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A thorough investigation of the characteristics and formation mechanism of dolomite is
greatly significant in assessing the validity of dolomitization theory and dolomite reservoirs.
Extensive development of dolomites has been found in the organic bank of the Middle
Permian Qixia Formation in the northwest of the Sichuan Basin. For that reason, field profile
and drilling core samples were collected from the common dolomitic “leopard-spot”
limestones in the Middle Permian Qixia Formation in the study area and observed in this
work. The diagenetic fluid and formation factors of dolomites were analyzed through major
elements, microelements, carbon, oxygen and strontium (Sr) isotope, and fluid inclusion,
as well as order degree of dolomite. From the extracted outcomes, valuable insights can be
derived. More specifically, in the study area, dolomitic “leopard-spot” limestones were
mainly developed in the upper part of Section Il in the Qixia Formation. Interestingly, the
vertical distribution plays a dominant role since it was transited gradually and gently to the
thick-layered lumpy crystalline dolomites downward. The dolomitic “leopard-spots” are
mainly composed of dolosiltite-fine crystalline dolomites with residual fabrics, and the base
limestones were mainly formed by biomicrites (debris). In addition, the average §'°C of
dolomitic “leopard-spot” and base limestones was 3.06%. and 3.31%., respectively,
whereas their average §'80 was —4.29%. and —3.16%. and the 8’Sr/*°Sr (0.70734 in
average) was higher than those of the contemporaneous seawater and mantle provenance
range. Moreover, the contents of the major elements in dolomitic “leopard-spot” and base
limestones were basically consistent. The uniform temperature of inclusion ranges
between 70°C and 115°C. According to the geochemical data and the previously
reported studies on the regional paleogeotemperature environment, the diagenetic fluid
of the dolomitic “leopard-spot” limestones in the Qixia Formation in the northwest Sichuan
Basin was mainly attributed to contemporaneous sea flows. However, influenced by the
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local high-temperature environment, the terrestrial atmosphere, and the fresh water, it is
speculated that the dolomitic “leopard-spot” limestones in the study area might belong to
dolomitization involving fresh water from the penecontemporaneous stage to the early

shallow burial stage.

Keywords: dolomitic “leopard-spot” limestone, dolomitization, diagenetic fluid, sedimentary environment, Sichuan

Basin

1 INTRODUCTION

Dolomite is highly appreciated by petroleum geologists
worldwide as an important reservoir rock, and the formation
of dolomite remains an open question for the scientific
community (Machel and Mountjoy, 1986; Budd, 1997; Wang
et al,, 2001; Warren, 2000; Zhao et al., 2018). The exploration of
the dolomite reservoir in the Middle Permian Qixia Formation in
Sichuan Basin, China, started in the 1970s. Several different
interpretations of the formation of crystalline dolomite and
dolomitic “leopard-spot” limestones in the Qixia Formation in
the northwest of the Sichuan Basin have been proposed in the
literature over the past 40 years. However, no consensus has been
reached yet (Zhang, 1982; Song, 1985; He and Feng, 1996; Jiang
et al., 2009; Huang et al., 2012; Huang et al., 2014; Tian et al,,
2014; Bo et al.,, 20205 Li et al., 2020; Lu et al., 2020). Currently, the
formation of dolomitic “leopard-spots” in the study area is maily
interpreted from the perspective of the mantle hydrothermal
solution. However, except for some crystalline dolomites formed
by the mantle hydrothermal solution in the secondary pores in
local areas (Huang et al., 2012; Chen et al,, 2013; Huang et al,,
2014; Han et al,, 2016; Zhao et al., 2018; Hu et al., 2019), no
fractures for the longitudinal or lateral migration of mantle the
hydrothermal solution in the study area were found. Therefore,
there was no prerequisite for the formation of large-scale
dolomitic ~ “leopard-spot”  limestones and  large-scale
stratigraphic crystalline dolomites. In fact, dolomites in the
study area are significantly influenced by atmospheric fresh
water and high temperature (Bo et al., 2020; Li et al,, 2020). In
other words, freshwater intervention and the fast rise of the
formation temperature in the depositional stage of the Qixia
Formation are regarded as the two major factors that decisively
affect the large-scale dolomitic “leopard-spot” limestones.
Additionally, several dolomitization modes have been
summarized and established in the literature in previous
associated studies to explain the formation of dolomites
(Badiozamani, 1973; Bathurst, 1975; Friedman, 1980;
Longman, 1980; Sibley, 1991; Tucker, 1991; Vasconcelos
et al., 1995; Mazzullo, 2009). However, there is no completely
definite theoretical mode that could interpret the underlying
formation mechanism of dolomite in the whole study area.
Therefore, the diagenetic fluid of “leopard-spot” dolomite in the
study area was thoroughly discussed by combining tectonics,
sedimentary facies, macroscopic and microscopic features of the
minerals, and the geochemical test in the region. The acquired
results can provide references to study dolomitization and the
dolomite reservoir in the Qixia Formation in the study area in
the future.

2 GEOLOGICAL SETTING

The study area was located in the Shuangyushi Tectonic belt in
the northwest of Sichuan Basin, covering Guangyuan City, Jiange
County, and Qingchuan County (Figure 1A). It is in front of the
Longmen Mountain and bordered by mountains in the back.
Middle-deep cutting middle-height mountain landform exists,
and the overall terrain is high in the northwest but low in the
southeast. Low mountains and hills are dominant in the
southeast, whereas middle-deep cutting middle-height
mountains are in the northwest region, where steep mountains
and narrow valleys can be found (Wang et al., 2016; Yuan et al.,
2010). In tectonics, the study area is located in the secondary
tectonic unit on the border between the ancient middle-
depression lower belt in the northern Sichuan and the
Longmenshan fold belt (Figure 1B), which belongs to the
secondary positive tectonic units of the Zhongba-Shuangyushi
higher belt. Influenced by a strong extension of the Early Emei
Taphrogeny in the Hualixi Movement during Permian, an
Emeishan large igneous province was formed in the Western
Sichuan Province due to abundant basaltic magma erupts. The
study area is located in the northeast region of this Emeishan large
igneous province, where a relatively stable tectonic environment
exists. Moreover, some highland regions are formed in the study
area in the great background of the Hercynian Uplift, which has a
relatively surface temperature and manifested as a shallow-water
carbonate platform environment (Zhang et al., 2011; Yang et al.,
2014) (Figure 1C).

The Permian Qixia Formation is in conformable contact with
the overlying Maokou Formation, but it is in parallel
unconformity with the underlying Liangshan Formation (Hu
et al.,, 2010). In the Qixia Formation, it is manifested as a set
of relatively complete carbonate sedimentations controlled by the
transgression-regression cycles, and its internal structure can be
divided into Qiyi Section and Qier Section from the bottom up,
which are in conformable contact (Guogqi et al., 2010; Luo et al.,
2017; Bo et al, 2020). In the study area, the Middle Permian
shallow-water carbonate platform is the dominant environment,
in which a good water cycle, normal ~ relatively high salinity, and
rich biotypes can be found. In the study area, Qixia Formation is
mainly composed of light gray-dark gray thin-middle
stratigraphic micritic bioclastic limestone, thick bulk sparry
bioclastic limestone, dolomitic “leopard-spot” limestones, and
crystalline dolomite. It contains a dark thin-layered bioclastic
calcareous mudstone intercalation. The shale content decreases
gradually from the bottom up, and eyeball structures, chert belt,
and chert nodule can be observed. Moreover, it is rich in
biological fossils, mainly Fusulinida, peduncle, and acanthosis.
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FIGURE 1 | Geology and lithology histogram of the study area.
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The dolomites are mainly developed from the middle to the top of

the Qier Section, and they are located in the ancient landform
uplift (Figure 1).

3 SAMPLES AND METHODS

In this work, the Changjianggou Profile in Qingchuan,
Guangyuan city, Sichuan province, was chosen as the field
profile. Wells ST12 and K2 in the Shuangyushi Tectonics,
Mianyang city, Sichuan province, were chosen as the drilling
lithologic profiles. Firstly, outcrops of the Qixia Formation were
observed systematically. Along these lines, more than 100
samples of the key layers were collected from top to bottom.
Among them, 44 rock samples were screened for the key analysis
(dolomitic “leopard-spot” limestone, bioclastic limestone, and

Frontiers in Earth Science | www.frontiersin.org

crystalline dolomite). Later, the rock sheets were prepared in the
pit according to the analysis projects, and the relevant analyses
and tests were completed. All rock sheets were dyed with alizarin
red solution, and the casting sheets were filled with blue epoxy
resin. The sheet identification and fluid inclusion were analyzed
in the Sichuan Key Laboratory of Natural Gas Geology using the
Olympus BX53 microscope, the THMSG 600 cooling-heating
bench, and the Leica DM2500P fluorescence microscope. During
the process of the microelement test, the samples were ground
into powder, filtered by a 200-mesh sieve, and melted by lithium
borate. Subsequently, a quantitative analysis of plasma mass
spectrometry was carried out. The isotope value was expressed
in %o (PDB standard), and the error was smaller than +0.1%o. The
carbon and oxygen isotope samples precipitate the formation of
CO, by the employment of a strong phosphoric acid at 72°C. The
Thermo-Finnigan GasBench system was connected with the
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FIGURE 2 | Dolomite characteristics of Qixia Formation in the study area. (A) Depiction of the dolomitic “leopard-spot” limestones. Dolomization occurs due to
cracking exposure, downward penetration of atmospheric fresh water along dry cracks, and mixture with seawater. As a result, base limestones have brecciated-vein
structures after metasomatism. They are developed at the top of the Qixia Formation, Changyuanjiang, Guangyuan city, Sichuan province. (B) The thick-layered massive
dolomitic “leopard-spot” limestones at the top of the Qixia Formation are in abrupt contact with the middle-thin layered “eyeball” imestones in the overlying Maoyi
Section. Dolomitic “leopard-spots” are distributed approximately vertical, Jinzi Mountain, Guangyuan city. (C) Dolomitic “leopard-spot” limestones. Networked dry
cracks are developed on the surface, indicating sedimentation discontinuity caused by a short-term outcrop. Subsequently, different corrosions are formed on the
outcrop surface due to atmospheric leaching, top Qixia Formation, Changjianggou, Guangyuan city. (D) Dolomitic “leopard-spot” limestones, K2 well,
2405.12-2405.32 m, Qier Section. (E) Crystalline dolomite, development of needle-like pores and holes, ST12 well, 7077.50-7077.73 m, the upper part of Qier Section,
x10 (-). (F) Dolomitic “leopard-spot” limestones; dolomites are subhedral-automorphic fine-middle crystals, ST12 well, 7050.04 m, upper part of the Qier Section, x10
(+). (G) Bioclastic limestone, containing red alga, foraminifer and other organisms, weak dolomitization, ST12 well, 7051.49 m, the upper part of the Qier Section, x10 (+).
(H) Depiction of dolomitic “leopard-spot” limestones, where dolomites are subhedral-automorphic fine-middle crystals. Limestones contain biological fossils such as
crinoids, ST12 well, 7051.7 m, the upper part of the Qier Section, x10 (+). (I) Crystalline dolomite, the intergranular pores are developed and the corrosion is enlarged.
The contact relation of crystals is irregular. Crystal coarsening can be seen. The intergranular pores are developed, which are semi-filled by asphalt. ST12 well, 7059.9 m,
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MAT DeltaPlus isotope mass spectrometer (CF-IRMS) for the
analysis. The Strontium (Sr) isotope analysis and test were
completed in the Guangzhou Aoshi Analysis and Test
Laboratory.

4 LITHOLOGIC FEATURES

Dolomitic “leopard-spot” limestones were extensively
developed in the northwest regions of Sichuan province.
The dolomitic “leopard-spot” limestones in the Qixia
Formation of the study area mainly form complete sets
with the underlying crystalline dolomites. They mainly
exist at the top of the Qier Section in the field and
downhole profiles and gradually migrate to the crystalline
dolomite downward (Figure 2). A long-distance tracking
comparison can be made within a certain range, and the

formation thickness ranges between 1 and 5m. The rock
association is generally manifested as the upper dolomitic
“leopard-spot” limestones, which leads to the formation of an
abrupt contact with calcilutites and “eyeball-eyeball-like”
limestones in the overlying Maokou Formation, which are
gradually shifted to thick-layered massive crystalline
dolomites. Such association may possess several cycles
longitudinally. In the study area, two cycles were detected.
The dolomitic “leopard-spot” limestone is a transition type
between limestone and dolomite. The base limestones were
composed of light-gray, gray, and dark gray bioclastic
limestones, which are common in the Permian System in
Sichuan Basin. Light-beige, beige, and brown crystalline
dolomites are the major components of dolomitic “leopard-
spots.” In the dolomitic “leopard-spot” limestones, the base
limestone content was generally higher than that of dolomitic
“leopard-spots” (Figures 2A,B).
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4.1 Dolomitic “Leopard-Spot” Limestones

and Crystalline Dolomite

On the lithologic level of the field outcrop and drilling core, dry
cracks at the top of the dolomitic “leopard-spot” limestones can
be found. The exposure dry “gravels,” which are often light-grey
bioclastic limestones, become round due to corrosion and spaces
among gravels that are filled with beige dolomitic “leopard-spots”
(Figures 2C,D). In the longitudinal direction, dolomitic
“leopard-spots” are mainly in the vertical or approximately
vertical distributions at the upper parts. As it goes deeper, the
emergence of dolomitic “leopard-spots” becomes flattered,
accompanied by an increasing quantity and expanding area in
both irregular and flocculent distribution. The proportion of the
dolomitic “leopard-spots” in the base limestone increases
gradually, and they are gradually shifted into the underlying
thick-layered crystalline dolomite (Figure 2A). The underlying
crystalline dolomites usually manifest as grey-white-brown grey
bulks with uniform colors. Needle-like pores and holes are also
developed, filled with dolomite grains and asphaltene
(Figure 2E).

From a microscopic point of view, dolomitic “leopard-spots”
are formed by irregular and uneven dolomitization of the base
limestone, and they are mainly composed of anhedral ~ subhedral
powder-fine crystalline dolomites. The dolomite surfaces are dirt,
and dolomites look like nearly mosaic grains, with metasomatic
dolomized biological and calcareous breccia residues on local
areas. Some intergranular holes, intergranular dissolution pores,
and small karst caves also exist, showing some reservoir
accumulation (Figures 2F-H). The dolomite surfaces in the
massive crystalline dolomites are dirt, and the grain size
generally ranges from middle to coarse. Euhedral-anhedral
crystals were also observed. There are primary intergranular
pores in dolomites, which are expanded by erosion to some
extent. The pores are filled with asphaltene and distributed
along the grain edges (Figure 2I).

4.2 Base Limestone (Bioclastic Limestone)
Base limestones are mainly composed of thick-layered massive
micritic bioclastic limestone. The mud sparry calcite is an
ingredient. More specifically, the bioclastic content is higher
than 50%. Red alga, green alga, foraminifer, and acanthosis
limestones are the most common components. Combined with
the field outcrops and identification under a microscope, most
of these bioclastics are broken, but foraminifer and odonate
limestones are relatively complete. Moderate-poor crystals
were also chosen and rounded. The filling content in
intergranular spaces is smaller than 50%, in which plaster is
the major component, and a small content of sparry micrite
can also be detected. The influence of the local plaster after
recrystallization is changed to powder-fine crystals (Figures
2F-H). Some intergranular pores, inter-base micropores, and
biological cavity holes were detected in the base limestones.
However, most primary pores disappeared in the follow-up
compaction, agglutination, and recrystallization
(Figures 2E,F).

Diagenetic Fluid of Dolomite

5 GEOCHEMICAL CHARACTERISTICS

5.1 Isotope Characteristics

C, O, and Sr isotopes have an irreplaceable impact on analyzing
fluid properties and diagenetic temperature during the carbonate
diagenesis process (Wang et al., 2011; Guo et al., 2003; Wang and
Bai, 1999). The carbonate diagenetic fluid source can be reflected
by the branch changes of the Sr isotope (Huang et al., 2002; Yan
et al, 2005). In the study area, the §"°C values of dolomitic
“leopard-spots,” base limestones, and crystalline dolomites in the
Qixia Formation of the study area were 1.66%0-4.32%o (3.06%o
on average), 2.46%0-3.96%o0 (3.31%0 on average), and
1.80%0-2.82%0 (2.34%0 on average). Additionally, the §'°0
values were —5.87%0-1.99%0 (-4.29%0 on average),
—2.27%0-4.43%0 (—3.16%0 on average), and —5.88%0—4.43%o
(-5.14%0 on average), whereas the *Sr/*°Sr values were
0.70724-0.70960 (0.70785 on average), 0.70791-0.70958
(0.707344 on average), and 0.70791-0.70958 (0.70868 on
average), respectively (Table 1). The C and O isotope
distributions are relatively similar between the dolomitic
“leopard-spots” and the base limestones, indicating that the
diagenetic fluid has homologous characteristics. However, the
C and O isotope test values of the dolomitic “leopard-spots” and
the base limestones differ significantly from those of the
crystallize dolomites, indicating the manifestation of significant
differences in the diagenetic fluids of dolomitic “leopard-spots,”
base limestones, and crystalline dolomites (Figure 3A). The *'Sr/
86Sr values of the dolomitic “leopard-spots,” base limestones, and
crystalline dolomites are all higher than the variation range
(0.70726-0.70742) of the 37Sr/%°Sr contemporaneous seawater
base limestones. This effect reveals that the diagenetic fluid of
dolomitic “leopard-spots” retains most seawater ingredients
(Figure 3B) (Xu et al., 2022).

5.2 Microelement Characteristics

In the study area, the microelement contents in dolomitic
“leopard-spots,” base limestones, and crystalline dolomite are
significantly different (Table 2 and Figure 4). According to the
experimental analysis, the K, Na, Sr, and Ba elements in the base
limestones are mainly distributed in the low-value regions.
Interestingly, the Na content in the dolomitic “leopard-spots”
is higher than that in the bioclastic limestone, and the K content
has two obvious zones. Moreover, the Sr content is significantly
lower, and the Ba content is obviously higher. This effect reveals
that diagenetic fluid involves exogenous fluids. Compared with
the crystalline dolomites, the contents of K, Na, Ba, and Sr in
dolomitic “leopard-spots” are slightly higher, showing a similar
composition of their diagenetic fluids.

The selected chondrite standardization analyses of the
microelements such as Rb, Ba, Th, U, Nb, La, Ce, Sr, Nd, P,
Zr, Hf, Sm, Y, Yb, and Lu are shown in Table 2 and Figure 5.
Clearly, the microelements in dolomites and limestones are
relatively ~ concentrated. In  particular,  microelement
distributions are basically consistent between the dolomitic
“leopard-spots” and the base limestones. Moreover, the
microelement distribution range of the crystalline dolomite is
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TABLE 1 | C and O isotope data of carbonates in Qixia Formation of ST12 in the study area.

Number Depth Lithology §'3c(PDB)  §'0(PDB) Number Depth Lithology s'*c(PDB)  §'°0(PDB)
of samples (m) of samples (m)
QX8 7050.34  Dolomitic leopard-spot 3.60 -2.97 QX36 7073.2 Dolomitic leopard-spot 3.19 417
QX5 7051.038 Bioclastic limestone 3.63 -3.75 QX37 7074.63 Dolomitic leopard-spot 2.32 -4.30
QX5-1 7051.08 Dolomitic leopard-spot 2.56 -3.98 QX52 7077.8 Bioclastic limestone 2.28 -5.49
QX10 7052.97 Dolomitic leopard-spot 3.92 -3.46 QX53 7077.8 Bioclastic limestone 1.99 -5.40
QX11 7052.97 Bioclastic limestone 3.33 -4.14 QX54 7078 Bioclastic limestone 2.29 -2.10
QX2 7053.63 Bioclastic limestone 3.44 -3.27 QX585 7078.96  Bioclastic limestone 1.33 -5.20
QX16 7054.4 Dolomitic leopard-spot 3.64 -3.55 QX56 7078.96 Bioclastic limestone 2.44 -5.49
QX17 7054.4 Bioclastic limestone 2.85 -4.14 QX42 7080.35 Bioclastic limestone 2.48 -5.11
QX162 7054.4 Dolomitic leopard-spot 3.97 -2.68 QX57 7083.11 Bioclastic limestone 2.08 -4.43
QX14 7056.05 Dolomitic leopard-spot 3.84 -3.94 QX58 7083.11 Bioclastic limestone 2.31 -4.91
QX15 7056.05 Bioclastic limestone 2.80 -4.43 QX44 7083.5 Bioclastic limestone 1.98 -5.88
QX18 7057.25 Dolomitic leopard-spot 3.25 -4.91 QX59 7086.2 Bioclastic limestone 2.30 -4.72
QX19 7057.25 Bioclastic limestone 2.46 -5.98 QX60 7086.55 Bioclastic limestone 2.16 -4.82
QX20 7058 Crystalline dolomite 2.35 -5.11 QX61 7086.8 Bioclastic limestone 3.52 -5.20
QX24 7061.83 Crystalline dolomite 2.75 -5.49 QX62 7088 Bioclastic limestone 2.43 -5.20
QX25 7062.85 Dolomitic leopard-spot 1.65 -5.30 QX63 7088.25 Bioclastic limestone 2.63 -5.30
QX26 7062.85 Bioclastic limestone 3.88 -2.27 QX65 7088.41 Bioclastic limestone 2.60 -4.62
QX27-1 7063.40 Dolomitic leopard-spot 4.14 -1.99 QX66 7088.41 Bioclastic limestone 2.63 -4.43
QX30 7067 Dolomitic leopard-spot 1.86 -5.43 QX67 7088.62 Bioclastic limestone 1.80 -5.49
QX31 7067 Bioclastic limestone 3.44 -3.27 QX62 7088.8 Bioclastic limestone 2.82 -4.72
QX32-1 7068.22 Bioclastic limestone 3.96 -2.67 QX46 7090.34 Bioclastic limestone 2.44 -5.59
QX34 7070 Dolomitic leopard-spot 1.92 -5.87 QX35 7071.25 Bioclastic limestone 2.14 -5.40
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FIGURE 3| C, O, and Srisotope characteristics of carbonates in the Qixia Formation in the study area. (A) C and O isotope distribution patterns of carbonates in the
Qixia Formation; I-crystalline dolomite clustering; Il-dolomitic “leopard-spot” and base limestone clustering. (B) Sr isotope distribution of carbonate in the Qixia
Formation.

relatively small, and the Th content in some crystalline dolomite
is increased.

5.3 Order Degree

Order degree of dolomites is related to the crystallization velocity.
The dolomites formed in the early stage have a low-order degree.
With the increase in the buried depth, the order degree climbs up
gradually. However, implementing a high temperature can
overcome the dynamic barrier in the dolomitization process, thus

resulting in lattice distortion and fast crystallization of dolomites
(Zheng and Qin, 2020). The order degree of the dolomitic “leopard-
spot” limestones is 0.4-0.56, which is significantly lower than that of
the crystalline dolomite (0.48-0.68) (Table 3).

5.4 Fluid Inclusion Characteristics

Fluid inclusion refers to the diagenetic fluid, which is wrapped
during mineral crystallization in the diagenesis process. In
minerals, fluid inclusion exhibits an obvious boundary with
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TABLE 2 | Carbonate microelement test results of Qixia Formation in the study area (chondrite standardization).

Number
of samples

Qx3

Qx4

QX63
QX70
QX52
QX568
QX69
Qxa7
QX53
QX56
QX66
Qx42
QXx57
QX77
QX76
QX54
QX62
QX65
QXe7
QX44
QX565
QXx48
Qx50
QX561
QX61
QX68
QX71
QX72

Lithology

Dolomitic leopard-spot
Bioclastic limestone
Crystalline dolomite
Crystalline dolomite
Dolomitic leopard-spot
Crystalline dolomite
Crystalline dolomite
Dolomitic leopard-spot
Dolomitic leopard-spot
Dolomitic leopard-spot
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite
Dolomitic leopard-spot
Bioclastic limestone
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite
Dolomitic leopard-spot
Bioclastic limestone
Bioclastic limestone
Bioclastic limestone
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite
Crystalline dolomite

K Na Sr Ba Rb* Ba* Th* uU* Nb* La* Ce* Sr* Nd* P* Zr* Hf* Sm* Y* Yb* Lu*

% % vg/g  ug/g Chondrite standardization; Boynton (1984)
0.04 004 1095 398 069 16.51 8.28 25.00 0.81 2.58 186 1508 1.00 002 0.23 093 067 140 057 060
0.03 003 1130 181 052 7.51 6.90 21.25 0.81 2.58 1.61 1656 1.00  0.01 0.21 093 092 127 057 060
0.0t 0.03 550 6.3 013  2.61 1.38 21.25 0.41 1.94 1.24 7.58 1.00 002 0.21 093 067 096 053 0.60
0.03 0.02 698 4.4 043 1.83 1517 14750 0.81 2.26 1.61 9.61 117 0.01 0.54 093 072 121 062 060
0.01 003 922 4.9 017  2.03 2.07 18.75 0.41 1.94 1.11 1270 083 0.06 0.13 093 077 076 0.33 0.30
0.01 0.03 72.1 21.8 022 9.05 3.79 31.25 0.41 2.90 2.10 9.93 133 005 0.21 093 097 1.08 0.38 0.30
0.01 002 116 3.3 0.04 137 0.69 6.25 0.41 1.61 1.24 1.60 0.83 0.01 0.13 093 056 1.02 0.33 0.30
0.03 0.04 1095 166 047 6.89 3.45 28.75 0.81 1.29 0.87 1508 050 0.02 023 093 031 038 029 030
0.09 005 1260 191 155 793 1586 32.50 2.03 4.19 260 1736 167 007 1.08 093 092 1.08 053 0.60
0.03 003 1650 271 039 1124 4.14 30.00 1.22 6.13 297 2273 267 004 0.78 093 154 153 091 090
0.02 0.04 105.0 7.6 0.30 3.15 517 20.00 0.81 4.52 2.48 14.46 2.00 0.07 0.21 0.93 128 140 062 0.60
0.02 0.03 669 23.0 030 954 4.48 38.75 0.81 3.87 2.23 9.21 1.83 0.07 044 093 1.08 140 062 0.60
0.01 0.03 902 625 034 2593 448 51.25 0.81 3.55 3.47 1242 167 002 0.21 093 1.03 1.02 053 060
0.09 002 117.0 5.6 129 232 12,07 13250 244 3.55 2.35 16.12 1.33  0.01 1.03 093 097 096 057 060
0.02 0.01 208.0 2.8 034 1.16 7.93 38.75 0.41 2.90 210 2865 1.17  0.01 0.26 093 067 064 033 0.30
0.15 004 1485 327 177 1357 2241 37875 1057 1000 582 2045 6.00 025 4.39 374 415 274 153 1.51
0.33 0.05 1305 321 3.71 13.32 4586 27625 26.02 10.32 7.05 17.98 4.83 020 1292 11.21 349 2147 124 1.20
0.03 0.04 1400 575 039 23.86 4.83 18.75 0.41 8.06 396 1928 400 0.06 0.16 093 205 185 091 090
0.63 006 99.7 58.8 6.72 2440 6172 6500 3740 1710 9.03 1373 617 028 17.31 1402 436 261 120 0.90
070 005 1165 681 672 2826 5759 65250 36.18 2097 1262 16.05 1117 071 1628 1495 749 389 167 1.51
043 006 1340 305 379 1266 3897 40250 2520 1000 5.82 1846 433 022 1137 1121 282 204 091 0.90
0.02 0.03 1310 3.0 030 1.24 2.76 28.75 0.41 0.97 0.74 1804 050 0.02 0.18 093 026 019 0.14 0.30
0.01 002 1035 3.0 013 124 1.38 16.25 0.41 1.29 0.74 1426 050 0.02 0.13 093 041 051 0.4 0.30
0.01 002 1305 2.8 0.13 1.16 1.03 17.50 0.41 1.29 074 1798 050 0.02 0.13 093 026 045 024 0.30
0.01 0.03 56.6 786 013 32.61 2.41 16.25 0.41 0.97 0.62 7.80 050 0.02 0.13 093 031 025 024 030
0.01 0.03 803 936 009 3884 1.03 41.25 0.41 0.97 0.62 11.06 033 0.02 0.16 093 026 038 0.14 0.30
0.01 0.03 46.6 2.3 0.09 095 276 11125  0.41 0.97 0.62 6.42 0.33 0.01 0.13 093 026 045 0.14 0.30
0.01 002 697 2.3 0.09 095 2.07 63.75 0.41 1.61 0.87 9.60 050 0.01 0.13 093 046 064 024 0.30
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FIGURE 4 | Statistical charts of the contents of K, Na, Sr, and Ba in dolomites of the Qixia Formation in the study area.
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FIGURE 5 | Microelement distribution patterns in carbonate samples of Qixia Formation in the study area.
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Hf Sm” Y Yb Lu

minerals (Lu, 2004). The homogeneous temperature can reflect the
fluid temperature during the formation of minerals, thus permitting
the extraction of valuable information during the mineral formation
(Yue et al, 2005). According to statistics on 83 test points of
dolomites in the study area, the uniform temperature of the
dolomite inclusion of the Qixia Formation mainly ranges
68°C-135°C. A total of 42 inclusions were detected in the
powder-fine crystalline dolomites in the dolomitic “leopard-
spots,” with a uniform temperature of 68°C-100°C. A total of 41
inclusions were tested from the crystalline dolomites, with a uniform
temperature of 100°C-135°C. The uniform temperature of inclusions
in the dolomitic “leopard-spots” and crystalline dolomite mainly
ranges from 75°C to 110°C (Figures 6A,B). Furthermore, the

uniform temperature of inclusions in pores and fillings at pore
edges mainly ranges from 100°C to 130°C (Figures 6C,D).

6 DISCUSSIONS

6.1 Diagenetic Fluid Source and Formation

of Dolomitic “Leopard-Spots”

6.1.1 C, O, and Sr Isotope Indexes

The atmospheric fresh water has a large variation range of §'°C,
but its §'®0 is almost constant, and it usually possesses a high
negative value. In the C and O isotopes of seawater, §'°C and
8'%0 skew to high positive values. In the buried environment, the
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TABLE 3 | Order degree test data of dolomites of Qixia Formation in the study area.

Diagenetic Fluid of Dolomite

Number of samples Depth (m) Lithology Degree of order
QX10 7052.97 Dolomitic leopard-spot 0.49
QX20 7058.00 Crystalline dolomite 0.56
QX44 7083.50 Crystalline dolomite 0.68
QX471 7054.40 Dolomitic leopard-spot 0.4
QX55 7078.96 Crystalline dolomite 0.56
QX57 7083.11 Crystalline dolomite 0.51
QX58 7083.11 Crystalline dolomite 0.51
QX61 7086.00 Dolomitic leopard-spot 0.5
QX62 7088.00 Crystalline dolomite 0.5
QX63 7088.00 Crystalline dolomite 0.5
QX65 7088.41 Dolomitic leopard-spot 0.56
QX66 7088.41 Crystalline dolomite 0.53
QX67 7088.41 Dolomitic leopard-spot 0.48
QX68 7088.80 Crystalline dolomite 0.51
200
5 Uniform temperature distribution
0 A
5 ) at

100

s ~@-Dolomite in the dolomitic "leopard spot" limestone

50 —4—Crystalline dolomite

4= Crystalline dolomite at pore margins
25 Meso-crystalline dolomite at pore margins
0 ~&—Meso-crystalline dolomite in pores
0 5 10 15 20 25 30 35 40 45
Quantity / piece
FIGURE 6 | Uniform temperature distribution of the fluid inclusion in dolomites of the Qixia Formation in the study area. (A,B) Inclusion test points in dolomitic
“leopard-spots” and crystalline dolomites. (C,D) Inclusion test points in holes, pores, and seam edges.

8'%0 value skews toward the high negative value, and it is
inversely proportional to the buried depth. We have to
underline that the §'°C value is relatively stable. Moreover,
isotopes have different drift characteristics due to the influence
of the different diagenesis environments (Wang et al, 2001;
Wang et al., 2004; Zheng et al., 2008; Tian et al., 2014). The
distribution of the C and O isotopes in dolomitic “leopard-spot”
and base limestone are relatively similar in the Qixia Formation,
showing the manifestation of general sea-source fluid
environments similar to the diagenetic fluid of the limestone.
The isotope of §'®0 of the dolomitic “leopard-spots” is apt to a
negative high value, and the variation range of §"°C is large. This
reflects that the diagenetic fluid is dominated by
contemporaneous seawater, interfering with the atmospheric
fresh water. Moreover, diagenesis is influenced by high
temperature to some extent.

Carbonate minerals mainly have three Sr sources: Earth’s
crust, mantle, and sea. As far as the Earth’s crust source Sr is
concerned, ¥ Rb decays into radiogenic *’Sr due to the long-term

evolution, thus resulting in a high ¥Sr/*Sr value (global average
is 0.7119). The Earth’s crust source Sr is mainly transferred by
ancient rock weathering in lands and fresh water in rivers. The
mantle source Sr refers to the relatively poor radiogenic Sr, which
is provided by the hydrothermal system of the mid-oceanic ridge
to seawater. Therefore, the *’Sr content is relatively low (the
global average is 0.7035). In this period, the mantle source Sr is
provided by basalt eruption and invasion of Emei mantle
movement. Interestingly, the sea source Sr is similar to the
seawater and marine sediments at almost the same period.
The variation range (¥’Sr/*°Sr) of the Permian marine
carbonate is 0.70662-0.70821 (Huang et al., 2002; McArthur
and Howarth, 2005; Xie et al,, 2022). The isotopes of *’Sr/*Sr
of the dolomitic “leopard-spots” of the Qixia Formation in the
study area are 0.70724-0.70934. It is slightly higher than those of
the contemporaneous base limestones and seawater (Korte et al.,
2005; Huang et al., 2011). Moreover, it is significantly higher than
that of the Emei basalt. This effect indicates that the diagenetic
fluid of dolomitization is similar to contemporaneous seawater,

Frontiers in Earth Science | www.frontiersin.org

July 2022 | Volume 10 | Article 931834


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Xie et al.

60

50

40

30

Zr/Hf

20

Dolomitic leopard-spot limestone Bioclastic limestone Crystalline dolomite

FIGURE 7 | Distribution of the Zr/Hf ratio of dolomite of Qixia Formation
in the study area.

but it is not completely the same as the contemporaneous
seawater fluid. Instead, the diagenetic fluid of dolomitization is
influenced by some of Earth’s crust source fluids, in which the
upwelling fluid source containing mantle source Sr produced by
underlying tectonic movement can be excluded.

6.1.2 Microelement Indexes

The content and distribution characteristics of microelements in
rocks can reflect the elemental properties of diagenetic fluids
when rocks were formed (Lottermoser, 1992; Webb and Kamber,
2000; Webb et al., 2009). Therefore, a deep discussion is often
needed in the analysis of carbonate diagenetic fluid. The
dolomitic “leopard-spots” of Qixia Formation in the study
area have basically consistent characterization of the relatively
stable elements (e.g., Na, K, Sr, and Ba) of marine water bodies
with base limestones, showing similarity of their diagenetic fluids.
Moreover, compared with the base limestones, the dolomitic
“leopard-spots” have a higher Na, different K, and decreased
Sr content, consistent with the characteristics of the crystalline
dolomites. In other words, both the dolomitic “leopard-spots”
and crystalline dolomites are influenced by similar exogenous
fluids during the diagenetic process. Moreover, the distribution
characterization of Rb, Ba, Th, U, Nb, La, Ce, Sr, Nd, P, Zr, Hf,
Sm, Y, Yb, and Lu indicates that the diagenetic fluids of dolomitic
“leopard-spots,” base limestones, and crystalline dolomite are
basically comparable.

From the elemental analysis, it can be argued that Zr and Hf
are a pair of close concomitant elements (Huang et al., 2010). The
provenance of rocks can be judged effectively by the ratio of Zr/Hf
(Figure 7). Under this direction, the ratio of Zr/Hf has two
obvious zones in samples. The part of the relatively low Zr/Hf
value ranges between 5 and 8, averaging at 6.8. On the contrary,
the part of the relatively high Zr/Hf value ranges between 30.1 and
44.7, averaging at 39.4. According to the upper crust standards

Diagenetic Fluid of Dolomite

(Zr = 240 pg/g, HF = 5.8 ug/g), the ratio of Zr/Hf is about 41.38.
Hence, it can be speculated that terrigenous materials in the
diagenetic fluids for dolomitic “leopard-spots” of the Qixia
Formation might belong to the upper crust materials.

Based on the combination of the lithological and geochemical
characteristics of the dolomitic “leopard-spots” of Qixia
Formation in the study area, it can be speculated that this
might be caused by the fast downward penetration of
atmospheric fresh water and the flowing through seawater in
the depositional stage. More specifically, it was formed in the
contemporaneous ~ penecontemporaneous periods. The process
of early dolomitization is controlled by the impact of the original
sedimentary environment. Interestingly, fluids triggering
dolomitization in different sedimentary environments are
different to some extent (Machel, 2004). In the study area, the
dolomites of the Qixia Formation were extensively developed and
were significantly influenced by the landform high of Emei
mantle uplift and atmospheric fresh water. The dolomitic
“leopard-spots” developed in the seepage channel of the top
seepage zone are involved with fresh water (Figure 8).
Influenced by the sea surface, the atmospheric fresh water can
provide long-term adjustment of the Ca* and Mg" balance in
water bodies in the mixing belt of ancient landform highland and
the underlying undercurrent belt. This effect is conducive to
dolomitization at the top stratified sedimentation in the region
within the reasonable geological term.

6.2 Dolomitization Fluid Temperature

The Sichuan Basin was strongly influenced by the Emei mantle
plume movement during the Permian. In this period, the violent
volcanic activities formed the Emeishan large igneous province,
whereas magmatic eruption and magmatic intrusion were
weakened gradually from south to north. Through a geologic
age analysis of the basalt and relevant rocks in Emei Mountain,
Fan (2004) pointed out that the basalt eruption in Emei Mountain
was generally within 3 Ma from 253to 256 Ma. Before the
volcanic eruption, an uprising of the mantle column (wall)
leads to the large-scale dome-shaped lifting effect. In addition,
strong volcanic activities lead to corresponding heat flows in the
Sichuan Province. According to the study of Zhu et al. (2010) on
the paleo heat flow of several drillings in the Sichuan Basin, the
paleo heat flow in the basin peaked at about 259 Ma, and a stage of
sharp rising of paleo heat flow in the sedimentary stage
(273-268 Ma) of Qixia Formation was recorded. This effect
reflects that the formation temperature in the study area is far
higher than that in normal sedimentation. Based on the O isotope
equilibrium exchange principle between minerals and water,
according to the literature, the dolomite-water O isotope
fractionation equation under high and low temperatures can
be obtained through experiments and calculations (Qian and
Guo, 1998). Because dolomitization requires a relatively open
environment, all previous formulas were developed using
seawater as the experimental subject, whereas the fractionation
coefficients in different regions at different periods were
uncertain. According to the comparison of many calculation
formulas of paleotemperature of several O isotopes and
calibration by employing a uniform temperature of inclusion,
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FIGURE 8 | Schematic diagram of diagenetic fluid migration and diagenetic model in the study area.
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the calculation formulas of paleotemperature proposed by Land
(1983) and Northrop and Clayton (1966) were chosen finally to
calculate the diagenetic temperature of dolomite of the Qixia
Formation in Shuangyushi Region on the northwestern Sichuan
Basin. These two formulas have good applicability in calculating
the diagenetic temperature of dolomites of the Qixia Formation
in the study area:

1000102 (gofomite_water) = 3-14 x 10°T™2 - 2.0(Land, 1983), (1)
1000118 (dglomite-water) = 3-20 X 10°T~* — 1.5 (Narthrop, 1966).

2)

where 1000Ina (golomite-watery 1S the O isotope shunt coefficient

between dolomite and water, which can be approximately

expressed by 8800 10mite-0" 2 Oseawater- Besides, T stands for the
Kelvin temperature.

This fractionation equation requires the existence of a
relatively reasonable 8'®0 value of contemporaneous seawater.
In the study area, the ratio Sr/Mn of microelements reflects an
extremely low alteration coefficient of the overall formation
lithology. Consequently, the isotope of 88O (~1%o) of the
bioclastic limestone in the dolomitic “leopard-spot” limestones
was chosen for the calculation, and it was compared with the test
temperature of inclusion. According to calculated results from
Eq. 1, Eq. 2, the average diagenetic temperature of dolomites in
the Qixia Formation was 67°C-73°C, with minimum and
maximum values of 56.45°C and 80.66°C (Table 4). Moreover,
the temperature climbed up gradually from up to the bottom
(Figure 9), which proved the increasing paleo heat flow in the
Chihsian Age in the study area.

In the test temperature, the lowest temperature exceeds the
coarsening critical temperature (CRT > 50°C), indicating that the
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TABLE 4 | Calculated results of the diagenetic temperature of dolomites of the Qixia Formation.

Diagenetic Fluid of Dolomite

Number of samples Depth (m) §"%0pps Land (1983)/°C Northrop and Clayton (1966)/°C
Qx3 7050.34 -2.97 56.45 62.32
QX10 7052.97 -3.45 59.21 65.18
Qxa7 7054.40 -3.12 57.00 62.89
Qx14 7056.05 -3.94 62.04 68.11
QX18 7057.25 -4.91 67.92 74.21
QXx20 7058.00 -5.1 69.14 75.47
QXx24 7061.83 -5.49 71.61 78.04
QX25 7062.85 -5.30 70.37 76.75
QX30 7067.00 -5.30 70.37 76.75
QX53 7077.80 -4.33 64.36 70.51
QX55 7078.96 -5.35 69.37 76.75
QX42 7080.35 -5.11 69.14 75.47
Qxs7 7083.11 -4.67 66.13 72.35
QXx44 7083.50 -5.88 7414 80.66
QX59 7086.00 -4.91 67.92 74.21
Qxe2 7088.00 -5.25 69.75 76.11
QX65 7088.41 -4.85 67.32 73.59
QX68 7088.80 -4.71 66.72 72.97
QX46 7090.34 -5.59 72.24 78.69
Stratigraphic ’ : g
system Depth Drilling lithologic temperature/ C
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FIGURE 9 | Longitudinal distribution of the calculated diagenetic temperature of dolomites of Qixia Formation in Shuangyushi Region.

temperature conditions for the different crystal types or shallow  Machel, 2004) (Figure 2I). Combining with the order degree
buried high-temperature crystal variation characteristics have  characteristics of dolomites, the fluid temperature of the general
been reached (Gregg and Sibley, 1984; Sibley and Gregg, 1987;  environment was relatively high in the Qixia Formation age. In
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other words, the basic environmental temperatures for the
formation of dolomitic “leopard-spots” and crystalline
dolomite were relatively high (Figure 8).

6.3 Impact of “Leopard-Spot” Dolomites on

Reservoir Accumulation

In the study area, the dolomitic “leopard-spots” were mainly
composed of powder-fine crystalline dolomites, with relatively
dense lithology and few visible pores. However, the dolomitic
“leopard-spots” were partially filled with asphalt in local regions.
The dolomitic “leopard-spots” can inherit rock pores better in the
freshwater leaching karst system. Asphalt and macro-crystalline
dolomites also filled in karst caves developed based on the
dolomite plaques. Under the microscope, the relationship
between the dolomitic “leopard-spot” and base limestones was
relatively clear, which was formed after the irregular and uneven
dolomitization reconstruction procedure of micritic-sparry
bioclastic limestones. Sometimes, dolomite grains in dolomitic
“leopard-spots” were found in regular euhedral shape (Figures
2F,G) or anhedral-subhedral mosaic shape, with local residues of
non-metasomatic  creatures (Figures 2F-H). However,
intergranular holes and intergranular pores were poorly
developed, with a general porosity of 1%-2%. Moreover, these
intergranular holes and intergranular pores were mainly filled
with plaster, clay mud, and organics. The accumulation is
generally manifested by relatively poor “saccharoidal”
dolomites at the bottom of the relative formations. However,
the dolomitic “leopard-spots” can be used as the seepage channel
of the diagenetic fluid. More specifically, they not only changed
the diagenetic fluid characteristics of the underlying thick-layered
crystalline dolomite but also were conducive to the development
of reservoir construction such as karst and were of vital
significance for exploring dolomite reservoirs of the Qixia
Formation in the study area (Machel, 2004; Zheng et al., 2008;
Chen et al,, 2013; Zheng and Qin, 2020).

7 CONCLUSION

1) The dolomites of the Middle Permian Qixia Formation in
Shuangyushi Region in northwestern Sichuan Basin mainly
include two types of dolomitic: “leopard-spot” limestones and
crystalline dolomite. Moreover, the dolomitic “leopard-spot”
limestones were often above crystalline dolomites. The
dolomitic “leopard-spots” were found in the vertical
distribution and changed to thick-layered massive crystalline
dolomites gradually. The longitudinal distributions of the
dolomitic “leopard-spot” limestones and crystalline dolomite
exhibited some cycles and were controlled by the sedimentary
environment. The dolomitic “leopard-spots” were developed
with pores, which accumulate reservoirs to some extent.

In the dolomitic “leopard-spot” limestones of the Qixia
Formation, dolomitic “leopard-spot” and base limestones
exhibited basically similar geochemical properties and
consistent diagenetic period. Both were formed in the

2)

Diagenetic Fluid of Dolomite

contemporaneous-penecontemporaneous  periods.  The
diagenetic fluids were contemporaneous seawater and
involved atmospheric fresh water. However, some distinct
differences in geochemical characteristics between dolomitic
“leopard-spots” and crystalline dolomites were observed. This
outcome reveals that crystalline dolomites suffered from the
stronger intervention of exogenous freshwater fluids and were
subjected to burial dolomitization and hot-press
dolomitization processes in the late stage.

For the Middle Permian Qixia Formation in the Shuangyushi
Region in northwestern Sichuan Basin, the dolomitic “leopard-
spot” limestones and the underlying crystalline dolomite formed
the diagenetic fluid, which has characteristics of up-down
seepage in the open water bodies and relatively high
paleogeotemperature background. Neither excessive dolomite
growth nor hydrothermal dolomitization was caused by
multi-age, and the long-term reflux penetration mode
proposed by predecessors can interpret the formation of
dolomitic ~ “leopard-spots” and powder-fine crystalline
dolomites in Qixia Formation completely. In the study area,
the dolomite genesis process could be attributed to
dolomitization involving fresh water in the high-temperature
environment from the contemporaneous period to the early
burial stage.

3)
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