1 well (Figure 1). Overall, the Shuijingtuo shale in the Yichang slope is thick
in the west and thin in the east. The lithology column shows that the lower part of the
Shuijingtuo shale is dominated by black siliceous organic-rich shale, the middle part is



J. Mar. Sci. Eng. 2023, 11, 1267 3 of 18

mainly composed of dark gray clay-rich siliceous and calcareous shale, and the upper part
mainly consists of gray limestone and dolomite (Figure 1).
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Figure 1. Geological map of the study area and lithology histograms of the Shuijingtuo Formation.

3. Methods

Twenty-nine shale samples were collected from the Shuijingtuo Formation of the EYY1
well in the Yichang slope zone, southern China. All the samples were analyzed for their TOC
(total organic carbon), mineral composition, and major elements. Seven shale samples were
selected for petrographic observation, including thin section observation, field-emission
scanning electron microscopy (FESEM), SEM-based energy dispersive spectroscopy (EDS),
and SEM-based cathodoluminescence (CL). The seven samples used for SEM petrographic
observations were selected based on their TOC content and mineral compositions, which
can essentially cover the overall Shuijingtuo Formation shales.

The TOC content was measured using an Elementar rapid CS cube. The analytical
procedure consisted of removing carbonate with 7% HCl, drying at 80 ◦C for 10 h, and
burning with 99.99% oxygen (O2) at 930 ◦C.

The bulk mineral composition was determined using XRD with an X’Pert PRO diffrac-
tometer (Malvern Panalytical B.V., Almelo, The Netherlands). The working voltage, current,
radiation, and scanning speed were 40-kV, 40 mA, Cu Kα (λ = 0.15416 nm), and 0.417782◦

(2θ)/s, respectively, in a continuous mode with a step size of 0.017◦ in the range of 3–65◦.
The clay fraction mineralogy was reported by Wei et al. [28].

The major elements, including Si, Al, Fe, Mn, Ti, and Cr, were analyzed using an
X-ray fluorescence spectrometer (XRF) (Zsx Primus II, Rigaku, Tokyo, Japan) in Wuhan
SampleSolution Analytical Technology Co., Ltd. Powdered samples were dried in an oven
for 12 h to remove free and adsorbed water and then heated to determine the loss on
ignition. The X-ray tube was a 4.0 kW end window Rh target, and the test conditions
comprised a voltage of 50 kV and a current of 60 mA. All the major elemental analysis lines
were kα. The data were corrected using the theoretical α coefficient method. The relative
standard deviation was <2%.

Thin sections of the shale samples were examined using conventional transmitted
polarized light microscopy (Leica DM4500P, Tokyo, Japan). Before SEM imaging, the
shale sample was first mechanically cut and the side perpendicular to the bedding plane
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was polished using Ar ion-beam milling (Leica EM TIC 3X). Subsequently, the samples
were inspected using a ZEISS GeminiSEM FESEM instrument coupled with EDS and a
cathodoluminescence (CL) detector. SEM imaging, EDS mapping, and CL imaging were
performed at an accelerating voltage of 5–10 kV and a working distance of ~5–10 mm.

4. Results
4.1. Bulk Rock Properties

The results of the XRD analysis are depicted in Table 1. The Shuijingtuo shale is
dominated by quartz and clay minerals. The quartz content ranges from 14 to 75 wt.%,
averaging 53 wt.%. The content of clay minerals ranges from 9 to 53 wt.%, with an average
of 20 wt.%. The XRD analysis of the fine powders (<2 µm) shows that the clay minerals
are dominated by illite (56–90 wt.%, average 78 wt.%), followed by a mixed layer of
illite/smectite (I-S) (10–44 wt.%, average 22 wt.%) [28].

Table 1. Depth, TOC content, mineral compositions, and concentrations of major elements of the
Shuijingtuo shale samples.

Depth
(m) Organic TOC

(%)
Quartz
(wt.%)

Carbonate
(wt.%)

Clay
(wt.%)

SiO2
(wt.%)

Al2O3
(wt.%)

Fe2O3
(wt.%)

MnO
(wt.%)

Zr
(ppm)

Al/(Al +
Fe + Mn)

2939.08 -lean 1.38 24 16 53 45.21 10.36 3.40 0.03 118 0.70
2975.53 -lean 1.63 28 33 30 31.47 6.21 3.45 0.06 55.6 0.57
2978.08 -lean 1.58 20 44 25 29.35 7.73 4.76 0.07 73.5 0.55
2983.63 -lean 2.47 47 8 30 59.62 12.81 3.32 0.02 122 0.74
2984.98 -lean 2.21 48 8 31 60.80 12.21 3.25 0.02 114 0.74
2989.32 -lean 1.80 34 31 26 40.68 7.00 3.90 0.05 65 0.57
2996.32 -lean 2.27 45 5 34 60.44 13.02 4.85 0.05 119 0.67
3003.50 -rich 2.72 64 5 20 68.67 9.49 2.10 0.02 85.1 0.77
3004.88 -rich 3.08 69 9 12 68.48 7.21 2.27 0.02 60.9 0.70
3007.34 -rich 2.93 58 5 24 65.38 10.71 3.91 0.02 92.9 0.67
3007.75 -rich 3.02 59 5 22 65.46 10.42 2.80 0.03 90.6 0.74
3008.78 -rich 3.47 59 8 21 63.06 9.45 2.75 0.03 83.8 0.72
3011.50 -rich 4.66 62 4 17 65.53 10.11 2.62 0.02 99.3 0.74
3020.54 -rich 4.33 57 8 17 62.42 9.20 3.77 0.02 131 0.65
3023.83 -rich 5.22 62 6 11 63.76 9.40 3.63 0.03 127 0.66
3024.33 -rich 5.24 57 7 20 62.71 9.27 3.55 0.02 123 0.66
3026.38 -rich 6.20 61 8 13 62.86 8.84 2.83 0.03 108 0.70
3030.18 -rich 5.78 60 8 12 62.26 8.68 3.25 0.03 110 0.67
3034.92 -rich 5.76 63 6 18 66.27 8.09 3.00 0.02 98.1 0.67
3037.53 -rich 4.76 55 13 16 57.55 8.54 3.67 0.03 100 0.64
3041.33 -rich 5.88 65 4 18 64.59 7.64 5.96 0.02 93.0 0.49
3043.48 -rich 5.08 63 4 20 69.82 7.22 2.44 0.01 85.8 0.69
3044.76 -rich 6.06 75 5 11 72.98 5.97 2.21 0.01 74.6 0.67
3053.03 -lean 2.54 22 61 11 24.29 3.70 1.58 0.02 48.8 0.64
3053.28 -rich 7.73 68 7 9 65.61 8.13 3.79 0.01 103 0.62
3053.88 -rich 8.25 72 5 10 68.04 6.58 2.96 0.01 83.0 0.63
3054.20 -rich 7.55 56 5 18 64.78 8.57 3.69 0.02 113 0.64
3062.70 -lean 2.34 14 60 16 37.73 8.18 2.77 0.02 112 0.69
3064.45 -lean 2.37 28 42 17 39.67 7.08 2.44 0.01 88.9 0.69

The TOC content of the Shuijingtuo shale varies between 1.38 and 8.25 wt.% (average
4.05 wt.%) (Table 1). The TOC content shows a positive correlation with the quartz content,
but exhibits two distinct slopes (Figure 2), implying a difference in the silica source between
them. Based on the slope, the samples with TOC < 2.55 wt.% are classified as organic-lean
shale, and those with a TOC > 2.55 wt.% are classified as organic-rich shale.
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Figure 2. Relationship between TOC and bulk quartz (XRD) content. The organic-lean
(TOC < 2.55 wt.%) and organic-rich (TOC > 2.55 wt.%) samples exhibit two distinct positive slopes,
implying a difference in silica source between them.

4.2. Quartz Types and Silica Sources
4.2.1. Quartz Types

Compared to sandstone, identifying quartz types in shale reservoirs is more difficult
because of the small particle size of the mineral. The widely utilized high-resolution
FESEM combined with energy dispersive X-ray (SEM-EDS) and cathodoluminescence
(SEM-CL) is a new technique that can differentiate authigenic quartz from detrital quartz
at a submicrometer scale, and can identify quartz types based on the information gained
from SEM images on crystal shape, spatial distribution, and CL response [29].

Based on the thin section and SEM observations, four quartz types were identified in
the Shuijingtuo shale: detrital quartz, replacement of biosiliceous debris, euhedral quartz
filling the interparticle pores, and microquartz dispersed in the clay matrix.

Detrital quartz is subangular to angular in shape and ~5–20 µm in size and can be
easily identified from the bright CL intensity (Figure 3).
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occurs as aggregates filled in the interparticle pores and the microquartz is dispersed in the claymin-
eral matrix. The euhedral quartz is much larger than the microquartz. (b) SEM-EDS images con-
firming mineral identification, the same area as (a). (c) SEM-CL images (same area as (a)) showing
the authigenic quartz has a dark, homogeneous luminescence and detrital quartz has a bright CL
intensity. (d) SEM image from sample 3007.75 m showing that the authigenic euhedral quartz occurs
occasionally as discrete grains. (e) SEM-EDS images confirming mineral identification, the same area
as (d). (f) SEM-CL image (same area as (a)) showing the authigenic quartz with non-luminescence.
Yellow arrows and boxes in (a) represent matrix-dispersed microquartz; red arrows in (a,d) represent
organic matter (OM); blue dashed boxes in (a) represent aggregate of euhedral quartz; black arrows
in (d) represent single euhedral quartz particle.

Radiolarians and sponge spicules are siliceous organisms that are commonly devel-
oped in the Lower Cambrian Shale in southern China [30,31], and these organisms were
also observed abundantly in this study. As illustrated in Figure 4, siliceous organisms
are more abundant in the organic-rich samples than in the organic-lean samples. The
biosiliceous debris is poorly preserved and extensively replaced and filled by authigenic
minerals. The most abundant replacement and filling of biosiliceous debris are carbonate
minerals and pyrite (Figure 5).

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 19 
 

 

 

Figure 3. SEM, SEM-CL, and SEM-EDS images showing the petrographic features of authigenic and 

detrital quartz. (a) SEM image from sample 3026.38 m showing that the authigenic euhedral quartz 

occurs as aggregates filled in the interparticle pores and the microquartz is dispersed in the clay 

mineral matrix. The euhedral quartz is much larger than the microquartz. (b) SEM-EDS images con-

firming mineral identification, the same area as (a). (c) SEM-CL images (same area as (a)) showing 

the authigenic quartz has a dark, homogeneous luminescence and detrital quartz has a bright CL 

intensity. (d) SEM image from sample 3007.75 m showing that the authigenic euhedral quartz occurs 

occasionally as discrete grains. (e) SEM-EDS images confirming mineral identification, the same area 

as (d). (f) SEM-CL image (same area as (a)) showing the authigenic quartz with non-luminescence. 

Yellow arrows and boxes in (a) represent matrix-dispersed microquartz; red arrows in (a) and (d) 

represent organic matter (OM); blue dashed boxes in (a) represent aggregate of euhedral quartz; 

black arrows in (d) represent single euhedral quartz particle. 

Radiolarians and sponge spicules are siliceous organisms that are commonly devel-

oped in the Lower Cambrian Shale in southern China [30,31], and these organisms were 

also observed abundantly in this study. As illustrated in Figure 4, siliceous organisms are 

more abundant in the organic-rich samples than in the organic-lean samples. The biosili-

ceous debris is poorly preserved and extensively replaced and filled by authigenic miner-

als. The most abundant replacement and filling of biosiliceous debris are carbonate min-

erals and pyrite (Figure 5).  

 

Figure 4. Thin-section images showing difference in the abundance of biosiliceous debris between 

organic-rich and organ-lean samples. (a) Organic-rich sample from 3011.50 m (TOC = 4.66 wt.%) 

presenting abundant radiolarians and sponge spicules. (b) Organic-lean sample from 3064.45 m 

(TOC = 2.37 wt.%) with essentially nil in the siliceous organism. 
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(TOC = 2.37 wt.%) with essentially nil in the siliceous organism.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 7 of 19 
 

 

 

Figure 5. Example showing the replacement and filling of radiolarians and sponge spicules, sample 

depth = 3011.50 m. The biosiliceous debris is extensively replaced and filled by the carbonate min-

erals (green arrows) and pyrite (white arrows). Images of (a) and (c) were observed with the plane-

polarized light. Images of (b) and (d) were observed with cross-polarized light. (a) and (b) are the 

same area; (c) and (d) are the same area. 

Euhedral quartz filling the interparticle pores (Figures 6 and 7) and microquartz dis-

persed in the clay matrix (Figure 8) are found to be the predominant authigenic quartz 

types in the Shuijingtuo shale. Both have a dark and homogeneous CL intensity (Figure 3). 

Clay matrix-dispersed microquartz is a common quartz type that was reported in many 

other mudrocks [18–20]. Euhedral quartz filling the interparticle pores is a particular quartz 

type that is rarely reported in shales, except for those from the marine shales in southern 

China, such as Shuijingtuo shale and Wufeng–Longmaxi shale [17,28]. Euhedral quartz can 

be easily distinguished from clay matrix-dispersed microquartz by the following three pet-

rographic features. Euhedral quartz occurs commonly as aggregates composed of several 

macrocrystalline quartz crystals or occasionally as discrete grains. The SEM image statistics 

from six estimated shale samples show that the size of the macrocrystalline quartz crystals 

is 1–5 μm (average 3 μm) (Figure 9a). In contrast, matrix-dispersed microquartz is much 

smaller, primarily 100–400 nm (average 200 nm) (Figure 9b). Different from the euhedral 

quartz, microquartz typically coexists with clay minerals (Figures 6–8). 

Figure 5. Example showing the replacement and filling of radiolarians and sponge spicules, sample
depth = 3011.50 m. The biosiliceous debris is extensively replaced and filled by the carbonate minerals
(green arrows) and pyrite (white arrows). Images of (a,c) were observed with the plane-polarized
light. Images of (b,d) were observed with cross-polarized light. (a,b) are the same area; (c,d) are the
same area.
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Euhedral quartz filling the interparticle pores (Figures 6 and 7) and microquartz
dispersed in the clay matrix (Figure 8) are found to be the predominant authigenic quartz
types in the Shuijingtuo shale. Both have a dark and homogeneous CL intensity (Figure 3).
Clay matrix-dispersed microquartz is a common quartz type that was reported in many
other mudrocks [18–20]. Euhedral quartz filling the interparticle pores is a particular
quartz type that is rarely reported in shales, except for those from the marine shales in
southern China, such as Shuijingtuo shale and Wufeng–Longmaxi shale [17,28]. Euhedral
quartz can be easily distinguished from clay matrix-dispersed microquartz by the following
three petrographic features. Euhedral quartz occurs commonly as aggregates composed of
several macrocrystalline quartz crystals or occasionally as discrete grains. The SEM image
statistics from six estimated shale samples show that the size of the macrocrystalline quartz
crystals is 1–5 µm (average 3 µm) (Figure 9a). In contrast, matrix-dispersed microquartz
is much smaller, primarily 100–400 nm (average 200 nm) (Figure 9b). Different from the
euhedral quartz, microquartz typically coexists with clay minerals (Figures 6–8).
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Figure 6. Images showing the euhedral quartz filling the interparticle pores and microquartz dis-
persed in clay matrix, sample depth = 3026.38 m. (a) Abundant euhedral quartz and microquartz
dispersed in shale reservoir. (b) Enlargement of image (a). The euhedral quartz linings along the
interparticle pores and the porous organic matter fills the interior of the space. (c) Enlargement of
image (b). Interparticle pore-filled organic matter develops pores with rounded to sub-rounded
shape. (d) Enlargement of image (a). Microquartz dispersed in clay matrix. (e) Enlargement of image
(d) showing abundant organic matter pores.
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Figure 7. (a) SEM images showing the spatial distribution of euhedral quartz and microquartz,
sample depth = 3026.38 m. (b,d) Enlargement of image (a) showing that microquartz coexists with
the porous organic matter in the clay mineral matrix. (c) Enlargement of image (b) showing organic
matter pores. (e) Enlargement of image (d) showing organic matter pores.
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Figure 8. This SEM images showing the microquartz dispersed in clay mineral matrix and is mostly
wrapped by the porous organic matter. (a) Sample depth = 3041.33 m. (b) Enlargement of image (a).
(c) Sample depth = 2996.32 m.
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Figure 9. Histogram of diameter of euhedral quartz (a) and microquartz (b). The size of macrocrys-
talline quartz crystals is in the range of 1–5 µm (average 3 µm). Matrix-dispersed microquartz is
much smaller, mostly between 100 nm and 400 nm (average 200 µm).

The SEM images show that the authigenic quartz typically coexists with porous organic
matter in the pore space (Figures 6–8). However, the two types of authigenic quartz have
different positional relationships with porous organic matter. In the interparticle pores, the
euhedral quartz is observed to be arranged around the pores and the porous organic matter
fills the interior of the space composed of euhedral quartz. Conversely, in the clay matrix
pores, microquartz is mostly wrapped by porous organic matter.

4.2.2. Silica Sources

Previous studies have suggested that common silica sources include the dissolution
of siliceous skeletons (biogenic silica), transition of smectite to illite (clay-derived silica),
pressure dissolution of detrital quartz, alteration of feldspar, alteration of volcanic ash, and
precipitation of submarine hydrothermal venting [32–34].

Volcanic ash is highly unstable and will dissolve rapidly to release a variety of cations
that form bentonite composed of quartz, zircon, apatite, kaolinite, chlorite, zeolite, etc. [35].
In the study area, no volcanic ash layer has been identified in the Shuijingtuo Formation
and there are no associated reports about a volcanic eruption during the Early Cambrian
period. Furthermore, the mineral compositions detected by XRD analysis reveal that no
volcanic ash alteration occurs in the Shuijingtuo shale. Thus, the possibility of volcanic ash
being the silica source for authigenic quartz can be excluded. Few intergranular contacts
between detrital quartz are observed in the SEM images; therefore, pressure dissolution
is less likely to be a silica source. Similarly, no specific petrographic evidence supports
feldspar alteration as a potential silica source.

The geochemical proxies (e.g., Al, Fe, Mn, Ti) are effective methods for discriminating
the hydrothermal origin from the nonhydrothermal origin of silica [19,20]. The compo-
sitions of hydrothermal sedimentary rocks are usually characterized by high Fe and Mn.
In contrast, nonhydrothermal sedimentary rocks are enriched in Al and Ti [36]. The ra-
tio of Al/(Al + Fe + Mn), ternary diagram of Al–Fe–Mn, and plot of Fe/Ti–Al/(Al + Fe
+ Mn) are used to determine the silica input of the hydrothermal source [37,38]. Rocks
with a pure hydrothermal origin of silica have a low value of Al/(Al + Fe + Mn) (<0.01),
whereas Al/(Al + Fe + Mn) in rocks with pure biogenic silica is >0.60 [39]. The ratio of
Al/(Al + Fe + Mn) in the Shuijingtuo shale is 0.49–0.77, with an average value of 0.66
(Table 1), indicating that there is no hydrothermal activity in the study area. Moreover, as
illustrated in the Al–Fe–Mn ternary diagram, all the Shuijingtuo samples are plotted in the
nonhydrothermal region, which is characterized by enrichment in Al relative to Fe and Mn
(Figure 10). Therefore, according to the data for Al, Fe, and Mn, it can be concluded that
the Shuijingtuo shale in the study area is related to nonhydrothermal deposition and there
is no silica input from the hydrothermal source.
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Figure 10. Ternary diagram of Al–Fe–Mn determining the silica input of the hydrothermal and non-
hydrothermal source. The examined Shuijingtuo shale samples are plotted in the nonhydrothermal
region, indicating that there is no silica input of hydrothermal source of the Shuijingtuo shale in the
study area.

The maturity of the examined Shuijingtuo shale is in the stage of dry gas
(~1.93–2.20% Ro, [28]), which means that the shale has mostly experienced sufficient
temperature to induce substantial illitization of smectite [40]. The clay minerals of the Shui-
jingtuo shale are mainly composed of illite (78 wt.%, average), followed by a mixed layer
of I-S (22 wt.%) [28]. The high ratio of illite to clay minerals implies that the Shuijingtuo
shale has possibly completed the conversion from smectite to illite, during which a certain
amount of silica was released [41]. Therefore, the transition of smectite to illite is one of the
potential sources of silica.

This study suggests the dissolution of siliceous skeletons is the silica source for the
authigenic quartz precipitation in the organic-rich samples. The initial silica phase of
siliceous skeletons is unstable opal-A, which can quickly transit to metastable opal-CT and
ultimately to the stable end product quartz [42,43]. The thin-section images show that many
radiolarian and sponge spicules are observed in the organic-rich shales, but are almost
absent in organic-lean shales (Figure 4). The substantial replacement of radiolarian and
sponge spicules observed within the organic-rich shale samples (Figure 5) confirms that the
biosiliceous debris has experienced dissolution and has supplied massive silica for quartz
precipitation.

The plot of zirconium (Zr) versus Si is another method that is utilized to examine
the biogenic silica source [44–46]. Zr is typically associated with heavy mineral zircon
that existed in the detrital fraction and is interpreted to be a proxy for a detrital source
of silica [44–46]. A positive correlation between Zr and Si is interpreted to indicate a
detrital source for silica, such as in the Jurassic Haynesville-Bossier shale [47], whereas a
negative correlation is used to indicate the input of biogenic silica, such as in the Devonian
Muskwa shale [45]. In this study, two opposite Zr–Si trend lines were obtained among
the Shuijingtuo samples (Figure 11a). Similar results have been reported in the Devonian
Horn River Group shale [46] and the Muskwa Formation shale [45]. Coincidentally, the
samples in which Zr increases with an increase in Si (detrital trend line) (Figure 11a)
are all the organic-lean shales that have a high slope in the TOC–quartz plot (Figure 2).
Correspondingly, the samples that lie on the biogenic trend line (Figure 11a) are all the
organic-rich shales, which have a low slope in the TOC–quartz plot (Figure 2). Therefore, we
infer that the source of silica in the organic-lean samples is major detrital silica, and biogenic
silica accounts for at least a certain proportion in the organic-rich samples. The analyses
of the silica source in organic-lean and organic-rich shales by Zr–Si plot coincide with
the petrographic observations, that is, organic-rich samples are rich in siliceous skeletons,
whereas organic-lean samples are essentially nil (Figure 4). The content of biogenic silica
will be discussed in the following section.
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Figure 11. Relationships between Si and Zr (a) and Al (b) concentration in the Shuijingtuo Shale
samples from XRF datasets. The positive lines are termed the “detrital trend”, indicating a detrital
source for silica. The negative lines are termed the “biogenic trend”, indicating the input of biogenic
silica. Samples in which Zr and Al increase with the increase of Si are all the organic-lean shales that
have a high slope in the TOC–quartz plot (Figure 2). Samples that lie on the biogenic trend line are all
the organic-rich shales, which have a low slope in the TOC–quartz plot (Figure 2).

4.3. Content of Biogenic Silica

Excess Si, as proposed by Sholkovitz and Price [48], is defined as the content that
exceeds the Si concentration in the terrigenous components (normal detrital background).
Excess Si is widely adopted to quantify the degree of enrichment of non-terrigenous sil-
ica [49]. Excess (or non-terrigenous) Si is defined as the sum of the biogenic, hydrothermal,
volcanic ash alteration silica, and other non-terrigenous input Si [46,50]. Combined with
the analyses of silica sources above, the excess Si in the Shuijingtuo shale refers to the
biogenic Si content.

Excess Si is calculated as (total Si—detrital Si), which is generally estimated us-
ing the following formula: Siexcess = Sisample − [(Si/Al)background × Alsample] [48]. The
value of (Si/Al)background is important for excess Si estimation. However, we found that
this value varies across different studies. The majority of studies typically use 3.11 as
the value of (Si/Al)background [17,20,49,51,52], which is the average of 277 samples from
the post-Archaean average shale, also called standard shale [53]. Some studies use the
value 2.50 [54], which is the average Si/Al value of samples from the Amazon estuary zone
of terrigenous material [48]. The lowest Si/Al value in the estimated samples was desig-
nated as the background value [55]. Therefore, the value of (Si/Al)background remains contro-
versial and differs among different studies. Van der Weijden [56] and Tribovillard et al. [57]
hold that the composition of the commonly used standard shale and the reference values of
normalized elements are not necessarily representative of the local or regional sediments in
the study area.

Figure 11b shows the Al–Si plot. Similar to the Zr–Si plot, the organic-lean samples lie
on the detrital (positive) trend line, and the organic-rich shales lie on the biogenic (negative)
trend line (Figure 11). As analyzed above, silica in organic-lean samples is the major
detrital in origin. Therefore, the organic-lean samples can be regarded as normal detrital
shales in the EYY1 well. Moreover, samples above the detrital trend line have a higher Si
content, which is sourced from the dissolution of siliceous skeletons (radiolarian and sponge
spicules). Based on the definition of the excess Si, the excess (biogenic) Si is calculated as
the absolute difference between Si measured in a sample and the Si versus Al regression
line (detrital trend line) for the organic-lean samples. The determined biogenic Si is shown
in Table 2. The results show that the biogenic Si in the organic-rich shales is 7–19 wt.%
(average 11 wt.%), and the ratio of biogenic Si to total Si is 23–57 wt.% (average 35 wt.%)
(Table 2). If the biogenic Si precipitates in the form of quartz, ~15–42 wt.% biogenic quartz
will be formed, accounting for 26–55 wt.% of the total quartz (XRD). Compared to the
proportion of clay-derived quartz (discussed below), biogenic silica is the major source
of the authigenic quartz in the organic-rich shales. Biogenic silica as the primary source
has also been reported in other marine shales, such as the Upper Cretaceous Eagle Ford
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shale in southern Texas [18], Upper Pennsylvanian Cline shale in the Midland basin [14],
Mississippian Bowland shale in the Craven basin [54], and Upper Ordovician Wufeng–
Lower Silurian Longmaxi shale in the Sichuan basin [51].

Table 2. Results of the calculated biogenic Si and biogenic quartz of the Shuijingtuo shale samples.

Sample
ID

Depth
(m) Organic TOC

(wt.%)
Quartz

(XRD wt.%)
Biogenic Si

(wt.%)
Biogenic Si

/Total Si

Biogenic
Quartz
(wt.%)

Biogenic
Quartz

/Quartz (XRD)

EYY24 2939.08 -lean 1.38 24 - - - -
EYY42 2975.53 -lean 1.63 28 - - - -
EYY47 2978.08 -lean 1.58 20 - - - -
EYY61 2983.63 -lean 2.47 47 - - - -
EYY64 2984.98 -lean 2.21 48 - - - -
EYY74 2989.32 -lean 1.80 34 - - - -
EYY90 2996.32 -lean 2.27 45 - - - -
EYY103 3003.50 -rich 2.72 64 10.77 34% 23 36%
EYY106 3004.88 -rich 3.08 69 14.98 47% 32 47%
EYY111 3007.34 -rich 2.93 58 6.92 23% 15 26%
EYY112 3007.75 -rich 3.02 59 7.51 25% 16 27%
EYY114 3008.78 -rich 3.47 59 8.22 28% 18 30%
EYY119 3011.50 -rich 4.66 62 8.12 27% 17 28%
EYY138 3020.54 -rich 4.33 57 8.39 29% 18 32%
EYY147 3023.83 -rich 5.22 62 8.65 29% 19 30%
EYY148 3024.33 -rich 5.24 57 8.40 29% 18 32%
EYY152 3026.38 -rich 6.20 61 9.28 32% 20 33%
EYY159 3030.18 -rich 5.78 60 9.30 32% 20 33%
EYY167 3034.92 -rich 5.76 63 12.29 40% 26 42%
EYY172 3037.53 -rich 4.76 55 7.36 27% 16 29%
EYY180 3041.33 -rich 5.88 65 12.35 41% 26 41%
EYY187 3043.48 -rich 5.08 63 15.58 48% 33 53%
EYY190 3044.76 -rich 6.06 75 19.41 57% 42 55%
EYY204 3053.03 -lean 2.54 22 - - - -
EYY205 3053.28 -rich 7.73 68 11.91 39% 26 38%
EYY206 3053.88 -rich 8.25 72 15.96 50% 34 48%
EYY207 3054.20 -rich 7.55 56 10.70 35% 23 41%
EYY223 3062.70 -lean 2.34 14 - -
EYY226 3064.45 -lean 2.37 28 - -

5. Discussions
5.1. Corresponding Relation between Quartz Types and Silica Sources

Two types of authigenic quartz grain are present in the Shuijingtuo shale: one is large-
sized euhedral quartz (1–5 µm) filling the interparticle pores and the other is small-sized
microquartz dispersed in the clay mineral matrix. The silica for the authigenic quartz is
proved to be sourced from the dissolution of siliceous skeletons and the transformation
of smectite to illite. These facts raise a question: What is the corresponding relationship
between the quartz types and silica sources? Determining the answer to the question is of
great significance for the assessment of the impacts of siliceous cement on the abundance
and preservation of organic matter pores.

The SEM-CL cannot distinguish between the authigenic quartz formed in the early
and late diagenetic stage because both have a dark, non-luminescent CL response. Previous
studies have suggested that the dissolution of siliceous skeletons to form the end product
quartz occurs at relatively low temperatures [32]. Iijima and Tada [35] reported that the
temperature at which opal-A starts to change to opal-CT is within a range between 22 ◦C
and 33 ◦C (550–1180 m) within Neogene siliceous sediments in northern Japan, and the
transformation of opal-CT into quartz starts at a temperature of 28–44 ◦C (810–1240 m). The
reaction of smectite illitization accompanied by silica release occurs at 60–100 ◦C [58–60].
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The comparison of reaction temperature indicates that the precipitation of biogenic quartz
is earlier than that of clay-derived quartz.

At shallow depths (lower temperature), the mudrocks have higher porosity (~10–55%
at 1 km [61]), which means that there are sufficient primary pores with large pore size
for the precipitation of biogenic quartz. Therefore, the large-sized euhedral quartz filling
the interparticle pores most likely resulted from the dissolution of siliceous skeletons at
an early stage of diagenesis. With an increase in the burial depth and temperature, the
transformation of smectite to illite is triggered and the mechanical compaction strength also
increases, which leads to a significant loss of porosity and a decrease in pore size. Hence,
the quartz sourced from the illitization reaction theoretically has a small size, which was
illustrated clearly by the experiments of clay mineral transformation [62,63]. However,
we can only conclude that the observed small-sized microquartz is partially derived from
the clay transformation because the volume of microquartz presented in the SEM images
is much larger than that generated from the transformation of clay minerals, which is
discussed below.

The reaction of the illitization of smectite is complex and the amount of released quartz
is still disputed. Van de Kamp [64] suggested that, assuming Al conservation, the smectite
illitization yields about 17–28 wt.% quartz as a proportion of the original smectite (about
25–41 vol.% of the final illite, the molar volume of clay fraction refers to Środoń et al. [65]).
However, Milliken and Olson [15] documented that the illitization based on the Al balance
seems untenable because this reaction leads to high volume loss (60%) in the clay fraction.
Milliken [16] proposed a 1:1 (smectite:illite) molar balance reaction, which releases 0.47 mol
silica without causing an immense volume loss of the clay fraction. If the released silica
precipitated in its entirety, it would yield a volume of quartz equivalent to ~6 vol.% of
the final clay minerals [16]. However, the observations in high-magnification SEM images
differ from the reaction formulas. The point-count volume of the microquartz and clay
minerals is listed in Table 3. The results show that the volume ratio of microquartz to
clay mineral is 0.67–4.32, which is much higher than that of the aforementioned smectite
to illite reactions. Notably, these ratio values do not represent the entire shale sample
because there are not enough point-counted SEM images to equate the micro with the
macro, which is a common issue for microscopic observations. Nevertheless, these results
suggest that the content of microquartz is too high to be obtained fully from the clay
mineral transformation. Therefore, the biogenic silica most likely provides mass silica
for the microquartz precipitation, which is consistent with the views of Peng et al. [14] in
the Cline shale and Milliken and Olson [15] in the Mowry shale. More specifically, the
dissolution of siliceous skeletons and transformation of smectite to illite together provide
the silica for the precipitation of clay matrix-dispersed microquartz.

Table 3. Point-count volume of clay mineral, microquartz, and organic matter in high-magnification
SEM images.

Depth
(m) Organic TOC

(wt.%)
Clay Mineral

(vol.%)
Microquartz

(vol.%)
Organic Matter

(vol.%)
Other Mineral

(vol.%)

3053.03 -lean 2.54 41.08 27.5 18.69 12.73
3020.54 -rich 4.33 33.24 40.13 24.58 2.05
3041.33 -rich 5.88 16.67 52.20 31.13 -
3054.20 -rich 7.55 12.99 56.17 29.55 1.29

5.2. Effects on the Abundance and Preservation of Organic Matter Pores

As a significant pore type in the shale pore systems, organic matter pores could supply
extensive pore spaces for storing adsorbed and free shale gas [2,27,66,67]. According to
the origin, organic matter pores can be divided into primary and secondary (migrated)
types [3,9,28]. The primary types are commonly found in kerogen in immature shales and
are considered to be inherited from organic macerals [3,68,69]. Formation of the secondary
type is stimulated by the evolution of the kerogen and secondary organic matter (solid
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bitumen or oil) during thermal maturation [28,70–72]. Compared to the primary type,
the secondary type is more abundant and well-connected, which is advantageous for the
storage and transport of shale gas [12]. Wei et al. [28] reported that most of the porous
organic matter in the Shuijingtuo shale is migrated organic matter, which has thermally
evolved from the initial liquid petroleum phase of solid bitumen or oil into pyrobitumen.
The terms of kerogen, oil, solid bitumen, and pyrobitumen are derived from the work of
Mastalerz et al. [73].

The thermal cracking of the retained petroleum was documented to be the main
mechanism for the massive shale gas generation and formation of the organic matter pores
by the modeling experiments of gas generation and pore evolution by the sealed gold-tube
pyrolysis [8,9]. Therefore, the amount of retained petroleum is significantly related to shale
gas enrichment and reservoir quality. In addition to well-known factors, such as organic
matter attributes (type, abundance, and thermal maturity), combination structures between
the source rock and reservoir rock, and roof/floor sealing conditions of the source rock,
which are critical for evaluating the amount of retained petroleum, the changes in pore
space before and during the hydrocarbon expulsion period have been found to be another
important factor that controls the petroleum retention [8,10–12].

The relative time of authigenic quartz precipitation and liquid petroleum migration
has an impact on the pore space. The presence of the porous organic matter embayed by
euhedral quartz in the interparticle pores (Figures 6b and 7b) suggests that the migration of
liquid petroleum occurred later than the precipitation of euhedral quartz. The observations
agree with the analysis above that the euhedral quartz with a large grain size resulted from
the dissolution of siliceous skeletons in the early diagenetic stage. The precipitation of the
early diagenetic euhedral quartz can thus lead to a reduction in primary pores, as it occupies
partial primary interparticle pores. It was suggested that the early diagenetic quartz
could increase rock mechanical behavior to inhibit mechanical compaction [54,74]. In the
primary interparticle pores, part of euhedral quartz exhibits a weak preferred orientation
(Figures 3a and 6a), indicating that the quartz has undergone some mechanical compaction
at a later stage. Due to the rigidity of the quartz framework, the primary pores retained
some space for the subsequent migration of solid bitumen or oil. The rounded to sub-
rounded organic matter pores (Figure 6c) indicate that the buttressing effect by the euhedral
quartz framework can protect the organic matter pores from compaction during the late-
stage burial diagenesis.

The presence of microquartz wrapped by the porous organic matter in the clay matrix
pores (Figure 8) suggests a situation where the migration of liquid petroleum is coeval with
or later than the precipitation of microquartz. If there is no microquartz precipitation in the
clay matrix pores, there would be more pore space for the migration and retention of liquid
petroleum, and more shale gas and organic matter pores would be generated.

6. Conclusions

1. In the estimated marine shale reservoir, quartz can be observed as four types, includ-
ing detrital quartz, replacement of biosiliceous debris, euhedral quartz filled in the
interparticle pores, and microquartz dispersed in a clay matrix.

2. The dominant forms of authigenic quartz are euhedral quartz and microquartz. Eu-
hedral quartz is much larger (1–5 µm) than microquartz (100–400 nm). Moreover,
they have different positional relationships with porous organic matter. The porous
organic matter fills the interior of the space composed of euhedral quartz, whereas
microquartz is mostly surrounded by porous organic matter.

3. The source of silica for the precipitation of authigenic quartz includes the dissolution
of siliceous skeletons and the transition of smectite to illite. In the organic-rich shale
samples, biogenic silica is most likely the major source for the authigenic quartz.
The calculated excess Si (biogenic Si) ranges from 7 to 19 wt.% (average 11 wt.%),
accounting for 23–57 wt.% (average 35 wt.%) of the total silica.
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4. The large-sized euhedral quartz present in the interparticle pores most likely results
from the dissolution of siliceous skeletons at an early diagenesis stage. The silica
for the clay matrix-dispersed microquartz is jointly provided by biogenic silica and
clay-derived silica.

5. The precipitation of early diagenetic euhedral quartz in the interparticle pores enhances
rock stiffness, and the buttressing effect can protect the organic matter pores from
compaction during the late-stage burial diagenesis. The precipitation of late diagenetic
microquartz in the clay matrix can lead to a reduction in the retained petroleum, which
would lead to a reduction in the amount of organic matter pores developed.
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