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Abstract: Volcaniclastic rocks are important unconventional oil and gas reservoirs from which it
is difficult to determine the protolith due to strong metasomatic alteration. Intensive alteration
has occurred in much of western China, but few robustly documented examples are known from
which to assess the alteration processes. Further recognition from the petrological and mineralogical
record is essential to quantify the diagenetic environment, the degree of alteration, and its impacts.
Permian volcanic rocks are widely developed in the western Sichuan Basin (southwestern China),
with a thickness of more than 200 m. The thickness of volcaniclastic rocks in the Permian Emeishan
Basalt Formation is up to 140 m, with a 5600~6000 m burial depth. In this study, we demonstrate
an approach to recognizing hydrothermal alteration by the occurrence of scapolite megacryst mineral
pseudomorphs (SMMPs) in Permian volcaniclastic rocks in the Sichuan Basin (southwestern China).
The results show that SMMPs in the Permian volcaniclastic rocks in the western Sichuan Basin
mainly occur in the lower part of the Permian basalts as intragranular minerals and rock inclusions.
Scapolite is transformed into quartz and albite, and only the pseudomorph is preserved, indicating
secondary hydrothermal fluid metasomatic alteration. Scapolite is formed after microcrystalline
titanite and is the product of the high-temperature pneumatolytic metasomatism of plagioclase from
the mafic protolith during the post-magmatic stage. The mixing of meteoric water and barium-
rich hydrothermal fluid leads to the precipitation of barite; additionally, the pores are filled with
barite and halite after the alteration of scapolite. The silicification and hydrothermal dissolution
of scapolite and the albitization of sodium-rich matrix minerals increase the pore volume, which
is conducive to the later recharge by hydrothermal fluids. The discovery of SMMPs can serve as
an indicator of the high-temperature pneumatolytic metasomatism and mixing of meteoric water
and deep hydrothermal fluid.

Keywords: Sichuan basin; southwestern China; Permian volcaniclastic rock reservoir; scapolite
megacryst mineral pseudomorphs; pneumatolytic metasomatism

1. Introduction

Volcanic rocks are important unconventional reservoirs with a wide distribution [1-4].
Among them, volcaniclastic rocks (especially tuff) have drawn significant attention from the
oil and gas exploration community; tight oil resources have been found in low-permeability
tuff reservoirs in many oil- and gas-bearing basins [5]. In addition, tuff has specific features
such as, a small particle size, complex alteration pathway, and intricate reservoir space,
making it difficult to study volcaniclastic rocks [6-8].

Minerals 2024, 14, 200. https://doi.org/10.3390/min14020200

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min14020200
https://doi.org/10.3390/min14020200
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-0984-3894
https://orcid.org/0009-0003-0157-9157
https://orcid.org/0000-0002-0158-5923
https://doi.org/10.3390/min14020200
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14020200?type=check_update&version=2

Minerals 2024, 14, 200

2 of 20

Volcanic rocks, particularly volcaniclastic rocks, are prone to weathering and hy-
drothermal alteration; temperature, pressure, and hydrothermal fluid composition are
key parameters. Alteration not only changes the mineralogical composition and structure
of the primary rocks, but also changes their geochemical characteristics [9-11]. Some
studies have suggested that the geochemical characteristics of volcanic rock minerals are
not always significantly changed during the process of alteration. For example, in the
case of the hydrothermal alteration of rhyolite, the geochemical characteristics of the new
minerals are not significantly different from those of primary rocks [12]; for example, the
heavy rare-earth element (HREE) contents of whole rocks in the Sm-Nd isotopic system
remained consistent in the Lala Fe-Cu-REE deposit [13]. Generally, however, alteration
changes the characteristics of protoliths. During hydrothermal alteration, the concentration
of aluminum, iron, manganese, and magnesium in a hydrothermal solution gradually
decreases, while the concentration of calcium gradually increases, and carbonate minerals
are formed [14,15]. The alteration minerals in basalts are mainly chlorite, quartz, montmo-
rillonite, calcite, zeolite, and pyrite [14-16]. Moreover, apatite mineral chemistry studies
show an enrichment in light rare earth elements (LREEs) and negative Eu anomalies via
hydrothermal alteration [17]. Tuff alteration also changes the geochemical characteristics
of primary rocks [18]. Furthermore, in the process of mineral alteration, changes in min-
eralogy affect the density and volume of rocks. More specifically, changing the volume
of surrounding rocks affects the seal integrity of fractures, further impacting the physical
properties of volcanic rock reservoirs [19]. Some mineral alteration leads to an increase
in the surrounding rock volume, which blocks fluid conduits and hinders further reac-
tions. For example, the presence of chlorite [20] and the precipitation of quartz [11] lead to
a decrease in rock density and an increase in rock volume, greatly reducing the porosity
and permeability of the reservoir. Conversely, feldspar sericitization (clay alteration) is an
alteration process that reduces volume, creates reservoir space, and improves the reservoir
properties [18,21].

Permian volcanic rocks are widely distributed in the western Sichuan Basin (south-
western China), with a thickness of more than 200 m, and have great exploration potential.
Among them, the volcaniclastic rocks in the Chengdu-Jianyang area on the northern mar-
gin of the Emeishan Large Igneous Province (EMLP) are widely distributed. The thickness
of volcaniclastic rocks in the Permian Emeishan Basalt Formation is up to 140 m, with
a 5600~6000 m burial depth [22-25]. Previous studies have indicated that the effects of
the volcanic environment, lithofacies, reservoir physical properties, and diagenesis on
volcaniclastic rocks are crucial [24]. Shimizu (2021) and Somarin and Lentz (2008) showed
that the formation of new minerals via alteration can provide information regarding the
diagenetic environment. For example, quartz, pyrite, epidote, chlorite, and calcite often
occur in low-temperature hydrothermal systems [26,27]. However, it is often difficult to
determine the lithology of the protolith due to strong metasomatic alteration, which further
affects the analysis of its genetic mechanism [7,28-30]. In addition, the effect of metasomatic
alteration on the reservoir can be very important, in which minerals maintain their original
crystal morphology. Therefore, it is helpful to analyze the composition of primary and alter-
ation minerals, identify the lithology of protoliths, and reconstruct fluid-rock interactions
under the condition of strong alteration according to the pseudomorphic characteristics
and chemical composition changes in metasomatic minerals [31,32]. In this study, our main
objectives were to (1) specify the timing and the process of scapolitization, (2) propose
a conceptual model of hydrothermal alteration, and (3) investigate the origin of scapolite.

2. Geological Setting

The western Sichuan Basin (southwestern China), located in the western region of
the Yangtze paraplatform (Figure 1a), is a composite superimposed basin with multi-
cycle evolution [33]. This basin is a late Mesozoic—-Cenozoic foreland basin overlying
a Precambrian-Middle Mesozoic passive margin [34] that experienced strong compressive
tectonic deformation after the Permian. During the Jinning tectonic activity and Chengjiang
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tectonic activity, the basement structure was established and separated by a central uplift
of brittle lithologies [35]. Thereafter, the basin experienced several significant tectonic
episodes, including the Tongwan, Caledonian, Yunnan, Dongwu, Indosinian, Yanshanian,
and Himalayan [36,37]. The study area (Jianyang) is located in the western Sichuan Basin,
which is situated on the border of Chengdu and Suining counties (Figure 1a,b), restricted by
the Longquanshan Fault. The Permian Emeishan Basalt Formation lies within the eastern
part of the Emeishan Large Igneous Province, which developed as a result of Hercynian
orogeny and ranges in age from 261 to 257 Ma [38].

E105° E106° E07 [p === /// A

R S TN X
~~o - < Wange
0 50km %\ / \/\ Innge /i
Fd

/ = TmL gyou —

N

Lixian//
>/

China “*ﬁ
N

[ iowg o\ Chéjiﬂ |

(][ ] [e][E]] L]
g Sichuan Basin  Fault ~ County town Study area Paleozoic
’ 3 | l ° I | I | | | 500 | |
Gas field Wells Effusive Central  Thickness Facies
facies eruption of basalt

Figure 1. Simplified geological maps and location of Sichuan Basin. (a) Simplified geological map in
the western Sichuan Basin, southwest China; (b) Distribution map of Permian volcanic rocks facies in
Sichuan basin [39]. Red dotted box is the study area and YS1, YT1, TF2 are the exploratory wells. P1,
P2, P3 are the locations corresponding to Figure 2a.

Emeishan basalt is widely distributed in the western and southwestern Sichuan Basin,
and has an exposed area greater than 25 x 10* km? [40]. Volcanic rocks comprise the main
continental eruption, and partly interbedded volcanic rocks and limestone indicate a marine
eruption in the early stage [39,41]. The thickness of the Emeishan Basalt Formation (P, [3)
in the southwestern Sichuan Basin is up to 1400 m, with a 500-6000 m burial depth, and
at least eight eruptive cycles are recognized [42]. Unconformable contacts lie between the
Emeishan Basalt Formation (P, [3) and the underlying Middle Permian Maokou Formation
(Pom) and the overlying Permian Longtan Formation (P;l). The underlying Maokou
Formation interval is mainly composed of gray thin-to-medium limestone with thin dark
calcareous mudstone interlayers, representing a relatively shallow and mid-energy marine
environment during the sea-level fall. The upper part of the Maokou Formation was mostly
eroded during the Dongwu movement. The overlying Longtan Formation interval is mainly
composed of black thin mudstone and silty mudstone, locally containing carbonaceous
shale and coal, which belong to the coastal marsh facies. The Longtan Formation comprises
subordinate source rocks for oil and gas exploration, whilst Cambrian shales are primary
source rocks [42].
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Figure 2. Comprehensive histogram of Sichuan Basin. (a) Comprehensive histogram of stratigraphy
along the NW-SE section across western and central part of Sichuan Basin; (b) stratigraphic column
of Permian in Jianyang area (western Sichuan). Line P1-P3 corresponds to Figure 1a.

Several wells (YS1, YT1, TF2) have been drilled into the Permian Emeishan basalt
interval in the Jianyang area of the western Sichuan Basin. Well YT1, located in the
Jianyang area of the western Sichuan Basin, is the first key risk exploration well in the
Permian volcaniclastic rock reservoir and produced 225,000 m®/d of gas during the test.
Previous studies have shown that the distribution of the volcaniclastic rocks in well YT1 is
obviously controlled by the Longquanshan basement fault (Figure 1a). The volcaniclastic
rock section has a thickness of almost 100 m and consists of deposits of alkaline basalt
rock fragments (Figure 2a,b). It is widely recognized that the reservoir space type is
dominated by secondary nano-micropores, and the volcanic reservoir is a high-quality
porous natural gas reservoir [22,41,43-45]. It is also recognized that the volcanic eruption
environment, lithology, and lithofacies are the basis for the formation of volcaniclastic rock
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reservoirs, while a series of alteration processes that volcanic rocks undergo when they
condense are the key factors for the formation of reservoirs [46,47]. The alteration processes
include hydrothermal alteration, weathering, and burial dissolution. Notably, a series
of actions related to hydrothermal fluid activities contribute greatly to the formation of
reservoir pore space. In addition, the hydrothermal fluid activities also formed particular
mineral paragenesis assemblages, e.g., the hydrothermal accessory minerals chlorite and
albite [39,46].

Some hydrothermal accessory minerals such as titanite, apatite, monazite, and zircon
can be found in the upper part of the volcaniclastic rocks (5645.76-5646.25 m). A unique
altered form of the mineral scapolite, referred to as scapolite megacryst mineral pseudo-
morphs (SMMPs), can also be found. SMMPs occur as large and elongated crystal forms,
with lengths ranging from 1 to 5 cm, and belong to the megacryst—pegmatitic mineral
group. This alteration pseudomorph is blue-gray in hand specimens (Figure 3a—d) and
colorless and transparent in thin sections. It is composed of quartz, albite, titanite, calcite,
barite, and chlorite. Additionally, secondary minerals such as tourmaline and anthophyllite
are found in the lower part of volcaniclastic rock sections.

Figure 3. Core photographs of scapolite megacrysts minerals pseudomorph (SMMPs) in volcaniclastic
rocks from the Permian Formation. (a) Breccia lava with plastic magma fragment and scapolite giant
crystal pseudomorph, YT1 well, 5645.76-5645.98 m; (b) Breccia lava with plastic magma fragments
and SMMPs, YT1 well, 5645.98-5646.24 m; (c) Breccia lava with plastic magma fragments and SMMPs,
YT1 well, 5645.98-5645.24 m; (d) Breccia lava with feldspar pieces, basalt breccia, altered breccia and
dark reticular veins, YT1 well, 5645.76-5645.98 m.



Minerals 2024, 14, 200

6 of 20

3. Sampling and Methodology

Twenty cores from well YT1 and four cores from well TF2 were collected in order
to document the petrological characteristics of the volcanic rocks. One hundred doubly
polished and blue epoxy-impregnated thin sections were produced to determine lithologi-
cal components, porosity, and alteration minerals. Four samples were prepared for fluid
inclusion analysis. Thin-section, electron probe, and fluid inclusion investigations were all
carried out at the Natural Gas Geology Key Laboratory of Sichuan Province, Southwest
Petroleum University, China. Firstly, the rock was ground into 0.03 mm thin sections, and
these were examined with an Olympus BX53M microscope (Shinjuku-ku, Tokyo Japan,
Olympus). Bulk and clay mineral analyses based on X-ray diffraction (two samples) were
accomplished at the National Key Laboratory of Oil and Gas Reservoir Geology and Ex-
ploitation, Southwest Petroleum University, in which selected samples rich in SMMPs were
ground into 200-mesh powder and tested for bulk mineral composition using an X-ray
diffractometer (X Pert PRO MPD, PANalytical B.V., Almelo, The Netherlands). Particles
smaller than 2 um were further extracted for separate determination of clay mineral types
and contents [48]. The standard minerals were calculated using an Excel (2009) spreadsheet
designed by Kurt Hollocher and using the Le Maitre (1976) method to adjust iron oxide
according to volcanic rocks. Oxides were converted to 100% after removing HO-, etc. The
standard minerals were represented by the weight percentage content. Other parameters
were as follows: combination index (0): 043 = (NayO + K;,O) "2/(510,-43) (Wt%); differen-
tiation index (DI) = Qz + Or + Ab + Ne + Lc + Kp. The A/NK-A/CNK diagram of volcanic
rocks and the chemical type discrimination were taken from Mania and Piccoli (1989):
A/NK = Al,O3/(NayO + K,0O) (mol); A/CNK = Al,O3/(CaO + NayO + K,0) (mol); and
alkalinity rate (AR) = [ALLO3; + CaO + (NaO + K,O)]/[A,O3 + CaO — (NaO + K,O)]
(Wt.%).

Electron probe microanalyzer (EPMA) analysis (YT1 well, 5645.76 m, 5645.98 m,
5646.41 m) was carried out on polished sections 500 um thick that were cut from the same
blocks as thin sections. EPMA analyses were performed using a JXA-8230 electron probe
micro-analyzer (Showima, Tokyo, Japan, JEOL) combined with a backscattered electron
(BSE) detector, energy spectrometer (EDS) and wavelength dispersive spectrometer (WDS)
(London, UK, Oxford Instruments). The accelerating voltage was 15.0 kV, the beam current
was 20 nA, the beam diameter was 5 um, and the peak counting time was 10 s. The spectral
analysis accuracy was better than 1% (main element content > 5%) and 5% (secondary
element content 1%-5%); the detection limit was 0.01 wt.%. EDS surface scanning was used
to scan the local area of the scapolite and obtain the distribution of nine main elements:
Si, Al, K, Na, Ba, Ca, Ti, Fe, and Mg. Authigenic minerals and micropores were observed
using a Quanta 650 FEG scanning electron microscope (SEM) (Brno-Kralovo Pole, Czech
Rep, FEI Czech Republic S.R.O) with backscatter electron (BSE) imaging in the State Key
Laboratory of the Southwest Petroleum University.

Fluid inclusion was investigated at the Southwest Petroleum University with a Linkam
THMSG600 system (Salfords, Surrey, UK, Linkam Scientific Instruments). The composition
of the fluid inclusion was measured using a Renishaw inVia-Qontor microconfocal Raman
spectrometer (Waltham, MA, US, America Thermo Scientific) laser with a wavelength of
532 nm and a grating size of 1800 L/mm. The exposure time was 2 s, laser power was
10%, and accumulation number was 3. The measurement range of the hot and cold stage
was —196~600 °C, and the heating—freezing rate was reduced to 1-10 °C/min. When the
temperature was close to the phase transition temperature, the heating—freezing rate was
reduced to 0.2-1 °C. During the cooling process, the measurement accuracy was +0.1 °C
when the temperature was less than 30 °C, and the measurement accuracy was £1 °C
when the temperature was between 30 °C and 300 °C. The analysis was carried out in the
laboratory at room temperature (25 °C) and 50% humidity.
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4. Results
4.1. Petrology and Mineralogy

The core observation results show that SMMPs mainly occur at a depth of 5645.76-5745.98 m
in well YT1 (also an important reservoir interval), consisting mainly of breccia lava. In
addition to SMMPs, there are basaltic and other intermediate-basic rock fragments, plastic
magma fragments, plastic rock debris, and feldspar crystal fragments (Figure 3a—d). The
rock samples display a massive structure and common dark mineral network veinlets,
likely corresponding to fluid migration conduits (Figure 3d). According to the results of
the major and trace element analyses, the SiO, content ranges from 51.5 to 57.1 wt.%, and
the NaO + KO content ranges from 6.7 to 8.9 wt.%. The rock samples belong to the
intermediate-basic alkaline igneous rock series. The Chemical Index of Alteration (CIA)
ranges from 58.1 to 59.3, Alteration index (AI) ranges from 9.56 to 17.29, and Loss on
ignition (LOI) ranges from 2.01 to 3.27 wt.% (Table 1) [49,50]. The TiO, content ranges from
4.2 to 4.4 wt.%, the Sr content ranges from 129 to 141 ppm, and the Ba content ranges from
35.5 to 49.2 ppm; the Sr/Ba ratio ranges from 2.87 to 3.63 (Table 1). The total rare earth
element content (ZREE) ranges from 202.95 to 320.32 ppm, and LREE/HREE ranges from
6.96 to 8.86 (Table 2) [39]. The X-ray diffraction analyses show that albite and chlorite are
the most abundant minerals, together constituting more than 90 wt.% of the rocks. Quartz
and titanite are the other two important minerals but are present in low concentrations,
from 1 to 3 wt.% and from 5 to 7 wt.%, respectively (Figure 4).

The CIPW normative composition calculated for rock samples (Table 3) includes
albite (75.80 wt.%), anorthite (7.09%), titanite (2.85 wt.%), diopside (2.24 wt.%), and iron-
rich minerals such as ilmenite (5.91 wt.%) and hematite (2.79 wt.%). However, XRD did
not detect minerals such as Ca-rich plagioclase, diopside, ilmenite, and hematite. The
minerals consist of alteration minerals and primarily include albite, titanite, and chlorite,
subordinated by quartz (<1 wt.%), indicating a very high degree of alteration (Figure 4).

Ab Ttn Chl Q Total
7000 -
wt.% | wt.% wt.% | wt.% wt.%
GHve 82 5 12 1 100
5000
5
% 4000
Z
£ 3000 1
2000
1000
5 10 15 20 25 30 35 40
2Theta(Degree)
——Chlorite —— Titanite —— Quartz Plagioclase
Figure 4. X-ray diffraction analysis results of volcaniclastic rocks from the Permian Formation, Well
YT1; 5645.98m; Detect limitation: 1%. Ab-Albite; Ttn-titanite; Chl-Chlorite; Q-Quartz.
Table 1. The major and trace element analysis of Permian volcaniclastic rocks in well YT1.
Depth Al,O; CaO K,O0 BaO SrtO Na,O SiO MgO Sr Ba
Sample  TEPTH A2 2 2 2 78 SrBa LOI CIA Al
Number m wt% wt% wt% wt% wt% wt% wt% wt% ppm ppm
YT1-1 5645.76 16.02 4.24 0.07 0.03 0.02 6.67 51.09 221 1290 355 363 327 6391 17.29
YT1-3 564598 17.03 341 0.07 0.04 0.02 8.80 5709 122 1410 492 287 201 61.61 956

LOI- Loss on ignition; Al-alteration index; CIA-chemical index of alteration.
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Table 2. The REE contents of Permian volcaniclastic rocks in well YT1.

LREE HREE
Sample DePh ;. ce pr Nd Sm Eu G4 Tb Dy Ho Er Tm Yb Lu ZLREE IHREE IREE LREE/HREE
Number

m ppm ppm ppm  ppm

YT1-1 5645.76  54.7

YT1-3 564598 229 81.6

131.5 1635 66.7 145 4.09 1225 171 859 164 411 055 3.18 045 287.84 32.48 320.32 8.86
11.33 478 10.65 3.18 9.44 134 703 128 327 044 236 033 17746 25.49 202.95 6.96

Table 3. CIPW results of volcaniclastic rocks from the Permian Formation, well YT1, 5645.98 m.

CIPW
Calculation
Mineral
(Matrix)

Q An Ab Or Di Hy (0)] 11 Hm Ap Zr Cm Ttn Th Total
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
0.0 7.09 75.78 0.42 224 0.49 1.11 591 2.79 1.18 0.07 0.02 2.85 0.09 100.04
DI=76.2 H,O0=1.25 A/NK=1.17 A/CNK =0.821 AR =2.53 043 =5.35

Above data is calculated from the major and trace element of matrix component (Table 1) (YT1-3, 5645.98 m).
Q-Quartz; An-Anorthite; Ab-Albite; Or-Orthoclase; Di-Diopside; Hy-Hypersthene; Ol-Olivine; Il-Ilmenite; Hm-
Hematite; Ap-Apatite; Zr-Zircon; Cm-Chromite; Ttn-Titanite; Th-Thenardite; Chl-Chlorite.

Dark reticular veins are composed of subhedral to anhedral microcrystals of titanite;
the enclosed breccia is characterized by directional features that obviously indicate flow.
Additionally, hematite fills the dark mineral dissolution pores (Figure 5a). The SMMPs
are mainly subhedral and bypass or locally transect the titanite veins, indicating that
the pseudomorphs formed slightly later than the titanite (Figure 5b). The SMMPs could
have two possible origins: (1) replacement of scapolite by quartz, albite, titanite, barite,
calcite, and chlorite; (2) complete dissolution of scapolite, the generated pores being filled
later by the same secondary minerals (Figure 5c,d). Further, hornblende, calcium-rich
plagioclase (dissolved tabular albite, titanite, and reprecipitated), basalt (Figure 5c,f), and
other minerals or rock inclusions are clearly visible (Figure 5e,f).

Metasomatic alteration of the scapolite produced and formed much of the quartz, and
there are few quartz crystals in the matrix (Figure 5¢,f). Quartz is suggested to mainly
result from the interaction between the fluid and the scapolite. In addition, amygdaloidal
structures present in the altered rock are filled with albite (Figure 5d).

Moreover, xenomorphic granular barite is present between quartz and other minerals.
In the electron probe backscattering image, barite can be distinguished from other minerals
with higher brightness; the rim is often enclosed by subhedral and euhedral granular quartz,
and there may be a small amount of lath albite mineral inclusions inside (Figure 6a,b).
Barite is almost invisible in the matrix, except that it is present inside and outside the
scapolite crystal, suggesting that the precursor is derived from the decomposition products
of scapolite minerals.

The matrix is mainly composed of albite, microcrystalline titanite, and chlorite. Mi-
croporosity in the matrix is abundant and is associated with volcanic glass devitrification
(Figure 7a—c). In addition, euhedral granular halite crystals fill the matrix pores (Figure 7d).
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Figure 5. Photomicrographs of the Permian volcaniclastic rocks and SMMPs in the western Sichuan
Basin. (a) Microcrystalline titanites are arranged in a directional manner around the breccia to form
a dark reticular vein, dark mineral dissolution pore in the hematite, well YT1, 5645.76 m, blue casting,
plane polarized light; (b) The SMMPs is subhedral, growing around dark mesh veins, well YT1,
5645.98 m, plane polarized light; (c) The scapolite is replaced by quartz and barite, and a chlorite
inclusion is also seen, well YT1, 5645.98 m, crossed polarized light; (d) The SMMPs is composed
of quartz, albite, chlorite, and barite, and titanites are transected by SMMPs, well YT1, 5645.98 m,
plane polarized light, amygdaloidal structures-red circle; (e) Mineral or rock inclusions such as
amphibole, plagioclase feldspar (now converted into albite and titanite), and basalt rock fragment are
found in the SMMPs that is replaced by quartz, well YT1, 5645.98 m, plane polarized light; (f) Photo
(e) crossed polarized light. Scp-Scapolite; Q-Quartz; Ab—Albite; Ttn-Titanite; Brt-barite; Chl-chlorite;
Amp-Amphibolite; Hem-Hematite; Cal-Calcite.
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aLat Cakal Fe Ka' ¥ Mg Kal-2

Figure 6. The back-scattered electron image (of EPMA) characteristics of SMMPs. (a) Large number
of xenomorphic granular barites, irregular titanite, flaky chlorites, etc. are scattered in the SMMPs
composed of quartz minerals, and the matrix is mainly composed of albite with the morphology
of analcime and albite after devitrification of volcanic glass. Titanites (black line) are obviously
transected by SMMPs, and partly (yellow polygon) remain pseudomorphs of hornblende. The yellow
thick dashed line shows the boundary between the matrix and SMMPs. In the matrix, the yellow
dotted circles show an amygdaloidal structure filled by albite, and the red polygon shows plagioclase
replaced by albite, well YT1, 5645.98 m, the boundary of SMMPs and matrix is clearly visible (dotted
yellow line); (b) The enlargement of the area enclosed by the white rectangle in white rectangle in (a),
well YT1, 5645.98 m. Q—Quartz; Ab—Albite; Ttn—Titanite; Brt-barite; Chl-Chlorite; O Kal, Si Kal, Al
Kal, Na Kal-2, Ba Lal, Ca Kal,Ti Kal, Fe Kal and Mg Kal-2 are O, Si, Al, Na, Ba, Ca, Ti, Fe, Mg. The
higher the brightness in the image, the higher the element content.

3.9 5.2 6.5 78§
Det: Octane Plus A

Figure 7. The SEM of the Permian volcaniclastic rocks, well YT1, 5645.98 m. (a) Quartz, chlorite,
basalt (yellow line) and albite occur in SMMPs and the boundary of SMMPs and matrix is clearly
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visible (dotted yellow line). (b) Quartz, albite, chlorite, barite and micropore occur in SMMPs.
(c) Micro-porosity in the matrix is abundant (d) Euhedral granular halite crystals which filling the
matrix pores. Q-Quartz; Ab—Albite; Chl-Chlorite.

4.2. Composition of Altered Minerals

The SMMPs formed due to mineral replacement or dissolved-refilling by quartz, albite,
titanite, barite, calcite, and chlorite. The electron probe analysis shows that the quartz
that replaced scapolite generally contains a small amount of CaO (0.46-1.99 wt.%), FeO
(0.09-0.22 wt.%), and Al,O3 (0.01-0.07 wt.%) (Table 4). The microcrystalline titanite occurs
in bands, and titanite fills the pores resulting from feldspar dissolution; both contain
components such as Al,O3, ranging from 1.34 to 2.16 wt.%, FeO, ranging from 0.67 to
1.76 wt.%, and BaO, ranging from 0.18 to 0.31 wt.%. However, the pore-filling titanite
contains relatively low amounts of TiO; and more Al,O3 (Table 5). The albite filling the
pores and pseudomorph analcime are both pure albite (Ab) with more than 99 wt.% albite,
containing only small amounts of orthoclase (Or) and anorthite (An) components (Table 3).
The barite generally contains small amounts of components such as SrO, ranging from 2.85
to 3.59 wt.%, FeO, ranging from 0.02 to 0.27 wt.%, and SiO,, ranging from 0.08 to 0.41 wt.%,
and thus showing relatively high levels of these substitution elements (Table 6).

Table 4. The EPMA data of silicate minerals in SMMPs in the Well YT1.

Depth

SiO,

TiO,

AL O3

FeO

CI'203

MnO

MgO

CaO

NaZO

K,O

BaO

Total

Sample Sample .

. Mineral
Number m wt% wt% wt% wt% wt% wt%h wt% wt% wt% wt% wt% wt% Points
YT1-1-A  5645.76 99.29  0.00 0.04 0.10 0.02 0.00 0.00 0.63 0.02 0.00 0.00  100.10 Q-1 MQ
YT1-1-B 5645.76 98.65 0.02 0.06 0.09 0.00 0.00 0.01 1.23 0.00 0.03 0.00 100.09 Q-2 MQ
YT1-3-C 564598 99.79  0.00 0.04 0.15 0.02 0.01 0.00 0.46 0.01 0.00 0.00  100.49 Q-3 MQ
YT1-3-D 5645.98 97.70 0.06 0.01 0.17 0.00 0.02 0.00 1.89 0.03 0.00 0.00 99.87 Q-4 MQ
YT1-4-E 564641 9994  0.05 0.07 0.22 0.03 0.00 0.00 0.46 0.05 0.00 0.00  100.82 Q-5 MQ
YT1-4-F 5646.41 97.43 0.00 0.01 0.15 0.01 0.00 0.01 1.99 0.00 0.00 0.00 99.60 Q-6 MQ
YT1-4-G 5646.41 69.58 0.00 19.68 0.04 0.03 0.00 0.00 0.03 11.70 0.09 0.00 101.15 Abl-1 M9A9(?6]; =
YT1-1-H 5645.76 67.19 0.03 19.06 0.07 0.05 0.01 0.01 0.05 12.16 0.08 0.00 98.70 Ab1-2 M9A9(§AB =
YT1-3-1 564598 69.43 0.00 19.58 0.06 0.05 0.02 0.00 0.05 11.77  0.09 0.00 101.05 Ab1-3 M;‘;(ZA;; -
YT1-4-] 564641 67.54  0.01 19.31  0.08 0.04 0.01 0.02 0.09 1213 0.07 0.00 99.29 Ab2-1 Eggég):
YT1-4-K 5646.41 68.70 0.06 19.71 0.08 0.14 0.01 0.02 0.07 12.09 0.07 0.00 10096  Ab2-2 Eg;?;’):
YT1-4-L. 564641 6840 0.03 19.30 0.02 0.09 0.00 0.00 005 11.84 0.06 0.00 99.78 Ab2-3 Eg;ii’):
YT1-4-M  5646.41 68.08 0.00 19.61 0.03 0.11 0.00 0.01 0.03 12.37 0.06 0.00 100.30 Ab2-4 E?g(?g):

Q-Quartz; Ab—Albite; MQ-metasomatic quartz; MA-metasomatic albite; EA-euhedral albite.
Table 5. The EPMA data of titanite in the Well YT1.
Sample Depth  SiO, TiO, CaO AlLLO3 FeO F Cr,0;3 Na,O BaO K, O MgO Total Sample .
. Mineral

Number m wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% Points
YT1-1-Q 5645.76 31.56 34.67 27.85 2.16 1.74 0.34 0.05 0.10 0.27 0.02 0.02 98.65 Ttnl-1 ET
YT1-1-R 5645.76 31.49 34.79 28.00 2.09 1.76 0.44 0.05 0.09 0.29 0.00 0.02 98.84 Ttn1-2 ET
YT1-3-S 564598 31.06 36.19 28.08 1.38 1.18 0.47 0.01 0.07 0.18 0.05 0.05 98.71 Ttn2-1 MT
YT1-3-T 5645.98 31.44 37.07 27.37 1.36 0.67 0.25 0.00 0.04 0.29 0.20 0.14 98.82 Ttn2-2 MT
YT1-4-U 564641 31.05 3685 27.33 1.56 1.69 0.27 0.04 0.07 0.31 0.05 0.09 99.33 Ttn2-3 MT
YT1-4-V 564641 31.66 3624 27.77 1.34 0.77 0.37 0.02 0.05 0.27 0.06 0.04 98.58 Ttn2-4 MT

ET-euhedral titanite; MT-microcrystalline titanite.
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Table 6. The EPMA data of barite in the Well YT1.

Sample

Depth

BaO

SO3

SrO

Na20

K,O

CaO

SiO,

A1203 FeO

MnO

MgO

Total

Number

m

wt.%

wt.%

wt.%

wt. %

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

Sample

Points Mineral

YT1-1-N
YT1-3-O
YT1-4-P

5645.76
5645.98
5646.41

59.17
61.18
60.37

35.23
36.03
35.51

3.18
2.85
3.59

0.09
0.14
0.07

0.02
0.05
0.01

0.04
0.04
0.24

0.41
0.33
0.08

0.07
0.05
0.02

0.02
0.05
0.27

0.01
0.04
0.01

0.00
0.01
0.00

98.24
100.77
100.14

Brt-1 barite
Brt-2 barite
Brt-3 barite

4.3. Fluid Inclusions

To determine the properties of diagenetic fluids, we measured the homogenization
temperatures and freezing temperatures of fluid inclusions in the quartz that replaced the
scapolite crystals and analyzed the composition of the fluid. As shown in Figure 8, the
fluid inclusions in the quartz mainly occur in isolation, with a round to elliptical shape.
The size is between 4 and 6 um, and these are mainly brine inclusions with a gas-liquid
ratio between 5% and 10%. In the area of study;, all the fluid inclusions from quartz have
homogenization temperatures (Th) greater than 200 °C (averaging 207 °C), and freezing
temperatures (Ty, ice) ranging from —2 to —1.4 °C. The salinities of the fluid inclusions
range from 24.1 to 33.9 g/1 and are therefore slightly lower than the average salinity of
seawater (35 g/1) (Table 7). The results of the homogenization temperatures of the fluid
inclusions in quartz are consistent with the formation temperature results calculated from
the Si/ Al ratio of the chlorite; the temperature of authigenic chlorite is higher than at least
200 °C (even surpassing 300 °C) [39,51].

Table 7. Result of microthermometric study of fluid inclusions (average values).

Sample
Number

Mineral

Size Vapor Liquid Ratio Th T Ice Salinity

FI Type

pm % °C °C g/l wt.% NaCl eq

YT1-2-A
YT1-2-B
YT1-2-C
YT1-2-D

Quartz
Quartz
Quartz
Quartz

4 10 Pr 210 —1.4 241 241
6 6 Pr 205 -1.7 29.0 2.90
5 5 Pr 208 —-1.8 30.6 3.06
4 8 Pr 205 —2.0 33.9 3.39

Note: Salinity calculation formula according to Bodnar, 1993 [52].

Sio,

CH,

H,0

Alkanes SO G

1000 1500
cm

2000 2500 3000 3500 4000
Raman Shift ( )

Figure 8. Photomicrographs and laser Raman spectroscopy of fluid inclusions of quartz in the SMMPs.
(a) Typical fluid inclusions in quartz; (b) Laser Raman spectroscopy of three fluid inclusions of quartz;
(c—e) Typical fluid inclusions in quartz. 5645.76 m. D-Bitumen peak D; G-Bitumen peak G; red
circle-fluid inclusion in quartz.
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In addition, fluid inclusion components were detected via laser Raman spectroscopy.
The test results show that the inclusions not only have distinctive peaks of bitumen, CHy,
SO,, alkanes, and water, but also SO4%2~, CO32~, and other components, indicating the
complexity of the fluid properties and the influence of hydrothermal events on early
hydrocarbon charging (oil starts to crack gradually at temperatures above 120 °C) [53,54]
(Figure 8).

5. Discussion
5.1. Origin of Scapolite

Scapolite comprises a group of volatile-rich, calcium, sodium, aluminum, tectosilicate
minerals that includes two endmembers, marialite (NagAl3SigO,4Cl) (Ma) and meionite
(CagAlgSigO24CO3) (Me). In addition, scapolite is the product of high-temperature gas
metasomatism of plagioclase in mafic protoliths (the components of precursor basalt is
replaced by albite; Figures 5d and 6a,b), and storage for most of the early (high temperature)
volatiles (such as Cl, CO,, and SO3). The wide stability range that characterizes scapolite
and the presence of a variety of important volatile components make it a good indicator of
mineralizing fluid components [55-57]. Scapolite can be altered into epidote, albite, zeolite,
and mica through hydrothermal action. During the later low-temperature period or through
pressure reduction, the sulfuric volatile components released can form pyrite. However,
F~, Cl™ can enter the mineral or escape along fractures [58—60]. In the Jianyang area, the
secondary tourmaline and anthophyllite that occur in the lower basalt section constitute
pneumatolytic hydrothermal minerals rich in volatile components such as B, OH™, and F~.
Tourmaline and anthophyllite can indicate high-temperature magma-hydrothermal and
medium-high metamorphic environments, revealing a temperature range of 650 °C [61].
The emergence of scapolite in the volcaniclastic rocks and secondary tourmaline and
anthophyllite in the lower basalt indicates a higher ambient temperature on the one hand,
and the presence of a large number of volatiles on the other hand [62,63]. In other words,
their occurrence and later evolution not only provide evidence for hydrothermal events
after the higher temperature magmatic period of volcanic rocks, but also provide a research
basis for studying the influence of the post-magmatic process on volcaniclastic reservoirs in
this area. More specifically, the occurrence of scapolite may represent evaporite sequences,
and the morphology of evaporites can be greatly changed or even completely changed [64-67].
This is consistent with previous results, which showed that the diagenetic evolution of
volcanic minerals is affected by sodium-rich and high-salinity fluids [39].

Microscopic observation and electron probe analysis show that the main mineral
components in the lower unaltered basalt are plagioclase (An = 49-57, Ab = 40-48) and
augite (Wo = 4145, En = 31-35, Fs = 19-25), together with ilmenite as an accessory mineral
(Figure 7). Considering these minerals and the rock fragments observed in the scapolite,
the scapolite is inferred to be the product of the interaction between volatile components
in the magmatic gasification-hydrothermal stage and the high-salinity water at the sedi-
mentary stage with the plagioclase in the basal protolith (Figures 5 and 9). In contrast, the
microcrystalline titanite was cut by scapolite and occurs in belts; this is readily interpreted
as the result of hydration and oxidation of Fe-Ti oxides (ilmenite, Ti-bearing pyroxene, etc.)
during the post-magmatic alteration stage. The replacement by sodium-rich hydrothermal
fluids led to a large loss of calcium within plagioclase, and the lost calcium was involved
in the generation of titanite [39,68]. In addition, the main calcium-rich minerals in the
volcaniclastic rocks are titanite (CaTi [SiO4] (O, OH, Cl, F)) rather than calcite (CaCO3). It is
implied that in addition to CO,—-NaCl-H;O, there may be an exogenous SiO, input into
the alteration system before and after the formation of the scapolite.
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Figure 9. Conceptual model of the formation and evolution of SMMPs in the Permian volcanic
rocks in the Jianyang area. (a) Volcanic material formed; (b) Early mineral alteration; (c) Scapolite
formation; (d) Scapolite euhedral crystal; (e) Scapolite dissolved along cleavage; (f) Pseudomorph
metasomatic scapolite.

5.2. Evolution of Scapolite and Alteration Environments

The quartz occurring as a pseudomorph of scapolite should be the product of alteration
by secondary hydrothermal fluids, while the halite and barite in the pores are suggested to
be products of Cl and SOj3 volatile components released via the alteration of scapolite, and
the combination of Na* and Ba?*, respectively. Because the content of barium in seawater
is much lower than that of strontium, when affected by meteoric water, BaZ* in meteoric
water and SO, in seawater are more prone to precipitating BaSO, [69,70]. In addition,
the presence of hematite related to weathering in the Permian volcaniclastic rocks [71]
indicates that the high content of Ba and barites in rocks may be related to the mixing of
meteoric water and sodium-rich hydrothermal fluids [72].

The homogenization temperature and salinity analysis results of the quartz fluid
inclusions show that high-temperature-low-salinity magmatic hydrothermal fluid will
continue to react with scapolite after its formation [73]. In the quartz fluid inclusions,
a large number of hydrocarbons were detected, suggesting that the time the scapolite
underwent alteration is consistent with the expulsion of mature hydrocarbons from the
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Cambrian-interval source rock [54]. The scapolite was affected by hydrothermal fluid and
atmospheric meteoric water after its formation, as revealed by its petrography (Figure 10).
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Figure 10. Paragenetic sequence of hydrothermal minerals in Permian volcaniclastic rocks.

Possible reactions of scapolite, titanite, quartz, and other minerals follow:

CaAl,Si,Og + Na*t + Si** = NaAlISi3Og + Ca?* + AI%Y; (1)
FeTiO; + Ca®* + Fluid = CaTiSiOs; ()

Plagioclase An17 + NaCl + CaCO3 > Scapolite Me35.85:
3.17Na0.84Ca0.16A11_26Si2_8408 + 0.61NaCl + 1.12CaC03 = (3)

Na2.47Ca1,47A14Si8024(Cl)o.él (CO3)0.29 + SiOz + 0.83C02 +0.80Na* + 0.16Ca2+.

As mentioned above, there may have been input from allochthon SiO; in the system
when the scapolite was formed. The input of allochthon SiO; fluids not only causes the
formation of calcium-rich silicate minerals such as titanite, but also a large number of
hydrothermal zircons in the alkaline volcaniclastic rocks [47]. Radiochronometric analyses
results for hydrothermal zircon reveal that the Jianyang area has undergone two phases of
hydrothermal events related to magmatic action, corresponding to the Indosinian move-
ment during the Early and Middle Triassic (260~225 Ma) and the Yanshanian movement
during the Late Jurassic (158.0 = 0.54 Ma), respectively. Furthermore, the first phases
of the event were accompanied by episodic hydrocarbon charging and the formation of
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microcrystalline titanite, scapolite, and quartz. In addition, the second-phase hydrothermal
event was mainly manifest in the reservoir space [46,74,75].

Since these events, the upper section of the Permian volcaniclastic rocks near the fault
zone in the Jianyang area has undergone multistage and multisource hydrothermal fluid
alteration. During volcanic eruptions, the volcaniclastic rocks were mainly influenced by
sodium-rich and high-salinity seawater. During the solidification period, volcaniclastic
rocks were comprehensively affected by (1) the volatiles released via pressure reduction
during the ascent of alkaline magma, (2) the deep high-temperature hydrothermal fluid
that formed bottom to top along the fault, (3) the charging by hydrocarbon fluids released
from maturating Lower Cambrian source rocks, and (4) the circulation of atmospheric
meteoric water. In the late diagenesis stage, the rocks were altered by deep hydrothermal
fluids and hydrocarbon circulations.

Therefore, the silicification of scapolite and hydrothermal dissolution and albitization
of sodium-rich matrix minerals increased the overall pore volume. These processes are
beneficial to entry by hydrothermal fluids in later stages. In addition, volcaniclastic reser-
voirs with micropores (Figure 6) as the main reservoir space were formed by multistage
and multisource hydrothermal fluid alteration.

6. Conclusions

(1) Scapolite minerals are present in Permian volcaniclastic rocks in the Jianyang area
(SW China) and formed after the microcrystalline titanite; they are products of plagioclase
in the mafic protolith altered by high-temperature pneumatolytic metasomatism during
the post-magmatic period.

(2) The scapolite was altered by multiple episodes of hydrothermal fluids and finally
transformed into quartz and albite, retaining only the precursor pseudomorphs. Halite
and barite in the pores are intimately associated with the alteration of scapolite. The
precipitation of barite depends on the mixing of meteoric water and barium-rich hydrother-
mal fluids.

(3) The silicification of scapolite and hydrothermal dissolution of sodium-rich matrix
minerals increase the pore volume, which enhances the later entry by hydrothermal fluids.
In terms of volcaniclastic reservoirs in hydrocarbon exploration, the common presence of
micropores is ascribed to multistage and multisource hydrothermal fluid alteration.

(4) In areas with strong metasomatic alteration, restoration of the protolith based on
petrological and mineralogical indicators can provide decisive evidence for further research
on volcaniclastic rocks.
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