
Academic Editor: Jan Golonka

Received: 16 October 2025

Revised: 14 November 2025

Accepted: 15 November 2025

Published: 18 November 2025

Citation: Luo, X.; Chen, D.; Feng, S.;

Wang, Q. Sedimentary Provenance

Analysis of Tight Sandstone Gas

Reservoirs in the Middle Jurassic

Shaximiao Formation, Western

Sichuan Depression. Minerals 2025, 15,

1217. https://doi.org/10.3390/

min15111217

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Sedimentary Provenance Analysis of Tight Sandstone Gas
Reservoirs in the Middle Jurassic Shaximiao Formation, Western
Sichuan Depression
Xiao Luo 1, Dongxia Chen 1,*, Shaoke Feng 2,* and Qiaochu Wang 1

1 College of Geosciences, China University of Petroleum, Beijing 102249, China; luoxiao-lx@163.com (X.L.)
2 SINOPEC, Southwest Oil and Gas Branch, Chengdu 610041, China
* Correspondence: lindachen@cup.edu.cn (D.C.); fsk962359370@163.com (S.F.)

Abstract

The sedimentary provenance system of tight sandstone gas reservoirs in the Middle Jurassic
Shaximiao Formation, in the Sichuan Basin’s western depression, has multifaceted complex-
ity with multi-provenanced transport distances, which affect the development of reservoir
pore structure. Therefore, how to pinpoint the provenance characteristics of tight sandstone
reservoirs remains a challenging task that needs to be resolved in the Shaximiao Formation
across different regions (X, J, Z, and Q zones) in the Western Sichuan Depression. To address
this, preliminary identification of provenance sources was achieved by a radar chart and
a QFL (quartz, feldspar, and lithic fragment) triangular diagram. Comprehensive analysis
was subsequently conducted utilizing heavy mineral assemblages, characteristic indices
of heavy minerals, geochemical elements statistics, geochemical elements standardization
curves, and the Chemical Index of Alteration (CIA). The results demonstrate that both the
X and Q regions receive lithic fragments predominantly from the Longmenshan Thrust Belt
(LMTB), and the J region exhibits dual provenance contributions from the western LMTB
and the northeastern Micang–Dabashan Tectonic Belt (MDTB). However, in the Z region,
well-developed fault systems in the western sector create a blocking effect on sediments
derived from the front of the LMTB. The provenance area is from the northeastern MDTB,
with a straight-line distance of about 300 km. The distribution and transportation distance
of the long-axis provenance of the MDTB and the short-axis provenance of the LMTB may
be the main reasons for the differences in lithic fragments, heavy minerals, and geochemical
elements of the Shaximiao Formation reservoirs in different regions.

Keywords: sedimentary provenance; tight sandstone gas reservoir; Shaximiao Formation;
Middle Jurassic; Western Sichuan Depression

1. Introduction
Sedimentary rocks record rich geological information regarding sediment provenance

and tectonic settings [1]. Detrital material and geochemical elements in sandstones can
provide insights into the recycling ratio of ancient sediments, the distribution and trans-
portation processes of the provenance area, and the tectonic background [2,3]. Provenance
analysis, as a pivotal research focus in sedimentary geology, has been continuously en-
hanced and refined through the application of diverse analytical techniques [4,5]. The
mainstream methodological framework for sedimentary provenance analysis encompasses
sedimentological characterization, petrological investigation, heavy mineral analysis, ele-
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mental geochemistry, geochronological dating, geophysical exploration, and clay mineral-
ogy studies [6–8].

Sedimentological methods demonstrate advantages in their straightforward applica-
tion, operational effectiveness, and low-cost nature, with limitations in determining specific
parameters such as the sedimentary provenance area locations and compositional charac-
teristics of parent rocks [9,10]. By analyzing terrigenous clastic rocks derived from parent
rock formations in the basin, the lithological characteristics of sedimentary provenance
area parent rocks can be effectively deduced [11,12]. The detrital composition preserved in
tight sandstone reservoirs provides critical insights into both basement configuration and
rock provenance characteristics, serving as a reliable geological indicator for provenance
terrain identification and paleo-sedimentary environment reconstruction [13,14]. Prove-
nance analysis can employ heavy mineral assemblages, characteristic mineral indices, and
the zircon–tourmaline–rutile index (ZTR index) in sandstones to systematically constrain
sediment provenance characteristics [15,16].

Heavy mineral analysis has a wide range of applications and good application effects
in provenance analysis research. The type of parent rock in the provenance area can be
determined based on the characteristics of heavy minerals [17,18]. The older the sediment
age, the more dispersed the distribution of heavy mineral content, the less information
reflecting the provenance rock, and the more difficult it is to determine the provenance [19].
Elemental geochemistry serves as a powerful analytical tool for provenance studies, hav-
ing gained widespread application in global geological research [20]. This methodology
demonstrates distinct advantages, including operational efficiency, cost-effectiveness, and
quantitative precision, while being particularly effective in unconventional hydrocarbon
reservoirs [21]. Due to the influence of physical and chemical conditions in ancient water
flow and sedimentary environments, sediment transport processes undergo complex ex-
change or adsorption interactions with media in close contact [22]. However, rare-earth
elements and trace elements in sediments have difficulty undergoing physical and chemical
reactions with such media and can characterize the inherent properties of detrital mate-
rials [23]. This enables differentiation between multi-provenance and single-provenance
while avoiding the influence of hydrodynamic factors [18]. Therefore, the use of geochem-
ical element analysis methods (rare-earth element analysis and trace element analysis)
can accurately analyze and distinguish sedimentary paleoclimate, paleoenvironment, and
provenance areas.

The composition of parent rocks varies in different provenance areas. Due to factors
such as transportation distance, weathering intensity, and river width, the heavy mineral
composition, geochemical elements, and pore structure of sedimentary rocks vary greatly,
which restricts the selection of oil and gas exploration targets [24,25]. The tight gas reservoir
of the Shaximiao Formation in the Western Sichuan Depression underwent a systematic
provenance investigation through combined petrological analysis with comprehensive
examinations of diagnostic characteristics, including heavy mineral assemblages and geo-
chemical element distributions. Building upon these analytical findings, a comprehensive
provenance analysis was performed. The heavy mineral index and geochemical element
analysis provide critical insights for identifying provenance areas of Jurassic Shaximiao
tight sandstone gas reservoirs.

2. Geological Setting
The Western Sichuan Depression is distributed parallel to the LMTB and has under-

gone multistage and complex tectonic activities. Due to the dive of the Yangtze Plate, the
Western Sichuan Depression changed from a peripheral foreland basin in the Late Triassic
to a composite foreland basin in the Middle Jurassic [26]. During the deposition period of
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the Jurassic Shaximiao Formation, the LMTB was in a relatively static state. At this time, the
MDTB was relatively active, which indicates that the sedimentary system in the Western
Sichuan Depression has gradually migrated from the northern parts of the Longmenshan to
the front areas of Micang–Dabashan [27]. The tight sandstone gas reservoirs of the Jurassic
Shaximiao Formation in the Western Sichuan Depression are mainly distributed in four
areas: Z, Q, X, and J (Figure 1a,b).

In the Early Jurassic, the Western Sichuan Depression was mainly influenced by
the short-axis provenance of Longmen Mountain [28]. During the sedimentary period
of the Shaximiao Formation in the Middle Jurassic, the Longmenshan Thrust Belt and
surrounding areas were strongly uplifted, providing a large amount of material supply for
the Western Sichuan Depression [29]. Longmen Mountain forms a short-axis relationship
with the depression, while Micang–Dabashan forms a long-axis relationship with the
depression [30]. The thickness of the sand body in the direction of Longmen Mountain
(western edge of the basin) is relatively thin, not exceeding 400 m, with a tendency to
thicken toward the east, reaching over 800 m in the central Sichuan region [31]. The
overall average thickness is 500 m (Figure 1c). The river delta sedimentary reservoir of the
Shaximiao Formation is mainly composed of gray-green and gray medium-fine sandstone
(Figures 1d and 2).

 
Figure 1. Structural background, stratigraphic distribution, and lithology of the Western Sichuan
Depression. (a) Geographical positioning of the Sichuan Basin and study area; (b) Tectonic setting
and simplified geological map of the middle part of the Western Sichuan Depression (reproduced
with permission from [29] [Tectonic evolution of the Sichuan Basin, Southwest China. Earth-Science
Reviews]; published by [Elsevier], [2018]); (c) stratigraphic and lithological distribution map (repro-
duced with permission from [32] [A new method for logging identification of fluid properties in
tight sandstone gas reservoirs based on gray correlation weight analysis—A case study of the Middle
Jurassic Shaximiao Formation on the eastern slope of the Western Sichuan Depression, China. Inter-
pretation]; published by [SEG Library], [2021]); (d) 2595.34–2595.62 m, well Z6, massive gray-green
medium-fine sandstone.
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Figure 2. Macro-characteristics of the core samples from the study area. (a) 1537.33–1537.6 m, well
Z2, massive gray-green fine sandstone, cross-bedding; (b) 1627.27 m, well Z4, massive gray-green
fine sandstone; (c) 2644.52–2644.82 m and (d) 2644.82 m, well Z5, massive gray-green medium-fine
sandstone; (e) 2595.62 m, well Z6, massive gray-green medium-fine sandstone, section of Figure 1c.

3. Methods
3.1. Experimental Samples

The core samples of these experiments were extracted from real drill cores of the
Jurassic Shaoximiao Formation in the Western Sichuan Depression. This study included
215 thin-section experimental samples, 70 XRD experimental samples, and 128 geochemical
element determination samples (comprising both trace elements and rare-earth elements).
To fulfill diverse analytical requirements, a series of experimental procedures was imple-
mented on identical core specimens. These samples are primarily composed of fine-grained
sandstone and medium to fine-grained sandstone, exhibiting a distinctly compact lithology
with minimal occurrence of fractures and dissolution pores (Figure 2). The full-diameter
core is mainly block-shaped. Some samples show cross-bedding (Figures 1c and 2a,c).

3.2. Heavy Mineral Index Method

The heavy mineral characteristic index includes ATi; GZi; the stability coefficient, Wi;
ZTR; and Ruzi. The ATi index can reflect the provenance changes of acidic magmatic rocks
in sediments and the degree of weathering of sediments (Formula (1)) [17,18].

ATi = 100 × apatite%/(apatite% + tourmaline%) (1)

The GZi index can reflect the changes in the provenance of garnet as the parent rock
(Formula (2)) [18,21].

GZi = 100 × Garnet%/(Garnet% + zircon%) (2)
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The stability coefficient, Wi, can reflect the distance characteristics of sediment trans-
port (Formula (3)) [18,19].

Wi = Stable heavy minerals%/Unstable heavy minerals% (3)

ZTR is an important indicator for measuring the maturity of heavy minerals
(Formula (4)) [19]. The higher its value, the higher the maturity, indicating that it is farther
away from the provenance area.

ZTR =
(zircon% + rutile% + tourmaline%)

(pomegranate garnet% + zircon% + apatite% + tourmaline%)
(4)

RuZi can determine the type of provenance rock, and a high RuZi value indicates
the provenance of basic ultrabasic rocks, acidic magmatic rocks, or metamorphic rocks
(Formula (5)) [17,18,21].

RuZi = rutile%/(rutile% + zircon%) (5)

3.3. Chemical Variation Index Method

The Chemical Variation Index (CIA) can quantitatively evaluate the weathering degree
of tight sandstone minerals and assist in determining the provenance area (Formula (6)).
Nevertheless, the high value of the CIA suggests transportation and recycling from prove-
nance areas located far away from the depositional basin [33], which in turn is consistent
with a provenance from the interior of a stable craton (Sichuan Basin). Usually, when
the CIA < 60, it reflects a weak degree of weathering in the provenance area. When
60 ≤ CIA < 80, it reflects a strong degree of weathering in the provenance area. When
80 ≤ CIA < 100, it reflects that the provenance area has undergone strong weathering [34].
CaO* refers to the CaO content in the non-chemical sedimentary part of rocks.

CIA = [Al2O3/(Al2O3 + CaO∗ + Na2O + K2O)× 100] (6)

4. Results
4.1. Petrographic Analysis

The rock composition was determined by observing 179 thin-section images under
a microscope. The mass fractions of quartz, feldspar, and lithic fragments accounted for
35%–75%, 5%–45%, and 10%–45% of the total rock mass, respectively, with average values
of 49.81%, 24.98%, and 23.65% (Table 1).

Table 1. Statistical data table for rock composition of tight sandstone thin sections in the
Shaximiao Formation.

Zone Well Number of Samples Qm Qp Lv Lsa Lm F L Lt

Zone Z

Z1 10 34.35 5.65 7.00 10 8.00 35.00 25.0 30.65
Z2 8 35.32 2.68 8.00 10 8.00 36.00 26.0 28.68
Z3 12 38.38 3.16 5.26 6 7.69 38.46 19.1 22.26
Z4 7 31.67 4.33 6.00 13 10.00 35.00 29.0 33.33
Z5 12 36.43 4.07 14.00 11 9.00 25.50 34.0 38.07
Z6 13 33.55 3.45 9.76 8 8.37 36.50 26.5 29.95

Zone X

X1 10 61.28 1.28 1.94 13 15.39 6.83 30.6 31.89
X2 12 56.15 9.00 6.06 14 9.98 4.92 29.9 38.93
X3 13 71.39 2.86 5.75 11 7.64 1.48 24.3 27.14
X4 5 56.3 1.7 1.85 18 10.37 11.50 30.5 32.20
X5 6 62.76 3.14 2.51 10 8.90 12.40 21.7 24.84



Minerals 2025, 15, 1217 6 of 20

Table 1. Cont.

Zone Well Number of Samples Qm Qp Lv Lsa Lm F L Lt

Zone J

J1 13 44.39 2.21 1.79 7 3.57 32.60 12.2 14.41
J2 12 54.16 1.94 1.27 9 4.65 24.00 14.8 16.74
J3 7 43.19 1.31 1.11 7 12.50 31.40 20.5 21.81
J4 10 47.52 1.18 1.21 9 7.50 33.50 17.8 18.98
J5 5 45.61 0.69 1.95 6 3.27 35.20 11.4 12.09
J6 4 46.23 0.77 1.22 6 2.94 34.50 9.9 10.67

Zone Q
Q1 6 60.33 1.33 4.45 7 5.32 21.67 16.7 17.99
Q2 10 62.64 0.76 4.40 6 14.38 11.17 24.4 25.18
Q3 4 58.15 1.09 3.40 15 12.06 10.80 29.9 31.05

Note: Monocrystalline quartz—Qm; polycrystalline quartz—Qp; volcanic lithic fragments—Lv; sedimentary lithic
fragments—Lsa; metamorphic lithic fragments—Lm; monocrystalline feldspar—F; unstable lithic fragments—L
(Lv + Lsa + Lm); polycrystalline lithic fragments—Lt (Lv + Lsa + Lm + Qp).

The rock thin sections of wells X1 and Q1 show that the pores are not well developed
and have poor connectivity. The pores are mainly intergranular dissolution pores and
intergranular pores (Figure 3a,b). In the rock thin sections of well J4, the rock pores are
relatively developed with poor connectivity, mainly consisting of intergranular pores and
intergranular dissolved pores (Figure 3c,d). In the rock thin sections of well Z6, the rock
pores are relatively developed with good connectivity, mainly consisting of intergranular
pores and intergranular dissolved pores (Figure 3e,f). The thin-section observation results
for the 179 tight sandstone samples from the Shaximiao Formation in different areas of
the Western Sichuan Depression show significant differences in reservoir pore structure
(Figure 3 and Table 1).

 

Figure 3. Thin section of reservoir rocks in the Shaximiao Formation. (a) Depth of thin sample
2000.11 m, well Q1, gray-green fine-grained lithic quartz sandstone; (b) depth of thin sample
1992.6 m, well X1, gray-green fine-grained lithic quartz sandstone; (c) depth of thin sample
2093.61 m, well J4, gray-green fine-grained lithic feldspar sandstone; (d) depth of thin sample
2058.87 m, well J4, gray-green fine-grained lithic feldspar sandstone; (e) depth of thin sample
2195.44 m, well Z6, gray-green fine-grained lithic feldspar sandstone; (f) depth of thin sample
2305.25 m, well Z6, gray-green fine-grained lithic feldspar sandstone. The blue color in the image
represents pores.
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4.2. Relative Content of Heavy Minerals and Geochemical Elements

The heavy mineral composition and relative content of the tight sandstone samples
were determined using XRD diffraction analysis in the laboratory, and the results are
shown in Table 2. The ultra-stable heavy minerals in the sediment samples of the tight
sandstone gas reservoir of the Shaximiao Formation in the Western Sichuan Depression
include zircon, tourmaline, and rutile. Stable heavy minerals include garnet, anatase, and
ilmenite. Unstable heavy minerals include apatite, epidote, pyroxene, limonite, leucoxene,
and pyrite (Table 2).

Table 2. Heavy mineral composition and relative content (w/%) of tight sandstone in Shaximiao
Formation, Western Sichuan Depression.

Zone Well Garnet Epidote Zircon Apatite Rutile Anatase Tourmaline Pyroxene Limonite Ilmenite Leucoxene Iron
Pyrite

Zone
Z

Z1 66 5 7 3 2 1 5 2 3 0 4 2
Z2 23 14 32 1 11 6 6 0 0 0 5 2
Z3 43 12 14 13 6 1 4 0 1 0 3 3
Z4 37 19 13 11 7 2 5 0 2 0 2 2
Z5 39 21 14 16 3 0 3 0 0 0 2 2

Zone
X

X2 54 0 7 7 3 2 3 0 22 0 2 0
X3 43 0 7 12 3 3 9 0 17 0 6 0
X4 68 0 6 6 4 1 6 2 0 0 7 0

Zone
J

J2 51 6 5 7 6 3 5 2 7 0 7 1
J3 57 7 9 6 5 0 4 0 5 1 5 1

Zone
Q

Q1 51 5 6 11 4 2 6 2 9 0 4 0
Q2 52 3 8 8 5 2 8 1 5 2 5 1

The heavy mineral composition of the tight sandstone samples in the Shaximiao
Formation reservoir in the Q and X regions exhibits high garnet and high apatite features,
indicating that the provenance rocks are mainly metamorphic rocks from the western
Longmenshan tectonic belt, followed by acidic magmatic rocks. The higher content of
limonite in area X indicates a higher degree of oxidation in its sedimentary environment,
shallower water bodies, and closer proximity to the provenance area. The heavy mineral
assemblage in region J is similar to that in regions Q and X, but its unstable mineral content
of epidote is relatively high (Figure 4).

 

Figure 4. Histogram of heavy mineral distribution in the tight sandstone of the Shaximiao Formation.

Tables 3 and 4 show the composition and content of rare-earth elements and trace
elements in the tight sandstone of the Shaximiao Formation in the Western Sichuan De-
pression. The distribution characteristics of rare-earth elements are relatively similar in
different samples in the Z and J regions. The content of La, Ce, and Nd is relatively high.
There are significant differences in the distribution characteristics of rare-earth elements
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between different samples in the X and Q regions, especially in the Ce element content,
which differs by up to 70 × 10−6 in the X region (Table 3). The distribution characteristics
of trace elements in samples from different regions are similar. The difference in Ba element
content is the largest, with a difference rate between the maximum and minimum values of
0.84 (Table 4).

Table 3. Rare-earth element test results for tight sandstone in Shaximiao Formation, Western
Sichuan Depression.

Zone Well La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Zone
Z

Z1 45.5 87.1 9.9 35.7 6.1 1.2 5.8 0.81 4.44 0.98 2.74 0.32 2.60 0.40
Z2 43.4 86.7 9.9 37.0 6.8 1.3 6.2 0.84 4.33 0.91 2.46 0.37 2.31 0.56
Z3 47.4 91.5 10.4 38.4 7.4 1.4 6.9 0.99 5.11 1.09 2.86 0.34 2.74 0.42
Z4 45.2 95.8 11.6 32.7 6.2 1.1 6.2 0.69 4.67 1.12 2.33 0.33 2.19 0.44
Z5 33.1 63.7 7.1 25.9 4.5 0.8 4.1 0.58 3.24 0.72 1.94 0.31 1.94 0.39

Zone
X

X1 28.1 56.0 6.6 25.1 4.9 0.9 4.6 0.65 3.40 0.72 1.91 0.31 1.85 0.27
X2 39.5 76.8 8.7 32.1 5.7 1.0 5.1 0.68 3.66 0.78 2.22 0.35 2.17 0.34
X3 55.2 104.9 11.9 42.8 7.4 1.5 6.7 0.92 5.14 1.15 3.21 0.53 3.27 0.50
X4 62.6 120.2 13.9 51.6 8.7 1.5 8.0 1.02 5.70 1.27 3.68 0.60 3.94 0.62

Zone
J

J2 51.2 80.5 9.6 31.7 7.4 1.2 4.2 0.67 4.29 0.99 2.55 0.36 2.08 0.54
J3 52.4 78.5 8.9 30.3 6.9 1.2 3.8 0.62 3.78 0.78 2.35 0.29 2.17 0.39

Zone
Q

Q1-1 51.3 101.5 11.1 39.6 6.6 1.3 6.1 0.82 4.33 0.94 2.60 0.40 2.55 0.38
Q1-2 40.0 75.6 8.6 32.3 5.9 1.2 5.6 0.82 4.38 0.93 2.61 0.40 2.42 0.37
Q2 36.3 70.0 8.1 30.0 5.7 1.2 5.4 0.79 4.15 0.88 2.37 0.37 2.32 0.35
Q3 40.0 76.6 8.9 32.9 5.9 1.2 5.8 0.83 4.51 0.99 2.70 0.42 2.59 0.39

Note: The unit of rare-earth elements in the samples is 10−6.

Table 4. Trace element test results for tight sandstone in Shaximiao Formation, Western
Sichuan Depression.

Zone Well Sc V Cr Co Zn Rb Sr Zr Nb Ba Hf Ta Pb Th

Zone
Z

Z1 12.4 155 89 11.0 81 172 157 210 10.3 760 5.56 1.00 12.1 16.0
Z2 7.7 71 56 13.1 64 70 294 233 10.2 269 6.26 0.77 12.5 11.8
Z3 13.6 110 91 17.9 50 88 170 161 11.2 457 4.18 0.72 7.9 16.6
Z4 9.5 108 86 15.2 48 87 146 187 11.4 367 4.3 0.78 8.4 14.3
Z5 8.9 89 77 14.1 47 96 83 230 11.3 334 5.88 0.84 7.7 12

Zone
X

X1 6.2 49 33 10.9 45 58 240 124 9.4 367 3.4 0.61 18.7 8.2
X2 8.9 93 72 12.4 71 85 151 196 14.8 460 5.29 0.94 9.8 12.2
X3 19.5 193 139 21.4 83 78 304 181 22.5 1655 4.58 0.87 8.6 16.8
X4 11.4 98 89 14.0 88 115 119 433 21.5 448 14.11 1.29 9.7 20.3

Zone
J

J2 9.3 68 74 10.2 53 77 149 173 10.2 355 4.58 0.97 8.7 13.0
J3 12.6 101 98 15.4 69 62 158 164 10.5 299 5.47 1.33 11.2 14.7

Zone
Q

Q1-1 14.4 112 103 25.0 131 114 268 167 16.9 956 4.32 1.00 26.1 15.6
Q1-2 9.7 91 78 17.5 89 88 151 174 15.7 573 4.59 0.97 63.3 12.1
Q2 9.6 92 82 16 82 55 95 170 14.4 402 4.56 0.88 14.2 11.5
Q3 13.5 115 89 14.8 95 96 146 136 14.8 561 3.61 0.92 23.5 14.2

Note: The unit of trace elements in the samples is 10−6.

5. Discussion
5.1. Analysis of Lithic Fragments
5.1.1. Distribution of Lithic Fragments

The distribution characteristics of lithic fragment content in Zone Z are significantly
different from those in the other three zones, with a relatively low amount of monocrys-
talline quartz and similar characteristics to the three types of lithic fragment contents,
indicating that its provenance may differ from that of Zones X and Q (Figure 5a). The X and
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Q areas exhibit high amounts of monocrystalline quartz and low amounts of monocrys-
talline feldspar, suggesting that they may share the same provenance (Figure 5b,d). The
distribution of lithic fragment content is largely influenced by the provenance of the LMTB
in the west. The amount of monocrystalline quartz in Zone J is slightly lower than that
in Zones X and Q, while the amount of monocrystalline feldspar is comparable to that in
Zone Z, suggesting that it may be influenced not only by the provenance of Zones X and Q
but also by that of Zone Z (Figure 5c).

 

Figure 5. Distribution characteristics of tight sandstone lithic fragments in Shaximiao Formation.
(a) Zone Z, (b) Zone X, (c) Zone J, (d) Zone Q.

5.1.2. Radar Chart Analysis

This study investigates the distribution patterns of tight sandstone clasts in the Shax-
imiao Formation of the Western Sichuan Depression through radar imagery analysis.
Distinct radar signatures were observed across different regions. The Z area exhibits
shovel-shaped radar patterns, whereas conical morphologies characterize the X and Q
areas (Figure 6a,b,d). The J area demonstrates triangular radar configurations, sharing
similarities with both the Z area’s shovel-shaped patterns and the conical features of the X
and Q regions (Figure 6c).

Comparative analysis of these radar imagery variations reveals three key findings:
(1) The Z area has distinct provenance origins compared to the X and Q areas. (2) No
significant provenance differentiation exists between the X and Q areas. (3) The J area’s
provenance materials show potential similarities to the Z area’s provenance system while
maintaining partial affinities with the X and Q provenance regions.

5.1.3. Ternary Chart Analysis

Tectonic dynamics serve as the primary governing mechanism for sedimentary infill
processes in basin systems. The application of QFL (quartz, feldspar, and lithic fragment)
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ternary analysis to investigate sandstone compositional maturity provides an effective
methodology for deciphering the tectonic framework of provenance areas [35].

 

Figure 6. Radar distribution characteristics of tight sandstone lithic fragments in the Shaximiao
Formation of the Western Sichuan Depression. (a) Zone Z, (b) Zone X, (c) Zone J, (d) Zone Q.

Figure 5 displays a ternary diagram illustrating the compositional characteristics
and provenance types of tight sandstone clasts in the Western Sichuan Depression. The
distribution of compositional data reveals distinct regional patterns: samples from the Z
area predominantly cluster within the dissected island arc domain, whereas those from the
X area are concentrated in the recycled orogenic belt sector (Figure 7a,b). J area specimens
exhibit tripartite distribution across basement uplift, transitional continental, and dissected
arc zones, suggesting multiple provenance influences on their lithic composition (Figure 7c).
In the Q area, approximately 70% of samples influenced by the Sichuan–Yunnan Tectonic
Belt occupy basement uplift and transitional continental zones, while the remaining 30%
align with the recycled orogenic belt signature (Figure 7d).

5.2. Analysis of Heavy Minerals

The heavy mineral assemblage in the Z region has the characteristics of high garnet
and high zircon, and its pyrite content is slightly higher than that of limonite, indicating that
its sedimentary environment is a reducing environment with deeper water bodies (Figure 4).
Given that the relative contents of the ultra-stable heavy minerals zircon, tourmaline, and
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rutile are higher than in the other three regions, it is believed that the main provenance of
material in the Z region comes from the Micang–Dabashan Tectonic Belt in the northeast,
which is further away.

 

Figure 7. A ternary diagram of the composition characteristics and provenance types of tight
sandstone lithic fragments in the Western Sichuan Depression. (a) Zone Z, (b) Zone X, (c) Zone J,
(d) Zone Q.

The distribution of heavy mineral characteristic indices of tight sandstone samples
in the Shaximiao Formation reservoir in the X, J, and Q regions is similar, with relatively
high ATi and RuZi values, indicating that the provenance rocks are mainly metamor-
phic and acidic magmatic rocks, and the degree of weathering is relatively high. A low
ZTR value indicates that it is relatively close to the provenance region. The heavy min-
eral characteristic indices Wi and ZTR in the Z region are both high, indicating that it
is far from the provenance area and confirming the conclusion drawn from the heavy
mineral association characteristics, in that the provenance area of the Z region is the
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Micangshan–Dabashan Tectonic Belt (Figure 8). The accuracy of using heavy mineral anal-
ysis for provenance is relatively high in the Jurassic Shaximiao Formation of the Western
Sichuan Depression.

 

Figure 8. Distribution characteristics of the heavy mineral index in the tight sandstone of the
Shaximiao Formation.

5.3. Analysis of Geochemical Elements
5.3.1. Analysis of Rare-Earth Element Ratio

The standardized values of rare-earth element data and trace element data for rock
samples are obtained by comparing the rare-earth element values and trace element values
of Leed chondrite meteorites. The rare-earth element and trace element values of Leed
chondrite meteorites can be obtained through the research of Pourmand et al., 2012 [36].

The rare-earth element data of standardized rock samples can be used for rare-earth
element ratio analysis. Table 5 shows the rare-earth element ratios of rock samples from
the Shaximiao Formation in the Western Sichuan Depression. In the table, the ∑REE value
is the total number of rare-earth elements, and the ∑LREE/∑HREE value is the ratio of
light rare-earth element content to heavy rare-earth element content. The δEu value is a
parameter used to measure the degree of enrichment or depletion of the Eu element in a
sample relative to other rare-earth elements. The δCe value is used to describe the degree
of separation between the Ce element and other rare-earth elements in the sample.

The average ∑REE of rock samples from the Shaximiao Formation in Zone Z ranges
from 145 to 220 × 10−6 (ppm), and the ∑LREE/∑HREE ratio ranges from 9.5 to 11. The
∑REE values in region X range from 135 to 285 × 10−6 (ppm), and the ∑LREE/∑HREE
ratio is distributed between 8.5 and 11. The ∑REE values in region J range from 190 to
200 × 10−6 (ppm), and the ∑LREE/∑HREE ratio is distributed between 11.5 and 13. The
∑REE values in the Q region range from 165 to 230 × 10−6 (ppm), and the ∑LREE/∑HREE
ratio ranges from 9 to 12. The ∑LREE/∑HREE ratios are all greater than 8, indicating the
enrichment of light rare-earth elements in the tight sandstone samples of the Shaximiao
Formation in the Western Sichuan Depression, with the J area being the most enriched in
light rare-earth elements.
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Table 5. Rare-earth element ratios of tight sandstone rock samples from the Shaximiao Formation in
the Western Sichuan Depression.

Zone Well ∑REE ∑LREE/
∑HREE

LaN/
YbN

LaN/
SmN

GdN/
YbN

DyN/
SmN

δEu δCe La/
Th

La/
Sc

Co/
Th

La/
Yb

Rb/
Sr

Zr/
Hf

Zr/
Th

Sc/
Cr

Zone
Z

Z1 203.7 10.2 11.5 4.6 1.8 0.4 0.6 0.9 2.8 3.7 0.7 17.5 1.1 37.8 13.1 0.1
Z2 202.8 10.4 12.4 3.9 2.1 0.4 0.6 1.0 3.7 5.6 1.1 18.8 0.2 37.2 19.7 0.1
Z3 216.9 9.6 11.4 3.9 2.0 0.4 0.6 0.9 2.9 3.5 1.1 17.3 0.5 38.5 9.7 0.2
Z4 210.7 10.6 13.6 4.4 2.2 0.4 0.6 0.9 3.2 4.8 1.1 20.7 0.6 43.5 13.1 0.1
Z5 148.1 10.3 11.2 4.5 1.7 0.4 0.6 0.9 2.8 3.7 1.2 17.1 1.2 39.1 19.2 0.1

Zone
X

X1 135.3 8.9 10.0 3.5 2.0 0.4 0.6 0.9 3.4 4.5 1.3 15.2 0.2 36.5 15.1 0.2
X2 179.2 10.7 12.0 4.2 1.9 0.4 0.6 0.9 3.2 4.4 1.0 18.2 0.6 37.1 16.1 0.1
X3 245.1 10.5 11.1 4.5 1.6 0.4 0.5 0.9 3.3 2.8 1.3 16.9 0.3 39.5 10.8 0.1
X4 283.4 10.4 10.5 4.4 1.6 0.4 0.6 0.9 3.1 5.5 0.7 15.9 1.0 30.7 21.3 0.1

Zone
J

J2 197.2 11.6 16.2 4.2 1.6 0.3 0.6 0.9 3.9 5.5 0.8 24.6 0.5 37.8 13.3 0.1
J3 192.3 12.6 15.9 4.6 1.4 0.3 0.6 0.9 3.6 4.2 1.0 24.1 0.4 30.0 11.2 0.1

Zone
Q

Q1-1 229.5 11.7 13.3 4.8 1.9 0.4 0.6 0.9 3.3 3.6 1.6 20.1 0.6 38.7 10.7 0.1
Q1-2 181.2 9.3 10.9 4.1 1.9 0.4 0.6 0.9 3.3 4.1 1.4 16.5 0.6 37.9 14.4 0.1
Q2 167.9 9.1 10.3 3.9 1.9 0.4 0.6 0.9 3.2 3.8 1.4 15.6 1.0 37.3 14.8 0.1
Q3 183.9 9.1 10.2 4.1 1.8 0.4 0.6 1.0 2.8 3.0 1.0 15.4 1.0 37.7 9.6 0.2

The average LaN/YbN values of rock samples from the Shaximiao Formation in the Z, X,
J, and Q areas of the Western Sichuan Depression are 12.03, 10.9, 16.06, and 11.16, respectively,
all greater than 10. The average values of LaN/SmN are 4.26, 4.15, 4.41, and 4.08, respectively,
all greater than 4. The average values of GdN/YbN are 1.97, 1.79, 1.49, and 1.95, respectively, all
of which are less than 2. The δEu and δCe values are both less than 1, indicating a significant
negative anomaly. All four regions have the characteristics of large differentiation between
light and heavy rare-earths, a high degree of light rare-earth fractionation, and a low degree
of heavy rare-earth fractionation.

The average La/Th values of the tight sandstone samples in the Shaximiao Formation
of Zone Z are relatively small, while the average Zr/Hf values are relatively large. The
average values of La/Yb in region X are relatively small, while the average values of Zr/Th
and Sc/Cr are relatively large. The average values of La/Sc in the Q region are relatively
small, while the average values of Co/Th and Rb/Sr are relatively large. The average ratio
of rare-earth elements to trace elements in region J is either the highest or the lowest. The
distribution characteristics of trace elements Th and Hf in the Z region differ significantly
from those in the X and Q regions. The distribution characteristics of rare-earth elements
and trace elements in the J region are not only similar to those in the Z region but also to
those in the X and Q regions.

5.3.2. Standardized Curve Analysis

It is too difficult to analyze the provenance characteristics of light and heavy rare-
earth and trace elements solely through statistical analysis data from the four regions.
Therefore, standardized curve graphs are used to further analyze the distribution char-
acteristics of light and heavy rare-earth and trace elements in order to clarify their
provenance characteristics.

All four regions have enrichment characteristics of light rare-earth elements, and
the differentiation of heavy rare-earth elements in the four regions is more obvious. The
distribution curves of rare-earth elements in the X and J regions have similar characteristics.
In comparison, the heavy rare-earth element curves in the Z and J regions first decrease
and then increase at the positions of Er, Tm, Yb, and Lu, with the overall end of the
curves showing a boat shape. The J region also showed significant negative differentiation
characteristics in the three heavy rare-earth elements Gd, Tb, and Dy (Figure 9).



Minerals 2025, 15, 1217 14 of 20

 

Figure 9. Distribution diagram of rare-earth element standardization curves.

The standardized curve of the combination of trace elements and rare-earth elements
shows the overall depletion of large ion lithophile elements Ba and Sr and enrichment of Rb
and Th. High-field-strength elements Nb and Ta are deficient, with significant distribution
differences, exhibiting plateau characteristics, while Zr and Hf are enriched. The light
rare-earth elements La and Ce are enriched, while Nd and Sm are weakly enriched. The
heavy rare-earth elements Tm and Yb are weakly enriched with significant distribution
differences. The curves as a whole present the characteristics of “four peaks, three valleys,
and one flat”. The “four peaks” refer to the enrichment distribution characteristics of
large ion lithophile elements Rb and Th; light rare-earth elements La, Ce, and Nd; and
high-field-strength element Zr. The “three valleys” refer to the distribution characteristics
of the depletion of large ion lithophile elements Ba and Sr and the weak enrichment of
light rare-earth element Sm. The “three valleys” are indicative of the depletion of large
ion lithophile elements Ba and Sr, while light rare-earth element Sm fractionation remains
subdued. The “one flat” refers to a lack of high-field-strength elements Nb and Ta. Similarly,
the distribution curve characteristics of the X region and the J region are similar, while the
distribution curves of the Z region and the J region exhibit high slope characteristics at the
positions of the Ba, Rb, Th, Nb, Ta, and La elements. The curve of the slope of the J region
is larger and more similar to a straight line (Figure 10).

5.3.3. Analysis of CIA

We analyzed the weathering degree of tight sandstone minerals in different areas of
the Shaximiao Formation in the Western Sichuan Depression through a chemical change
index triangle diagram. The projection of data points in Zone Z is mainly distributed within
the shadow triangle formed by the weathering trend line, potassium metasomatism line,
and feldspar content line, with a CIA mean of 61.23% (Figure 11a). The data points in the X
and Q regions are mostly projected outside the shadow triangle, with CIA mean values of
54.25% and 52.74%, respectively, indicating weak weathering (Figure 11b,c). The projection
distribution of data points in region J is relatively scattered, with a CIA mean value of
55.13% (Figure 11d).
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Figure 10. Distribution diagram of trace elements and rare-earth element standardization curves.

 

Figure 11. Analysis of weathering of tight sandstone in Shaximiao Formation, Western Sichuan
Depression. (a) Zone Z, (b) Zone X, (c) Zone J, (d) Zone Q.

5.4. Sedimentary Provenance

During the Shaximiao Formation depositional period, detrital inputs from the Long-
men Mountain in the Western Sichuan Basin lacked island arc tectonic affinities, whereas the
northeastern Daba Mountain experienced intense arc–continent collision, generating prove-
nance materials with composite island arc and active continental margin signatures [28,29].
Integration of lithic fragment distribution histograms with radar imagery interpretations
reveals distinct provenance systems. The Z area tight sandstone reservoirs derive pri-
marily from the Micang–Dabashan Tectonic Belt (northeast). The X and Q areas show
dominant sourcing from differential segments of the western LMTB. The J area exhibits
dual provenance—principally from the northeastern Micang–Dabashan Tectonic Belt, with
secondary contributions from the western LMTB.
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The foreland basin of the Western Sichuan Depression was formed during the Middle
Jurassic, while the MDTB was relatively active at this time. The Qinling orogenic belt
continued to push and uplift during the Middle Jurassic. The sedimentary provenance with
island arc properties in the MDTB was eroded and transported to the basin for sedimenta-
tion. During the long-distance transportation of the long-axis provenance of the MDTB, the
content of unstable heavy minerals decreased. However, at this time, Longmen Mountain
was affected by multiple tectonic activities, and the short-axis provenance provided the
foreland basin of the Western Sichuan Depression with metamorphic and igneous rocks
as the main detrital materials with complex tectonic backgrounds. The unstable heavy
mineral content was relatively high during short-distance transport.

By analyzing the rock fragment characteristics, heavy mineral characteristics, and
geochemical element characteristics of the tight sandstone in the Shaximiao Formation in
different areas of the Western Sichuan Depression, it was found that the provenance charac-
teristics of the X and Q areas are similar, mainly coming from Longmen Mountain, with a
straight-line distance of about 40 km (the approximate distance during the sedimentation
period) from the provenance area (Figure 12).

 
Figure 12. Sedimentary provenance distribution of tight sandstone gas reservoirs in different areas of
the Shaximiao Formation, Western Sichuan Depression.

The provenance characteristics of region J are similar to those of regions X, Q, and J,
indicating that it has dual provenance, mainly from Longmen Mountain in the west and
MDTB in the northeast. The western region is 54 km (the approximate distance during the
sedimentation period) away from the provenance area in a straight line, while the northeast
region is relatively far away (less than 300 km) from the provenance area (Figure 12).

The monocrystalline quartz content of lithic fragment material in the Z area is relatively
low, with a tectonic background of cutting island arcs. The mineral combination has the
characteristics of high garnet and high zircon, with high heavy mineral characteristic
indices, Wi and ZTR. The geochemical element characteristics have certain differences from
the X, Q, and J regions, with a CIA greater than 60%. During the sedimentary period of the
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Shaximiao Formation, the Longquanshan Fault that developed in the Lower Jurassic had a
blocking effect on the provenance from the front edge of Longmen Mountain in the west.

Therefore, its provenance comes from the Micang–Dabashan Tectonic Belt in the
northeast, with a straight-line distance of about 300 km from the provenance area, which is
relatively far away (Figure 12).

Therefore, the long-axis provenance of the MDTB (northeast) has the characteristics
of high feldspar and low rock lithic fragments. The sorting of reservoirs in the long-axis
source system is good, and the sorting index is less than 1. The short-axis provenance of
the LMTB in the western region has the characteristics of high quartz and low feldspar.
The short-axis provenance system reservoir is located near the Longmenshan tectonic belt,
with high compaction and relatively poor sorting, and the sorting index is greater than
2. In general, rock combinations rich in feldspar and low in lithic fragments were more
conducive to the preservation of primary pores and the development of secondary pores.
The long-axis provenance reservoirs of the MDTB (northeast) may be of higher quality than
the short-axis provenance reservoirs of the LMTB in the west.

6. Conclusions
(1) The tight sandstone of the Shaximiao Formation in the Western Sichuan Depression is

mainly composed of quartz, with comparable feldspar and lithic fragment contents.
There are significant differences in the structural background characteristics and
radar distribution characteristics of lithic fragment materials between the Z region
and the X and Q regions, with the J region falling between these two characteristics.
The stable and ultra-stable heavy minerals mainly include garnet, zircon, rutile, and
tourmaline. The distribution characteristics of heavy minerals in the X, Q, and J
regions are relatively similar but differ significantly from those in the Z region. The
heavy mineral index characteristics of the Z region indicate that it was far away from
the provenance area during the sedimentation period of the Shaximiao Formation.

(2) The distribution characteristics of rare-earth elements vary greatly, while the distribu-
tion characteristics of trace elements are similar. The relative difference in Ba element
content is 0.84. The geochemical element characteristics of the tight sandstone in
the Shaximiao Formation of the X and Q regions are similar, and they may have the
same provenance area. The geochemical element characteristics of the Z region are
different from those of the X and Q regions, and the provenance area is far away. The
geochemical element characteristics of the J region are similar to those of the Z region,
and the provenance area is relatively close.

(3) Our multi-method provenance characteristic analysis of tight sandstone in the Shax-
imiao Formation of the Western Sichuan Depression shows that the provenance
characteristics of the X and Q regions are similar, mainly coming from Longmen
Mountain. The J region has dual provenances, mainly from Longmen Mountain
in the west and Micang–Dabashan in the northeast, with the northeast being rela-
tively far from the provenance area. The material provenance in Zone Z comes from
Micang–Dabashan in the northeast, with a straight-line distance of about 300 km
from the material provenance area. The long-axis provenance reservoir of the MDTB
(northeast) may be of higher quality.
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Abbreviations

CIA Chemical Index of Alteration
LMTB Longmenshan Thrust Belt
MDTB Micang–Dabashan Tectonic Belt
ZTR Zircon–tourmaline–rutile
XRD X-ray diffraction
Qm Monocrystalline quartz
Qp Polycrystalline quartz
Lv Volcanic lithic fragments
Lsa Sedimentary lithic fragments
Lm Metamorphic lithic fragments
L (Lv + Lsa + Lm) Unstable lithic fragments
QFL Quartz, feldspar, and lithic fragments
Lt (Lv + Lsa + Lm+ Qp) Polycrystalline lithic fragments
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