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[T I N R

Abstract: Alongside volcanic eruptions in the middle and late Permian, the sedimentary environment
and process changed, and the lithofacies characteristics varied conspicuously in the marine deposits
of the Sichuan Basin (China). The tuffaceous rocks, as a new type of unconventional reservoir, provide
strong evidence for marine and volcanic influences on the lithology and reservoir potential of the
rocks. With experimental studies relying on field outcrops, thin sections, scanning electron microscopy
and whole-rock X-ray diffraction (XRD), the researchers analyzed the lithofacies characteristics, pore
types and controlling factors on the various types of pores in the tuffaceous rocks. We identified
three lithofacies types in this new type of Permian reservoir in the Sichuan Basin, namely tuff,
sedimentary tuff, and tuffaceous mudstone. The mineral composition of the three lithofacies includes
quartz, feldspar, carbonate minerals, pyrite, and clay, among which feldspar is mainly potassium
feldspar. Tuff has high tuff content, and the lowest clay and TOC content; tuffaceous mudstones
have the highest clay and TOC content, and the lowest tuff content. The pore types of the tuffaceous
rocks are mainly nano-scale shrinkage pores, with a small number of intergranular pores including
intragranular pores, intergranular pores, and organic pores. The shrinkage pores account for 81.9%
of the total pores, and organic pores account for 11.2% of the total pores. In the tuffaceous rocks, the
tuff content, quartz and feldspar content, and pyrite content are inversely correlated with porosity,
while the clay content and TOC content are positively correlated with porosity. The porosity of tuff
is the lowest, followed by sedimentary tuff, and the porosity of tuffaceous mudstone is the highest.
Tuffaceous rocks form many micropores in the process of devitrification. Organic matter pyrolysis
and organic acid dissolution also increase the reservoir space and porosity of the reservoir. This new
type of reservoir has the ability of hydrocarbon accumulation along with the reservoir performance,
and thus it has greater exploration prospects.
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1. Introduction

In recent years, pyroclastic reservoirs have been discovered globally, including some
sedimentary basins in Japan, Cuba, the United States, New Zealand and Turkey, as well as
in the Ordos, Junggar, Jiuquan, Bohai Bay, Erlian and Songliao Basins in China [1-8]. In
particular, the successful oil testing of Permian tuff in the Santanghu Basin in 2013 confirmed
the importance of tuff reservoirs, leading to interest in this new type of tuff reservoir.

During the Late Permian of the Late Paleozoic, the marine sedimentary environment
and depositional processes changed, and a volcanic eruption occurred in the southwest of
China, forming the Emeishan Large Igneous Province (ELIP) [9-19]. It consists of a large
amount of basaltic rocks, pyroclastic lavas, and tuffaceous rock [20-22]. Among them, the
test of the Permian basalt of the ZGl well obtained a daily gas production of 256,100 mcf
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at the end of the last century. Recently, the test of Permian pyroclastic lava of well YT1 in
the Longquanshan tectonic zone, western Sichuan Basin, yielded 225,000 mcf of industrial
gas, while well YB7 in northern Sichuan yielded 1.05 million mcf of industrial gas in the
Permian tuff succession, marking a breakthrough in the exploration of Permian volcanic
rocks in the Sichuan Basin [21,23,24].

Drilling results show that a new type of tuffaceous rock has developed in the Permian
of well YB7, which has good reservoir properties and differs significantly from the basaltic
reservoirs and pyroclastic lava reservoirs encountered in previous drillings [21,23]. Previ-
ously, the basalt and pyroclastic lava in the basin were considered to have good exploration
prospects, but less attention has been paid to the new type of tuffaceous succession in
the marine facies [20-24]. Tuffaceous rocks are intermediate rocks between volcanic and
sedimentary rocks, and their lithological characteristics and mineralogical composition
are different from those of volcanic and sedimentary rocks, and are strongly influenced
by volcanic alteration and late sedimentary modification [25-35]. In order to clarify the
basic characteristics of the tuffaceous succession, the lithology of the tuffaceous succession
is firstly described, and we observe the macro-sedimentary structures and microscopic
features, and analyze its lithofacies characteristics with the mineral composition and the
pore control factors of this type of tight reservoirs, so as to provide a reference for the oil
and gas exploration.

2. Geological Setting

Sichuan Basin experienced the Dongwu Movement and the Emei Taphrogeny during
the Middle and Late Permian. Under the influence of these tectonic events, stratigraphic
differentiation was conspicuous, with the Mount Emei Basalt Formation in most of south-
west Sichuan, the Longtan Formation, a coal-bearing strata formed in marine-continent
transitional facies, in central and southern Sichuan, and the Wujiaping Formation, a car-
bonate formation accompanied by deep marine shale, in east and north Sichuan. This
period witnessed a variable overall sedimentary environment and complicated lithology,
characterized by volcanic, coastal marsh, mixed platform, carbonate platform and slope
facies developing from west to east successively [36-38] (Figure 1A).
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Figure 1. Distribution of sedimentary facies and tuffaceous rocks in the study area ((A) Distribution of
sedimentary facies in the study area; and (B) distribution of Permian tuffaceous rocks in the study area).

There are three types of volcanic lithologies distributed over a large area in the Sichuan
Basin: effusive basalts, pyroclastic and tuffaceous rocks. The lithology of the effusive
basalt, which exists as lava in large areas. They are mainly distributed in the Ya’an-
Leshan-Pingshan area of south-western Sichuan, with the thickness gradually thinning
from south-west to north-east where nearly 600 m thick deposits disappear within 100 km.
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The lithology of the pyroclastic rocks is dominated by pyroclastic lavas such as brecciated
lavas, tuff brecciated lavas and tuff-bearing brecciated lavas. These rocks are mainly found
in the Chengdu-Jianyang area, with a thickness of 200 to 350 m, thinning to less than
50 m towards the margin. The tuffaceous rocks are the transition from the volcanic to
the sedimentary facies and are formed by the redeposition of volcanic debris after being
transported by seawater. The marine tuffaceous rocks are generally sediment-stratified
and structured, with a wide distribution, but a relatively thin thickness of 10 to 20 m in the
Sichuan Basin [39-41] (Figure 1B).

3. Samples and Methods

We selected 26 samples from typical wells with an average sampling spacing of
less than 1 m for testing and analysis. The identification of the samples in plain and
cast thin sections was performed in the Sedimentary Geology Laboratory of Chengdu
University of Technology. Scanning electron microscopy and energy spectroscopy analyses
and rock physical properties testing were completed at the Key Laboratory of Oil and
Gas Reservoir Exploration and Development, Chengdu University of Technology. Total
organic carbon (TOC) and X-ray diffractometer (XRD) analyses were completed at the
Experimental Research Centre of Wuxi Institute of Petroleum Geology, Sinopec Petroleum
Exploration and Development Research Institute. All samples were crushed and ground
to below 200 mesh. For the TOC analysis, approximately 200 g of samples were firstly
decarbonated with 10% dilute hydrochloric acid at 60 degrees; we then rinsed the samples
to remove the remaining HCl. The samples were finally dried with a carbon and sulfur
analyzer. Based on the relevant Chinese National Test Standards, the analytical results have
an error of 0.5%. Whole rock mineral analysis was carried out using a Bruker D8 X-ray
diffractometer. We loaded powdered samples and scanned them with the diffractometer,
obtaining whole rock data from 5 to 90 degree scans.

4. Results
4.1. Observation of Outcrop and Core Samples

A typical tuffaceous succession is exposed in the standard section of the Permian Wu-
jlaping Formation at Daping Village, Wangcang County, Guangyuan City. The tuffaceous
rocks are underlain by a thin-medium thick, grey-black mudstone interbedded with thin
carbonaceous mudstone, and overlain by a thick layer of dark grey argillaceous (Figure 2A).
The tuffaceous rocks can be divided into four sub-layers. The first sub-layer is a 54 cm
thick, light grey fused breccia, containing a small amount of breccia, which is characterized
by hydrothermal dissolution during the burial period, with the conglomerate partially
dissolved and solution holes formed, associated with pyrite in the upper part (Figure 2B).
The second sub-layer is a mixed colored breccia with a breccia content between 40% and
50%, where hydrothermal alteration is particularly evident, with some of the breccia being
dissolved, forming more solution holes filled with pyrite (Figure 2C). The third sub-layer
is a breccia-bearing tuff, where the breccias have been dissolved, forming intra-gravel
cavities and pyrite fillings (Figure 2D). The fourth sub-layer is a black carbonaceous tuff
with distinct lamination (Figure 2E).

Under the microscope, the tuffaceous rocks are mostly composed of pyroclastic frag-
ments, argillaceous, and carbonate minerals, which are unevenly distributed. Among them,
the pyroclastic fragments are mainly vitric fragments, quartz, feldspar crystal fragments
and lithic fragments; feldspar is mostly argillized; vitric fragments and lithic fragments are
mostly devitrified into clay, and part of which are replaced by powdery dolomite; carbonate
minerals such as dolomite and calcite represent minor components, generally less than 6%,
and play a cementing role between the pyroclastic fragments; and the dolomite autocrysts
are fewer. The size of the pyroclastic fragments is highly variable, concentrated in the range
from 0.1 mm to 0.5 mm, and the distribution of the pyroclastic fragments is uneven, with
different morphologies, such as sickle-shaped, crescent-shaped, and bow-shaped. The lithic
fragments, with a particle size of generally over 0.050 mm and up to 0.500 mm at most,
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are mainly in round shapes and partly in irregular shapes and composed of rhyolite, tuff
lithic fragments and hyaloclastite. The crystal fragments are dominated by quartz crystal
fragments, with a small quantity of feldspar and mica crystal fragments. They are often in
angular and fragmented shapes, with a particle size from 0.100 mm to 0.050 mm. The vitric
fragments have a particle size from 0.100 mm to 0.050 mm, and are rarely in rigid fractures
(Figure 3).

Figure 2. Typical lithological characteristics of the Longtan Formation. ((A) Full view of the Dap-
ing Village section, showing a tuffaceous succession overlies grey-black thin- to medium-bedded
mudstone interbedded with thin carbonaceous mudstone and underlies dark grey argillaceous layer;
(B) light grey fused breccia; (C) motley breccia; (D) breccia-bearing tuff; and (E) black carbonaceous
sedimentary tuff).

The outcrop and core observations reveal that the tuffaceous rocks are usually tight,
and the dissolution pores visible to naked eye are largely undeveloped, with a few lami-
nated fractures visible. Thin section and scanning electron microscope (SEM) observations
show that the tuffaceous rocks are rich in pore types, which can be divided into primary
and secondary pores. Primary pores include shrinkage pores (Figure 4A,B), intergranular
pores (Figure 4C), etc. Secondary pores consist of dissolution pores (Figure 4C), secondary
intergranular pores (Figure 4D), organic pores (Figure 4E), etc. These also have some
microcracks (Figure 4F). Due to the unstable vitroclastic composition in the pyroclastic
fragments, the destabilization results in volume reduction and the formation of shrinkage
pores. In addition, during the alteration process or the transformation of unstable materials
at a later stage, dissolution can occur when acidic fluids are encountered, resulting in the
formation of secondary dissolution micropores.
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Figure 3. Thin sections of the Longtan Formation/Wujiaping Formation showing typical lithological
features. ((A) Fushi 1 well, Wu 2 Member, 4832 m, crystalline tuff, PPL; (B) Yuan 7 well, Wu 2 Member,
6915 m, crystalline tuff, PPL; (C) Longgang 2 well, Wujiaping Formation, 5972.08 m, sedimentary tuff
with tuffaceous texture, PPL; (D) Nanchong 2 well, Longtan Formation, 5869 m, sedimentary tuff
with tuffaceous texture, PPL; (E) Ping Shang section, Longtan Formation, tuffaceous mudstone, PPL;
and (F) Huaying Shan section, bottom of Longtan Formation, tuffaceous mudstone, PPL. F—Feldspar;
M—Mud; Q—Quartz; V—Vitric; PPL—plane polarized light).

Figure 4. SEM features of typical reservoir space in tuffaceous succession. ((A) Tuff, contraction
holes developed between mica and clay flakes, 6811.9 m, well SY1-1. (B) Tuffaceous mudstone with
contraction holes in clay minerals, 6935.69 m, well Y7. (C) Sedimentary tuff, calcite solution holes
enlarged, about 6 mm or less, intergranular pores colloidal quartz and sodium feldspar, 4945.65 m,
well M1. (D) Sedimentary tuff with development of intergranular solution holes, 5972.08 m, well L2.
(E) Sedimentary tuff with development of organic matter holes, 6867.21 m, well SY1-1; f. 5972.08 m, well
L2. (F) Tuffaceous mudstone with fracture development, 6936.07 m, well Y7. C—Calcite. DP—Dissolved
pores; IP—Intercrystal pores; Mc—Microcrack; OP—Organic pores, SP—Shrinkage pores).
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4.2. Quantitative Analysis of Mineral Components

The X-ray diffraction results of the whole-rock minerals from all samples show that the
minerals of tuffaceous rocks are mainly composed of clay, quartz, plagioclase, potassium
feldspar, calcite, dolomite, ankerite, and pyrite (Figure 5). Among them, quartz minerals
content ranged from 3.8% to 29.3%, with an average of 14.2%. The quartz minerals content
in the typical well section has regular variation characteristics, with an overall gradual
increase upwards. The clay minerals are mainly illite/smectite formations and illite, with
an overall less than 74.9% and an average of 42.6%. There are no samples without clay
minerals, and their content varies in the opposite direction to quartz, with a gradual upward
decrease in content. The feldspar minerals include potassium feldspar and plagioclase,
with their contents ranging from 0 to 23.2%, averaging 9.9%; the plagioclase content is
more stable and the potassium feldspar content is lesser, not exceeding 1%. Carbonate
minerals mainly comprise calcite and dolomite, with locally high levels of ankerite, whose
total content ranges from 8.48% to 52.54%, with an average value of 28.1% and a gradual
upward decrease in carbonatite minerals. Pyrite is detected in almost all core samples, of
which the content ranges from 0 to 9.9%, with an average of 5.2%.
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Figure 5. Main mineral components of tuff succession of a typical well.

4.3. Organic Matter Abundance

An organic carbon test indicates that the organic carbon in the tuffaceous rocks ranged
from 0.30% to 4.66%, with an average of 2.48%. Most samples have a TOC ranging from
1% to 4% (Figure 5). The low values of organic carbon are all found at the bottom of the
tuff succession and the high values are all found in the upper part of the tuffaceous rocks,
showing increasing trends from the top toward the bottom. The organic carbon content of
the Permian Wujiaping Formation mudstones in the Sichuan Basin ranges from 1.21% to
4.23%, with an average value of 2.65%; the extraction of chloroform bitumen “A” ranges
from 0.11% to 0.48%, with an average value of 0.18%; the hydrocarbon potential ranges
from 2.52 to 60.43 mg/g, with an average value of 25.48 mg/g. The organic carbon of
the selected tuffaceous mudstone ranges from 2.5% to 4.66%, with an average of 3.48%;
the extraction of chloroform bitumen “A” ranges from 0.08% to 2.25%, with an average
value of 0.87%; and the hydrocarbon potential varies widely, ranging from 8.9 mg/g to
140.35 mg/g, with an average of 45.97 mg/g (Figure 6).



Processes 2023, 11, 625

7 of 16
o
5¢ o5 200
_ <2 5 :_00
4 =201 2160
23t ESRL 2120+
e ] =
S 2r Elor T80 I
= < +
1r S0.5F =40 H‘H
I 7
0 | = 0 .—FI-I‘IL 0 LI
Mud stone Tuffaceous mudstones © Mud stone Tuffaceous mudstones Mud stone Tuffaceous mudstones

Figure 6. Comparison of organic matter abundance between mudstones and tuffaceous mudstones
of the Wujiaping Formation in the Sichuan Basin.

4.4. Lithofacies

Pyroclastic rock with volcanic sedimentary facies developed in the research area
belongs to the tuffaceous rocks. They can be classified as normal pyroclastic rocks, sedi-
mentary pyroclastic rocks, and pyroclastic sedimentary rocks according to their volcanic
material content and diagenesis [42—44] (Table 1). The normal pyroclastic rocks in the area
are dominated by tuffs, the sedimentary pyroclastic rocks are dominated by sedimentary
tuffs, and the pyroclastic sedimentary rocks are dominated by tuffaceous mudstones, with
the latter two types of rocks having distinct lamination. A small number of bioclasts,
including spicule and foraminifer, can be seen locally, and silicification was spotted inside
some of the bioclasts. The tuffaceous rocks are characterized by high gamma, high sonic
differential time, and low resistance, which are distinctly different from the other rock types.
The natural gamma values range from 65 API to 145 API, compensated neutron values
range between 10 and 45 P-U, sonic differential time values range from 62 ps/ft to 107 us/ft,
and resistivity values range from 5 Q2-m to 20 ()-m. The tuffs have natural gamma values
of 1445 API, compensated neutron values between 0 P-U and 4 P-U, sonic differential
time values between 44 ps/ft and 61 ps/ft and resistivity values between 50 (3-m and
10,000 }-m; argillaceous limestones have natural gamma values of 35-280 API, compen-
sated neutron values between 2 P-U and 12 P-U, sonic differential time values between
50 us/ft and 67 ps/ft and resistivity values between 90 (3-m and 1000 Q-m (Figure 7).

Table 1. Classification of Permian tuff successions in the Sichuan Basin.

Types

Normal pyroclastic rocks

Rocks Component Sedimentary Structures
Composition of pyroclastic
Tuff debris ranges between 75% Insignificant stratification
and 90%

Sedimentary pyroclastic rocks

Composition of pyroclastic
debris ranges between 50%
and 75%; Composition of
terrestrial debris <50%

Sedimentary tuff Significant stratification

Pyroclastic sedimentary rocks

Composition of clay mineral
Tuffaceous mudstone >50%; Composition of Significant stratification
pyroclastic debris >10%

4.4.1. Tuff

The tuff is predominantly in grey, with 75% to 90% pyroclastic content and a fine to
medium grain texture; the grain size ranges approximately between 0.05 mm and 0.5 mm; and
natural gamma-ray (GR) values range from 65 to 110 API, with an average value of 85 APL
Based on the results of a large number of thin sections, the tuff contains approximately 75% to
90% pyroclastic, quartz and feldspar. The margins of rock debris are irregular and complex in
shape; including angular, sickle, bowed and crescent shape; and chaotically arranged. The
external appearance of the rocks is loose, rough, porous, and mostly massive in structure. The



Processes 2023, 11, 625 8 of 16

feldspar and quartz content of tuff varies from 18.7% to 43.76%, the clay content is between
18.51 to 24.42% and there is an average TOC content of 1%.
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Figure 7. Lithology identification diagrams of the Wujiaping Formation.

4.4.2. Sedimentary Tuff

Sedimentary tuff is mainly dark grey, with 50% to 75% pyroclastic content, which is
characterized by a fine-grained structure with a grain size of less than 0.1 mm. The natural
gamma-ray (GR) values range from 69 API to 120 API, with an average value of 93 APL
Based on the results of the analysis of thin sections, the sedimentary tuff contains 50% to
60% pyroclastic, quartz and feldspar, and 30% to 40% clay. Most of the clay minerals are
derived from volcanic debris alteration. The sedimentary tuffs are clearly stratified. The
feldspar content of the sedimentary tuff ranges from 12.72% to 29.25%; the clay content
ranges from 24.42% to 49.44%, and the average TOC content is 2.4%.
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4.4.3. Tuffaceous Mudstone

The tuffaceous mudstone, mostly grayish black, is composed of pyroclastic material
and sedimentary clast, with a relatively low pyroclastic content of less than 50%. The
pyroclastic material is more angular than the sedimentary clast, and is poorly sorted and
rounded. The natural gamma-ray (GR) values range from 92 API to 145 API, with an
average value of 109 API. According to the results of a large number of thin sections, the
tuffs contain less than 50% volcanic clasts, quartz and feldspar, and more than 50% clay,
with an average TOC content of 3.5%.

From the analysis of the outcrop and core data, it is evident that the sedimentary
tuff and tuffaceous mudstone are often horizontally laminated, with thicknesses varying
from millimeters in the thinnest layers to 10 cm in the thickest layers. The cores are locally
enriched in pyrite, mostly porphyritic and locally laminated. The pyrite varies in size from
1 mm to 5 cm, unevenly distributed.

5. Discussion
5.1. Pore Types

Shrinkage pores: the main pores in the tuffaceous rocks have two types of genesis,
one is the transformation of volcanic detrital material to stable minerals such as quartz and
feldspar during the devitrification process, resulting in volume reduction and thus forming
shrinkage pores; the other type is the formation of clay minerals during the accountable
alteration process of volcanic detrital material, while clay minerals have a shrunk diagenetic
volume to form shrinkage pores. Although widely distributed in tuff, sedimentary tuff,
and tuffaceous mudstone, shrinkage pores are most common in tuffaceous mudstone.

Dissolved pores: it mainly includes inter-granular and intra-granular dissolved pores.
The unstable mineral components in feldspar and carbonate minerals are susceptible to
dissolution during the process of replacement alteration of pyroclastic material, forming
inter-feldspar dissolution pores and dissolution pores in carbonate minerals.

Intercrystal pores: during the process of devitrification, the formation of quartz and
feldspar and the rearrangement of mineral crystals form intercrystal pores. The process of
replacement alteration to form various types of secondary minerals and carbonate minerals
can also form intercrystal pores.

Organic pores: during the process of replacement alteration and devitrification, organic
matter is dissolved by organic acids, forming organic pores, which are usually small, with
a pore size of several hundred nanometers.

Fractures: outcrop and core observations display that low-angle interlamellar fractures
developed parallel to layers. The millimeter wide fractures are locally filled. More unfilled
interlamellar fractures were observed in thin section and SEM, which are more common in
tuffaceous mudstones, with fracture widths of nanometer scale.

We selected typical tuffaceous rock samples for a comparative analysis of the reservoir
space and found that shrinkage pores were the most abundant in clay, accounting for an
average of up to 81.9%, while organic matter pores accounted for 11.2% and intergranular
dissolved pores, intragranular dissolved pores and intercrystal pores accounted for 6.9%
(Figure 8).

5.2. Mineral Enrichment
5.2.1. Sulphur-Bearing Mineral Enrichment

In conventional logging and core data, the fine-grained sediments in this section
are mainly argillaceous limestone, marlstone, and mudstones. From whole-rock X-ray
diffraction data, the section contains stable volcanic ash, mostly felsic rocks, and there is
a good positive correlation between volcanic ash and pyrite content. The association of
volcanic material with pyrite is not only seen in this Permian section of the Sichuan Basin,
but also in sulfide iron ores in many parts of the world, and volcanism is an important
formation mechanism for this type of ore [45-47]. The chemical formula for pyrite is
FeS,, and the link between volcanic material and pyrite genesis can be divided into sulfur-
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supplying and iron-supplying sources, with the sulfur-supplying source playing a major
role. The main source of sulfur is the transport of sulfur components stored in the magma
to seawater through volcanic eruptions. In the southwest Sichuan Basin, volcanoes erupt
strongly, emitting ash clouds rich in sulfur dioxide gas. During the intervals between
eruptions, the craters and nearby volcanic vents are capable of ejecting a continuous stream
of sulfur dioxide gas. Volcanic ash is ejected as ash clouds during volcanic eruptions along
with strong acidic gases such as sulfur dioxide. Under high temperature conditions, the
sulfuric aerosols and sulfur dioxide oxidize to form sulfuric acid, which strongly corrodes
the ash surface, resulting in a sulfate containing a surface salt film. Volcanic ash injected
into seawater can release large amounts of sulfate ions in a short period of time. In the
north and the east of Sichuan, underwater crater eruptions are the prevailing case, where
the magma is in more intimate contact with seawater. The dissolved sulfur dioxide in the
magma degasses from the magma and then dissolves directly in seawater increasing the
sulfate ion content of the water column.
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Figure 8. Reservoir space of tuffaceous rock types in the Wujiaping Formation, Sichuan Basin.

5.2.2. Organic Matter Enrichment

In terms of organic matter abundance, both mudstone and the tuffaceous mudstone in
the Wujiaping Formation are good hydrocarbon source rocks, but the tuffaceous mudstone
is higher than its contemporaries in terms of organic carbon, chloroform asphalt “A” and
hydrocarbon generating potential (Figure 8). It shows that volcanic ash has a significant
enrichment effect on the organic matter in hydrocarbon source rocks. When elements such
as P from the volcanic material enter the sea water to provide rich nutrients, it promotes the
proliferation of aquatic organisms and increases paleoproductivity, thus increasing organic
matter abundance and forming abundant organic pores.

5.3. Controlling Factors
5.3.1. Relationship between Mineral Composition and Pore

In order to clarify the controlling factors on the porosity of tuff succession, a large
number of samples were selected to study the variation of mineral fraction and porosity
of each tuff succession. From the scatter plot, we found that the overall porosity of the
tuff succession is high, with an effective porosity greater than 2% and an average porosity
of 5.24%, ranging from 2.1% to 8.2%. However, the scatter plot shows that porosity is
mostly comprised between 3% and 7% (Figure 9). When the quartz content of the tuff
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succession is low, the porosity is high; as the quartz content increases, the porosity shows
an overall decreasing trend. There is no particularly clear relationship between changes in
feldspar content and porosity. In general, there is an inverse correlation between feldspar
and quartz content and porosity variation, i.e., as feldspar and quartz content decreases,
porosity increases. The variation in pyrite content was also roughly inversely correlated
with porosity, i.e., when the pyrite content was low, the porosity was relatively high.
However, the change in porosity is less pronounced after the pyrite content is greater than
10%. There is a clear positive correlation between clay content and porosity, with porosity
increasing as the clay content increases.
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Figure 9. Scatter plot of mineral composition, TOC and porosity.

5.3.2. Relationship between TOC Content and Pore

Shrinkage pores, organic pores and fractures are common in tuffaceous rocks, which
have more similarities to shale [48-50]. Whether the organic carbon content affects the pore
space is an important issue in the study of tuffaceous rocks. Based on a large number of
sampling analyses, we found that the porosity of tuffaceous rocks are mostly higher than
2%, and when the organic carbon content is less than 1%, the porosity varies from 2.3% to
5.8%, with an average porosity of 3.9%. However, there is an overall trend of increasing
porosity as the organic carbon content increases (Figure 9).
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5.3.3. Relationship between Tuffaceous Component and Pore

There are three lithofacies types in the studied tuffaceous rocks, including tuff, sedi-
mentary tuff, and tuffaceous mudstone. The tuff content of the three lithofacies types varies
considerably. The tuffs have a relatively high tuff content of 75% to 90%. Sedimentary
tuffs have a tuff content of 50% to 75%. The tuffaceous mudstones have a smaller tuff
content, between 10% and 50%. The overall porosity of the tuffs is relatively low, mostly
ranging from 2.4% to 5.7% and mainly concentrating at 3% to 4%, with an average porosity
of 3.86%; the sedimentary tuffs are mainly comprised between 2.2% and 7.5%, with an
average porosity of 5.09%; the tuff mudstones have the highest porosity, mainly comprised
between 5% and 8%, with an average porosity of 6.5% (Figures 9 and 10). The porosity is
strongly influenced by the tuff content. In contrast, clay content variation is significantly
influenced by lithology, with the tuffs having the lowest clay content and the lowest average
porosity. Tuffs also have the lowest organic carbon content and the lowest porosity; in
contrast, tuffaceous mudstones have the highest clay and organic carbon content, with the
highest average porosity.

25
_ 20 — -
2 151
2
=, 10-
® 5. H
[

‘e ml ]

2-4 4-6 6-8 8-10

Porosity (%)

] Tuff [ Sedimentary tuff [ | Tuffaceous mudstone

Figure 10. Distribution of porosity in tuffaceous rocks.

In summary, according to the relationship between porosity and the variation of tuff
composition in the three lithofacies, we find that the higher content of volcanic material, the
lower the porosity will be; the higher the content of clay minerals, the higher the porosity
will be. Tuffs have the highest tuff content and the lowest clay content, so they have the
lowest porosity; tuffaceous mudstones have the lowest tuff content and the highest clay
content, so they have the highest porosity.

5.3.4. Relationship between Devitrification and Dissolution and Porosity

In the storage space of tuffaceous rock samples, the shrinkage pores between clays
are the most, accounting for 81.9% on average, the organic matter pores account for 11.2%,
and the intergranular dissolved pores, intragranular dissolved pores, and intercrystalline
pores account for 6.9%. It can be seen that shrinkage pores and dissolution pores are most
important storage spaces, except for organic matter pores (Figure 8). In the process of
devitrification, tuffaceous rocks transform into quartz microcrystals (Figure 11). With the
formation of clay, due to the smaller volume, a large number of micropores are released.
In the process of pyrolysis of organic matter, the organic acid formed dissolves feldspar
and carbonate minerals, forming a large number of dissolution pores. These processes all
increase the porosity of the reservoir.
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Figure 11. Pore formation and evolution diagram.

6. Conclusions

Focusing on the marine tuffaceous rocks, this study uses field outcrop, thin section,

scanning electron microscopy and whole-rock X-ray diffraction experiments to investigate
the lithofacies characteristics and the controlling factors of pores, and has gained the
following five insights.

@

@

®)

The Permian tuffaceous rocks in the Sichuan Basin are divided into three main litho-
facies types, including tuff, sedimentary tuff, and tuffaceous mudstone. The tuffs
mainly include detritus tuff and crystal tuff. The sedimentary tuff and tuffaceous
mudstone often occur interbedded and are stratified. The mineral composition of
the three lithofacies includes quartz, feldspar, carbonate minerals, pyrite, and clay,
and the feldspar is mainly potassium feldspar. The tuffs have the highest feldspar,
quartz and pyrite content, and the lowest clay and TOC content. The tuffaceous
mudstones have the highest clay and TOC content and the lowest feldspar and quartz
and pyrite content. The sedimentary tuffs are intermediate between the tuff and
tuffaceous mudstone.

The pore types in the tuffaceous rocks mainly include shrinkage pores, dissolved
pores, intergranular pores, organic pores. Shrinkage pores mainly include shrinkage
pores formed during the alteration of pyroclastic material and inter-clay shrinkage
pores. Shrinkage pores are the common type, usually at the nano-scale, accounting
for 81.9% of the total pores. Organic pores account for 11.2% of the total pore space.
The feldspar and quartz content, and pyrite content in the tuffaceous rocks are in-
versely correlated with porosity, while the clay content and TOC content are positively
correlated with porosity. The higher the tuff content in the three lithofacies, the lower
the porosity; therefore, tuff has the lowest porosity, followed by sedimentary tuff, and
tuffaceous mudstone has the highest porosity.
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(4) Tuffaceous rocks form many micropores in the process of devitrification. Organic
matter pyrolysis and organic acid dissolution also increase the reservoir space and
porosity for the reservoir.

(5) The marine tuffaceous rocks have an overall high TOC content and porosity, and
thus have a hydrocarbon generation capacity and reservoir space. They could be
hydrocarbon source rocks and reservoirs. As a new type of reservoir, they could form
self-accumulation and self-reservoir types of tight reservoirs, with the characteristics
of co-generation of the source and reservoir, lithology reservoir, and broad plane
distribution, and thus they have great exploration prospects.
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