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Abstract: Both complete and uncompleted radiolarian siliceous shells were developed at Wufeng-
Longmaxi radiolarian siliceous shale laminae in Sichuan Basin. Micro- and ultra-micropetrological
observation suggests that they were successively filled by calcite, pyrite and organic–silicon com-
plex, where pyrite and organic–silicon complex filled dissolved pores associated with calcite during
sedimentation. Calcite was derived from calcium carbonate produced by microbial activities at the
seawater surface. The environment of radiolarian siliceous shell cavities, which was suitable for
sulfate reducing bacterial growth or dissolved hydrogen sulfide reducing Fe3+, contributed posi-
tively to pyrite development. Organic–silicon complex development was related to microorganism
metabolism that was an important silica source. Honeycomb-like organic pores were developed in
cavities with complete shells, but were not developed in cavities with uncompleted shells. This is
because the latter could not withstand overburden pressure compared with the former. The only
approach to figure out organic pore carriers and understand sequences and development processes of
minerals and organic matter is to select weakly compacted radiolarian siliceous shale laminae to carry
out micro- and ultra-micropetrological observation and geochemical testing via various technologies.

Keywords: radiolarian siliceous shell cavity; fillings; genetic mechanism; organic pore carriers

1. Introduction

Radiolarian silica, which is common and easily recognized in shale intervals, is an
important source for biogenic silica. It has received considerable attention since it is a
marker of high-quality shale reservoirs [1–8]. The radiolarian siliceous shell is generally
round and oval in shape with enclosed space as a cavity. It is commonly characterized
by “thin shell and large cavity”, with shell thickness of 10–100 µm and cavity diameter of
30–250 µm. Fillings, e.g., calcite, pyrite, siliceous particles, etc., and organic matter with
honeycomb-like pores, can be observed in cavities [9–13].

Siliceous shells are the fossilized skeleton of radiolarians that have been an important
microplankton flourishing in marine environments since the Cambrian. Radiolarians can
be classified into polycystine, phaeodaria and acantharia. The polycystine skeletons are
dominated by silica, while phaeodaria skeletons are mixtures of organic matter and silica
or carbonates and acantharia skeletons are composed of a special organic matter related to
chitin [14–16]. Carbonate and organic matter of radiolarians can be rapidly dissolved or
degraded after death. Only polycystine skeletons can settle onto the seabed and be buried
and preserved as fossils, where the insoluble siliceous skeleton evolves into a siliceous shell
and cytoplasm is decomposed and transformed into cavities [17].

The genetic mechanism of fillings in radiolarian siliceous shell cavities, a controversial
topic, is poorly investigated at present. Micropaleontology usually uses pretreatment
technology to separate radiolarian siliceous shell from rocks, which also removes fillings,
e.g., calcite, pyrite and organic matter, etc., from the radiolarian siliceous shell cavity. Most
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studies have focused on radiolarian fossils filled with siliceous particles in the cavity, and
suggested that these particles were derived from fossilized radiolarian tissue, while calcite,
pyrite and organic matter were products of diagenesis [18–20]. The siliceous particles
may be a diagenetic mineral that was formed in the early diagenetic stage or even at the
subsidence stage, and calcite and pyrite are metasomatic minerals associated with siliceous
particles [21–23]. Schieber et al. believed that siliceous particles were diagenetic minerals,
which may be formed during the early diagenetic stage or even sedimentation stage, while
calcite and pyrite were metasomatic minerals of siliceous particles. Milliken et al. (2021)
believed that calcite and pyrite in radiolarian siliceous shell cavities were prior to and was
replaced by siliceous particles. Loucks et al. (2014) established a conceptual model of the
diagenesis sequence of shale reservoirs through observing argon-ion polished samples with
a scanning electron microscope [24]. They believed that radiolarian siliceous shell cavities
were not filled at the early diagenetic stage, instead, they were partly filled by calcite at a
later stage and were finally filled and occupied by charged oil. Lu et al. (2018) believed that
siliceous particles were derived from fossilized radiolarian components and organic matter
was produced by crude oil cracking. Longman et al. (2019) believed that calcite and pyrite
were authigenic minerals filling dissolved space in siliceous shells. Summarily, the lack
of typical and sufficient petrological evidence in these studies has brought uncertainties
regarding genetic mechanisms of fillings in radiolarian siliceous shell cavities.

Taking the Upper Ordovician Wufeng–Lower Silurian Longmaxi shale in Sichuan
Basin as an example, this study investigated fillings of radiolarian siliceous shell cavi-
ties through: (1) observing and characterizing the occurrence of calcite, pyrite, siliceous
particles and organic matter in radiolarian siliceous shell cavities; (2) identifying the fill-
ing development sequence; (3) investigating filling generation mechanism; (4) analyzing
organic pore carriers (in situ organic matter or migrated organic matter).

2. Geological Setting

Sichuan Basin is a polycyclic superimposed basin with huge hydrocarbon potential
in the Yangtze Plate [25–28]. The Central Sichuan Uplift, Central Guizhou Uplift and
Jiangnan-Xuefeng Uplift surrounding the basin were uplifted in the Late Ordovician,
forming a deep-water shelf system with three uplifts and one sag. As a result, a low-
energy, uncompensated and anoxic environment was widely formed (Figure 1), depositing
radiolarian-rich black shale from the later stage of the Wufeng period to the early stage
of the Longmaxi period with thickness of about 80 m. The geological setting enabled the
Wufeng-Longmaxi black shale to have high gas enrichment potential [29–33].
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The Wufeng Formation and Longmaxi Formation have generally experienced two
uplift events and one subsidence event [34]. The Sichuan Basin was tectonically uplifted
during the Later Silurian to the Early Permian, and the burial depths of Wufeng Formation
and Longmaxi Formation were still preserved with burial depth > 500 m. The continued
subsidence from the Early and Middle Permian to the early Cretaceous resulted in the
maximum burial depth of Wufeng Formation and Longmaxi Formation becoming up to
6500 m, with paleotemperature over 200 ◦C, the maturity of organic matter in black shale
reaches the over-mature stage [35,36] could form ultra-deep shale reservoirs. However, the
uplift since the Late Cretaceous generally led to erosion of thickness of 1000–4000 m. As a
result, the burial depth of Wufeng-Longmaxi shale is currently 3000–5500 m (Figure 2).
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Figure 2. Burial history of Wufeng-Longmaxi shale in Sichuan Basin (modified from Guo et al.,
2022 [36]).

The Wufeng-Longmaxi shale in the Sichuan Basin and its periphery is the primary
shale gas producer, playing a significant role in shale gas commercial development in
China, with an annual output over 200 × 108 m3.

3. Methods

Typical methods, including thin section examination, X-ray diffraction, total organic
carbon determination, scanning electron microscopy observation, etc., were performed
on Wufeng-Longmaxi samples in this work, where X-ray diffraction and total organic
carbon determination can identify mineral compositions and organic matter abundance
(TOC), respectively, while thin section examination and scanning electron microscopy
observation can directly exhibit the occurrence of minerals and organic matter. A large
amount of mineral composition and TOC data has been acquired from the X-ray diffraction
and total organic carbon determination. After that, lithofacies were classified based on thin
sections and SEM images, which were dominated by radiolarian-bearing siliceous shale
with TOC > 3.0%, indicating a high-quality shale reservoir [37–40].

Five Wufeng-Longmaxi radiolarian-rich siliceous shale laminae were selected from
four wells as investigated samples (Figure 1 and Table 1). After siliceous shell and cav-
ity filling observation under an optical microscope, electron probe microscopy analysis
(EPMA) (platinum plating) was carried out on fillings to obtain spectral images, in situ
detection data and element scanning images (Figure 3 and Table 2). Scanning electron
microscope (SEM) observation was performed on gold-plated fresh samples and iridium-
plated (argon-ion-polished) samples to obtain secondary electron (SE), back scattering (BSE)
and energy spectrum images (Figure 4) to analyze filling occurrence and characterize the
ultramicroscopic petrological features. Optical microscope observation was completed on a
NIKON LV100POL microscope at the State Key Laboratory of Oil and Gas Resources and
Exploration, China University of Petroleum (Beijing, China). Electron probe microscope
observation and detection were performed on TXA-8230 electron equipment at the Materi-
als Laboratory of Tsinghua University. The fresh sample observation was also completed
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at the State Key Laboratory of Oil and Gas Resources and Exploration, China University
of Petroleum (Beijing, China), using FEI QUANTA 200 F equipment. Argon-ion polishing
and scanning electron microscope observation were completed on a FISCHIONE MODEL
1060 instrument and FEI HELIOS 650 field emission scanning electron microscope, respec-
tively, at the National Energy Shale Gas Research and Development (Experiment) Center at
Langfang Branch of PetroChina Exploration and Development Research Institute.

Table 1. Information about radiolarian-rich shale laminae.

No. Well Depth/m Fm. Thickness/mm

H202-1 Huang202 4079.03 Longmaxi 3.2
L205-1 Lu205 4031.23 Longmaxi 3.1
L207-1 Lu207 3461.58 Wufeng 1.0
Z205-1 Zi205 4103.37 Wufeng 4.8
Z205-2 Zi205 4103.96 Wufeng 1.8

An optical microscope, electron probe microscope and high-resolution scanning elec-
tron microscope can successively change magnification from ×10 to ×1000, and even
to ×50,000. The observed organic–silicon complex correspondingly changes from black
(Figure 3a,e), high-density bright spots on a gray background (Figure 3c,d,f,i) to high-
definition images (Figure 4i–k), developing a series of evidence with resolution from low to
high and view from large to small. Consequently, the interaction between calcite (>30 µm)
and siliceous particles (<1 µm) can be clearly presented, providing typical petrological
evidence for the occurrence of fillings with various sizes. It can lay a solid foundation for
the investigation on filling genetic mechanism.

Samples were cut perpendicular to laminae that were adjusted to be horizontal dur-
ing observation, where roughly ensuring samples in the underground state is helpful to
understand compaction of overburden.
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Figure 3. Typical images of fillings of radiolarian siliceous shell cavities under optical microscope
and electron probe microscope. (a) Radiolarian-rich siliceous shale lamina with length of 6.9 mm and
width of 1.8 mm. (b) Uncompleted radiolarian siliceous shell, cavity filled with calcite and pyrite.
(c) Uncompleted radiolarian siliceous shell, filled with calcite, pyrite and organic–silicon complex.
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(d) Complete radiolarian siliceous shell, filled with pyrite and organic–silicon complex. (e) Complete
radiolarian siliceous shell, filled with calcite (white) and organic–silicon complex (black). (f) Spectral
image of radiolarian siliceous shell on the left of image (e). (g) The scanned silicon element of image
(f). (h) The scanned carbon element of image (f). (i) Spectral image of radiolarian siliceous shell on
the right of image (e). (j) The scanned silicon element of image (i). (k) The scanned calcium element
of image (i). (l) The scanned carbon element of image (i). (a,e): Plain light. (b–d,f,i): Spectral image.
(g,h,j–l): Element scanning.

Table 2. In situ detected chemical compositions of calcites in radiolarian siliceous shell cavities.

No. Well Depth/m Sample
Location

Results/Mass/%

CaO FeO MgO MnO Na2O K2O Al2O3 SiO2 P2O5 BaO TiO2 SrO CO2 Total

H202-1 Huang202 4079.03
1 55.645 0.301 0.148 0.079 0.018 0.024 0.014 0.019 0.015 0.002 / / 43.721 99.986
2 55.601 0.241 0.057 0.356 0.008 0.012 0.031 / 0.014 / / / 43.687 100.007

L205-1 Lu205 4031.23
1 55.585 0.331 0.159 0.279 / / / / 0.030 / 0.002 / 43.674 100.060
2 55.672 0.345 0.116 0.321 0.013 / / 0.002 0.003 / / / 43.742 100.214

L207-1 Lu207 3461.58
1 55.929 0.040 0.021 0.019 / 0.017 0.015 0.011 0.003 / / / 43.942 99.997
2 54.956 0.491 0.119 0.237 0.003 0.014 0.012 / 0.066 / 0.015 / 43.180 99.093

Z205-1 Zi205 4103.37
1 55.653 0.277 0.141 0.214 / 0.026 0.005 0.007 0.039 / / / 43.727 100.089
2 55.435 0.416 0.102 0.067 / 0.005 / / 0.024 / / / 43.556 99.605

Z205-2 Zi205 4103.96
1 55.872 0.080 0.013 0.028 / 0.008 0.015 0.008 0.041 / 0.005 / 43.899 99.969
2 55.814 0.143 0.127 0.079 / 0.078 0.010 0.009 0.026 / / / 43.854 100.141
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Figure 4. Typical SEM images and energy spectra of fillings in radiolarian siliceous shell cavities.
(a) Complete radiolarian siliceous shell filled with organic–silicon complex. (b) Enlargement of
the red box in image (a), organic–silicon complex. (c) Energy spectrum of siliceous particle in
image (b). (d) Energy spectrum of organic matter in image (b). (e) Complete radiolarian siliceous
shell filled with pyrite crystal. (f) Complete radiolarian siliceous shell filled with organic–silicon
complex. (g) Enlargement of No. 1© red box in image (f), pores of radiolarian siliceous skeleton.
(h) Enlargement of No. 2© red box of image (f), contacted silica particles with organic matter among
them. (i) Enlargement of No. 3© red box of image (f), with equal silicon content and organic matter
content. (j) Enlargement of No. 4© red box of image (f), scattered silica particles in organic matter.
(a,b,e): Fresh surfaces. (f–j): Argon-ion-polished surfaces.

4. Results
4.1. Characteristics of Radiolarian Siliceous Shells

Radiolarian siliceous shells can be divided into two types, complete ones and uncom-
pleted ones. The former have a relatively complete shell that can seal fillings in cavities
(Figure 3d,e,f,i and Figure 4a,e,f). The latter have an uncompleted shell, where some fillings
are in direct contact with minerals outside the shell (Figure 3b,c).

These shells are mainly round and oval in shape, with size of 50–350 µm. They can
be divided into three layers from inside to outside, including the inner layer, the middle
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layer and the outer layer, successively. The inner and outer layers have high density with
no pores, and the middle layer has disconnected micro–nanopores (Figure 4f,g). They
are about 10–100 µm in thickness, varying in the following order: middle layer > outer
layer > inner layer (Figures 4g and 5a,b). The middle and outer layers are stably distributed,
while the inner layer is unstable. The inner layer can be thinned or missing at the contact
with calcite (Figure 5c), and can be developed at contacts with organic matter or siliceous
particles (Figures 4h and 5b).

The middle layer with abundant pores is a siliceous skeleton. The skeleton of living
radiolarians and other siliceous organisms is defined as opal-A in mineralogy, which is
composed of colloidal SiO2, silica and a small amount of water [41]. After radiolarian
death, due to the effect of temperature and pressure, opal-A transformed to opal CT, and
gradually formed cryptocrystalline with high hardness structure during the diagenetic
evolution, and then transformed to quartz and finally developed into secondary silica or
quartz enlargement. At the same time, a large number of micropores can be developed in
siliceous skeletons [42–44] while the inner and outer layers with no pores are secondary
quartz overgrowths. Additionally, microbial activities can provide a silicon source for
secondary quartz overgrowths.
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Figure 5. Typical images of uncompleted radiolarian siliceous shells with calcite and organic–silicon
complex in cavities. (a) Uncompleted radiolarian siliceous shell cavity filled with calcite and
organic–silicon complex. (b) Enlargement of No. 1© red box in image (a), three layers of shell.
(c) Enlargement of No. 2© red box in image (a), calcite contacting with middle layer. (d) Enlargement
of No. 3© red box, organic–silicon complex filling dissolved pores at the edge and inside of calcite.
(e) Enlargement of No. 4© red box, organic–silicon complex filling dissolved pores within calcite.
(f) Enlargement of No. 5© red box, organic–silicon complex.

4.2. Characteristics of Radiolarian Siliceous Shell Cavities

Radiolarian siliceous shell cavities can be divided into two types based on whether
the shell is complete or not. A type I cavity with a complete shell is 30–250 µm in
size, which is commonly filled by calcite, pyrite, siliceous particles and organic matter
(Figures 3d–l and 4). A type II cavity with an uncompleted shell shares similar fillings,
where fillings are in contact with minerals outside the shell (Figures 3b,c and 5a).
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The calcite is straight at its contact with the cavity and the inner layer of the shell is
thinned or missing (Figures 3j–l and 5c). Calcite is mostly crescent-shaped and is filled
by pyrite at its contact with pyrite (Figure 3b). It is significantly dissolved and is filled by
organic–silicon complex at its contact with the complex (Figures 3e,i–l, 5d and 6). Abundant
dissolution pores are developed within calcite and are filled with organic–silicon complex
(Figure 5d,e). Zigzags are obvious at the contact between calcite and particles outside the
shell, indicating intensive dissolution (Figure 6c).

The size of siliceous particles in organic–silicon complexes is <1 µm, generally not ex-
ceeding 2 µm (Figure 4i,j). The occurrence of organic–silicon complexes can be summarized
as the following. (1) The first is abundant silicon with minor organic matter. It is common
for microareas or cavities to be filled only by silicon particles (Figure 4h). Siliceous particles
are crowded together and related pores are filled by organic matter. (2) Organic matter and
silicon are mixed evenly with similar content (Figure 4i). (3) Abundant organic matter with
minor silicon. In this case, silicon particles are scattered on organic matter in a star shape
(Figure 4j).

Pyrite has low content compared with calcite and organic–silicon complex, and com-
monly occurs as a single crystal filling a cavity alone (Figure 7a–c) or mixed with calcite
(Figure 7d–f) and organic–silicon complex (Figures 3c,d and 4e).
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complex with no pores. (c) Enlarged image (a), no pores in organic–silicon complex contacting with
clay minerals.
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Nanoscale organic pores are well developed in organic–silicon complexes in type I
cavities (Figure 4h–l), whereas they are not developed in type II cavities (Figures 5 and 6).
This difference may be caused by their compressive strength. Shells of type I cavities
can significantly protect organic pores from overburden pressure and, as a result, organic
pores will not collapse and disappear. However, organic pores in type II cavities cannot be
well protected by uncompleted shells, where intensive compaction can decrease or even
disappear organic pores.

The impact of structure on shale gas enrichment has been discussed in the “geo-
logical setting” section, which was conducive to the black shale deposition, the thermal
maturation and the shale gas preservation. This paper focuses on filling behavior in ultra-
microradiolarian siliceous shell cavities as well as its origin and evolution, which is basically
not directly related to the macrostructure.

5. Discussion
5.1. Filling Sequences

Organic–silicon complex occurrence suggests that organic matter and silicon particles
were developed at the same period. Scattered silica particles in organic matter (Figure 4j)
indicate that the development of silica particles was later than that of organic matter,
otherwise these silica particles would fall to and accumulate at the bottom of the cavity
under gravity. The isolated organic matter on siliceous particles (Figure 4h) suggests that
organic matter could not be formed prior to the siliceous particles and, if not, organic
matter would fall to the bottom under gravity as a cotton-shaped block. Therefore, only
the synchronicity of organic matter and siliceous particles can reasonably explain the
occurrence. In other words, the micropetrography of organic–silicon complexes does
not support the assumption of oil filling pores among siliceous particles in the Wufeng-
Longmaxi shale in the Sichuan Basin [45].
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The organic–silicon complex of dissolved pores (Figures 3e,j–l, 5d,e and 6) at the
edge and inside of calcite suggests that the calcite was developed earlier than the com-
plex, and so was pyrite (Figure 7c,d). Pyrite is distributed in organic–silicon complexes
(Figures 3c,d and 4e), indicating that pyrite was developed prior to the organic–silicon
complex. The petrology evidences that pyrite metasomatism organic–silicon complex [46]
cannot occur in Wufeng-Longmaxi shale in the Sichuan Basin. Firstly, pyrite has a crystal
shape with a smooth surface and straight edges (Figure 4e,f). Secondly, siliceous particles
with stable chemical properties are insoluble in both acidic and alkaline fluids. However,
where did these mysterious fluids come from? Thirdly, although organic matter has inactive
chemical properties, what was the origin of the mysterious fluid congruently dissolving
organic matter? Finally, where did Fe2+ and S− come from?

The occurrence and interaction of fillings in cavities suggest that the filling sequence
in the Wufeng-Longmaxi shale in Sichuan Basin is calcite, pyrite, organic–silicon complex.
Calcite dissolution provided space for pyrite or organic–silicon complex, hence, cavities
might be fully filled by pyrite or organic–complex when calcite is completely dissolved,
while it might be filled by residual calcite and pyrite or organic–silicon complex when
calcite is partially dissolved.

5.2. Filling Development Period

Full filling of type II cavities by calcite, pyrite and organic–silicon complex suggests
that fillings were formed before the radiolarian siliceous shells fell to the water–sediment
interface. The residual siliceous shells would not be in a round or oval pattern if calcite
was formed above or below the interface, instead, they would be cracked into scattered
fragments under gravity. Clay minerals and pyrite framboids might fill dissolved pores
associated with calcite [47–50] when organic–silicon complex was formed above or below
the interface, where residual shells may be cracked into fragments under gravity. However,
these phenomena have not been found in the Wufeng-Longmaxi shale in Sichuan Basin.
Therefore, fillings were formed before the radiolarian siliceous shells were deposited onto
the water–sediment interface.

Radiolaria are plankton living at the ocean surface, and their organic component can
be decomposed rapidly after death [51]. The insoluble siliceous skeleton can be developed
into a siliceous shell, and cytoplasm in the cyst can be decomposed into a cavity. Calcite
filling, calcite dissolution, pyrite precipitation and organic–silicon complex filling can occur
successively in cavities during siliceous shell settlement. Meanwhile, shells may be broken
into fragments by wave action or collisions among each other, and then be preserved
under cementation.

Summarily, the micropetrography of fillings of the Wufeng-Longmaxi shale in Sichuan
Basin obviously does not support the assumption that calcite was formed at the diagenesis stage.

5.3. Calcite Development Process

Calcite in black shale can be sourced from terrigenous detritus, chemical precipita-
tion [52] and authigenic calcite during diagenesis [53,54]. Calcite in radiolarian siliceous
shell cavities of Wufeng-Longmaxi shale samples in Sichuan Basin was formed before
burial, which could not be produced by diagenesis. Terrestrial calcite fragments experi-
encing physical and chemical weathering after long-distance transportation commonly
have an irregular surface and shape. The contact between calcite and the cavity wall does
not support that. Furthermore, it is impossible for such a large number of terrigenous
fragments with such a large size to enter these closed shells, also indicating that they could
not be derived from terrigenous input. Therefore, the seawater chemical precipitation is
the only calcite source.

Precipitated calcite on the water surface is typically produced by biological activities,
some of which is a secreted by-product of photosynthesis [55]. Shallow sea water (<100 m,
especially the 10 m at the top) and sufficient light near the equator enable biological
photosynthesis to produce sufficient calcite, which is commonly suspended in the water
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body as flocculent particles. It is defined as a carbonate factory with high productivity.
The Sichuan Basin was located near the equator during the Late Ordovician to Early
Silurian [56], where radiolarians and microorganisms producing carbonate flourished on
the seawater surface. They could produce abundant flocculated calcite particles, filling
radiolarian siliceous shell cavities in a short time.

The weight of cavities filled with calcite increases settlement speed and shortens time
from seawater surface to seabed, which is conducive to preservation. However, the most
significant variation during calcite settlement is dissolution, where carbonate compensation
depth (CCD), carbonate lysocline depth (CLD) and carbonate saturation depth (CSD) are
three important interfaces [57–60]. Calcium carbonate is saturated in shallow sea water
and becomes unsaturated in the deep part because its solubility increases with decreasing
temperature and increasing pressure. The CSD is a turning point that alters calcium
carbonate from saturated to unsaturated and dissolves calcite significantly. The calcite
is weakly dissolved above CLD and is largely dissolved below CLD. The CCD can be
regarded as a snow line on land, where sediments in the shallow zone are rich in calcite
and sediments in the deep zone are poor in calcite. Water depth with calcite content of 10%
is used to define the line in practice. The CSD, CLD and CCD not only differ among oceans,
but also vary greatly within the same ocean. The CSDs of the North Atlantic, the South
Atlantic, the northern Pacific and offshore Peru are 4000 m, <2500 m at the shallowest point,
within 500 m and below surface water, respectively. The average CCDs of the Pacific Ocean,
Indian Ocean and Atlantic Ocean are 4500 m, 5000 m and 5300 m, respectively. Generally,
the CSD is usually several hundred meters above the CCD. The CCD gradually deepened
in the Phanerozoic, from hundreds of meters to thousands of meters in the Early Paleozoic
to 4000 m below at present [61]. The average calcite content of the Wufeng-Longmaxi shale
in Sichuan Basin is <10% [62,63]. It can be inferred that the shelf during the Late Ordovician
to Early Silurian was generally below the CCD, where calcite developing at the sea surface
was intensively dissolved after CSD, CLD and CCD, and only a small portion of calcite
settled and was preserved on the seabed. Hence, calcite observed in radiolarian siliceous
shell cavities is the residual type that was not fully dissolved.

5.4. Pyrite Development Process

Pyrite in sediments is closely related to thermochemical sulfate reduction (TSR) under
high temperature (100–140 ◦C) in deep basins and bacterial sulfate reduction (BSR) near
the water–sediment interface [64]. Pyrite particles in radiolarian siliceous shell cavities
of the Wufeng-Longmaxi shale in Sichuan Basin were formed above the water–sediment
interface, which were independent of TSR. BSR is usually involved in pyrite framboid
growth. The environment, e.g., anoxic water body containing dissolved hydrogen sulfide,
interface between oxygenated water and organic-rich sediment as well as below, etc., is
favorable for the development of pyrite framboids [47,65]. Currently, the origin of pyrite
framboids in sediments is being widely investigated, while pyrite particles are poorly
understood [66–68].

Particle size statistics suggest that pyrite framboids from the Wufeng-Longmaxi
shale in Sichuan Basin were developed in an anoxic water body, where BSR near the
water–sediment interface provided hydrogen sulfide to reduce terrestrial Fe3+ into Fe2+,
resulting in pyrite precipitation. Hence, pyrite particles in cavities should be precipitated
above the anoxic water body, i.e., the oxygenated water body. Li et al. (2009a, 2009b) [69,70]
found that pyrite particles were developed within shell cavities associated with Tasmanite
algae in siliceous limestone and foraminifera in marl, but were not developed outside shells.
They held that although high oxygen content in a sedimentary environment was negative
for pyrite precipitation, biological cavities provided a relatively anoxic environment for
pyrite precipitation. Similarly, pyrite particles can fill radiolarian siliceous shell cavities.

Calcite dissolution occurs to generate dissolved pores and form a closed and anoxic
environment when cavities filled with calcite settle below the CSD. It can promote sulfate
reducing bacterial growth and provide an excellent environment for pyrite precipitation.
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An anoxic environment may delay oxidation decomposition of dissolved hydrogen sulfide,
also contributing to pyrite precipitation.

5.5. Organic–Silicon Complex Development Process

Four origins of authigenic silica in black shale reservoirs have been identified by
previous studies, including biological silica dissolution, microorganisms producing silica,
smectite–illite transformation and pressure dissolution of siliceous minerals. Clay mineral
transformation and pressure dissolution commonly occur during diagenesis, which are not
a silica source for radiolarian siliceous shell cavities. The biological silica dissolution can
be divided into two stages. The first stage involves the dissolution of exposed siliceous
skeletons in sea water after organism death [71]. Fifty to sixty percent of biological opal
precipitating in surface sea water can be dissolved within a water depth < 100 m [72], where
dissolution rate is positively correlated with seawater temperature [73,74]. The second
stage is the biological opal transforming into quartz and releasing silica into fluid during
the early diagenetic stage, which can provide a source for authigenic quartz enlargement
or secondary quartz enlargement. Obviously, the radiolarian fillings were formed before
the radiolarian siliceous shells fell to the water–sediment interface. The biological silica
dissolution in the second stage cannot provide a silica source for the radiolarian siliceous
shell cavities. Actual geological data suggest that quartz secondary enlargement is more
obvious than biological silica dissolution at the Wufeng-Longmaxi shale, indicating that
the first stage is also not a primary silica source. Therefore, the microorganisms producing
silica are the main source for siliceous particles in cavities of the Wufeng-Longmaxi shale
in Sichuan Basin. The microbial origin of authigenic siliceous particles in shale reservoirs
has been gradually accepted [75].

Organic matter in the ocean can be divided into dissolved organic matter (DOM)
and particulate organic matter (POM) based on particle size, while the DOM can be
subdivided into colloidal organic matter (COM) and low-molecular-weight dissolved
organic matter (LMW DOM). The DOM is the largest organic carbon pool in the ocean,
accounting for about 90% of the organic carbon [76,77]. DOM is characterized by stable
property, difficult decomposition, high molecular weight and complex structure derived
from biomineralization and debris under chemical and biochemical processes. Typical
chemical activities, e.g., solubility, ionization, colloid and large specific surface area [78–80]
enable it to combine with terrigenous clay minerals with similar chemical activity to form
organic–clay mineral complex [81–83]. However, no organic–clay mineral complex was
found in radiolarian siliceous shell cavities from the Upper Ordovician to Lower Silurian
in Sichuan Basin, indicating that DOM was not the organic matter source. Based on silica
source analysis above, it is believed that microorganisms producing silica may be the main
organic matter source.

The calcite dissolution can be accelerated when radiolarian siliceous shells filled
with calcite and minor pyrite subside below the CLD, which provides favorable space for
microorganism growth. In this case, microbes thrive with active metabolism promoting
organic–silicon complexes to rapidly fill dissolved pores. It occurs in an anoxic environment,
contributing to the preservation of organic–silicon complex. Organic–silicon complex
isolates calcite or hinders the contact between calcite and sea water, and further inhibits
calcite dissolution, creating a favorable environment for infilling of calcite, pyrite and
organic–silicon complex. However, the microorganisms producing silicon are poorly
understood, and require more future work, especially detailed investigation on radiolarian
siliceous ooze deposited in modern oceans.

Radiolarian siliceous shells can be preserved as laminae in the seabed after deposition.
Organic matter can be transformed into kerogen with increasing burial depth and formation
temperature, which is then thermally degraded into hydrocarbon and bitumen [84,85].
Overpressure derived from hydrocarbon generation can discharge oil and gas from cavities,
where honeycomb-like pores appear in the organic–silicon complex. The remaining gas in
pores is part of the shale gas. Different from that, the organic–silicon complex in uncom-
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pleted cavities has no organic pore growth, which is caused by mechanical compaction. The
complete radiolarian siliceous shell can protect organic pores in cavities from overburden
pressure, however, an uncompleted shell has limited capacity to withstand the pressure,
where intense compaction can collapse and even disappear organic pores. Therefore, the
organic pore carrier is a weakly compacted organic matter.

Two conflicting views are currently presented about organic pore carriers in shale
reservoirs: sedimentary organic matter and migrated organic matter. Research performed
by Loucks and his team, the pioneer in studying organic pore origin through conduct-
ing micropetrography on shale samples with argon-ion-polishing technology, exhibits
difficulties in investigating the configuration between organic pores and organic matter
type. Specifically, initial research showed that organic pores were primarily developed in
sedimentary organic matter [86–88]. After that, they reported that honeycomb-like organic
pores were mainly developed in migrated organic matter. Recently, they emphasized
that appropriate solutions and technologies were required to understand organic pore
carriers [88]. The lack of typical petrological evidence that directly reflects the sedimentary
and diagenetic processes of shale and the thermal evolution of organic matter is the root
cause of the polysolubility of organic pore carriers. Our investigation suggests that the
only way to elucidate organic pore carriers and understand sequences and development
processes of minerals and organic matter is to select weakly compacted radiolarian siliceous
shale laminae to carry out micro- and ultra-micropetrological observation and geochemical
testing via various technologies.

6. Conclusions

The development sequence and material source of various fillings are investigated via
ultra-micropetrology observation of filling types and occurrence in radiolarian siliceous
shell cavities and their relationship with other minerals and organic matter. After that, the
formation and preservation mechanism of honeycomb-like pores in organic matter were
discussed. The conclusions can be summarized as the following:

(1) Both complete and uncompleted radiolarian siliceous shells were abundant in Wufeng-
Longmaxi radiolarian siliceous shale laminae in Sichuan Basin, which was filled with
calcite, pyrite and organic–silicon complex.

(2) Fillings in radiolarian siliceous shell cavities were developed in the following order:
calcite, pyrite, organic–silicon complex. Calcite was developed during sedimentation
of radiolarian siliceous shells, after that pyrite and organic–silicon complex succes-
sively filled dissolved pores associated with calcite.

(3) Calcite was derived from microbial activities producing calcium carbonate at the
seawater surface. The radiolarian siliceous shell cavity promotes sulfate reducing
bacterial growth or dissolved hydrogen sulfide reducing Fe3+ into Fe2+, contributing
positively to pyrite development. The organic–silicon complex was produced by the
metabolism of microorganisms.

(4) Complete radiolarian siliceous shells could withstand overburden pressure, where
honeycomb-like organic pores were developed in organic–silicon complex. However,
uncompleted radiolarian siliceous shells had weak compressive strength and, as a
result, organic pores were poorly developed in organic–silicon complex.

(5) The only approach to figure out organic pore carriers and investigate sequences and
development processes of minerals and organic matter is to select weakly compacted
radiolarian siliceous shale laminae to carry out micro- and ultra-micropetrological
observation and geochemical testing on weakly compacted radiolarian siliceous
shale laminae.
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