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The dolostone reservoir of the Middle Permian Maokou Formation in Eastern Sichuan has good prospects for oil and gas
exploration. Study of dolomitizing genesis of the Maokou Formation is essential for predicting the distribution of the dolostone
reservoir. Petrography, in situ geochemistry, Sr-Mg isotopes, and fluid inclusions were carried out on samples from the Maokou
Formation in Eastern Sichuan in order to discuss the dolomitizing process. Based on mineral and textural characteristics,
dolomites were divided into four components: partially clouded dolomite (PCD), mosaic-like dolomite (MLD), cloudy-centered
and clear-rimmed dolomite (CACD), and saddle dolomite (SDD). Results indicate that the Maokou Formation in Eastern
Sichuan mainly experienced two stages of dolomitization. PCD, MLD, and cloudy-centered dolomite (CCD) were formed
during the early dolomitization. They all show turbid crystal planes and bright orange-red CL and have similar trace element
contents, 87Sr/86Sr ratios, and rare-earth patterns, indicating that they might be formed in the same fluid. This is a period when
dolomitizing fluids mainly migrated along pores or microcracks and replaced protogenetic calcites, which occurred in the
shallow burial stage of the Maokou Formation before the Late Permian. Clear-rimmed dolomite (CRD) and SDD were formed
in the late stage of dolomitization. They all have clean crystal planes and darkly red CL. CRD of the ERY profile has trace
element contents, 87Sr/86Sr ratios, and rare-earth patterns similar to SDD of the HLCH profile and Well TL6, inferring that both
may be formed in the same fluid. Combined with high SrO contents and homogenous temperatures of fluid inclusions of CRD
and SDD and Mg-isotopic compositions, they were generated by hydrothermal dolomitization. The hydrothermal fluid stage is
related to the movement of the Emeishan Large Igneous Province, which was made up of basaltic magmatic fluids mixing with
the surface water. The hydrothermal fluid mainly migrated upwards along structural fractures or faults and filled in structural
fractures, occurring in the Late Permian to Middle-Late Triassic.

1. Introduction

The genesis of dolomite has been a perplexing problem for
geologists [1]. Over the past twohundred years,many dolomi-
tizing models have been proposed, such as the sabha model,
the seepage-reflux model, the evaporative-pump model,
the mixed-water model, and the microbial exchange model
[2–7]. In the past two decades, more and more geologists

paid attention to the hydrothermal dolomitization model
due to lots of reports of deeply buried dolostones [8–10].
For instance, Niu et al. [11] argued that the Lower Ordovi-
cian dolomite in the southwest Tarim Basin was dolomitized
by hydrothermal fluids mainly migrating along the fracture
system. Nevertheless, hydrothermal dolostones are products
of the multistage dolomitization and may have undergone
complicated diagenetic processes [12–14]. Therefore, it is
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very difficult to accurately identify sources and properties of
hydrothermal fluids. Nonetheless, geochemistry and stable
isotope composition of carbonate minerals or rocks are
closely associated to the diagenetic environment and provide
important information regarding paleosalinity, paleotem-
perature, and paleoclimate. Therefore, the composition of
stable isotopes is of great significance to the diagenetic envi-
ronment of carbonate rocks, and is also important for distin-
guishing the genesis of dolomite [15–18]. And distribution of
major and trace elements in strata reflects changes of the
diagenetic environment to a certain extent [19–22].

In Eastern Sichuan, a 23-meter-thick dolostone reservoir
of the Maokou Formation was discovered in Well TL6 with a
daily output of about 11:08 × 104 m3 industrial gas flow
obtained, indicating that the dolostone reservoir in the Mao-
kou Formation in Eastern Sichuan has good prospects for oil
and gas exploration [23]. Understanding the dolomitizing
mechanism is essential for predicting the spatial distribution
of the dolostone reservoir in the Maokou Formation in
Eastern Sichuan. The dolomite development zone of the
Maokou Formation in Eastern Sichuan is extended towards
to the NW-SE direction and overlaps with the No. 15 base-
ment fault belt in the geographic space (Figure 1(b)). Thus,
some scholars proposed that hydrothermal fluids generated
by the Emei taphrogeny are the main factor for forming dolo-
mites of the Maokou Formation in Eastern Sichuan [23–26].
For example, Zhang et al. [24] argued that the saddle-shaped
dolomite and matrix dolomite of the Maokou Formation fill-
ing in the pores and fractures in Eastern Sichuan were
formed by contemporaneous multistage hydrothermal fluids
altering protogenetic calcites. Nonetheless, distinct dolomi-
tizing genetic models have also been proposed by different
scholars including the burial model [27], the mixed-water
model [28], and the hot-water model [29–31]. Previous stud-
ies were mainly based on a single field profile, petrography or
bulk-rock geochemistry, and fluid inclusion, whereas they
lack comprehensive evidence from various aspects and
demonstration from in situ geochemistry. Consequently, by
integrating multiple field profiles, in situ geochemistry, Sr-
Mg isotopes, and fluid inclusions, this study is able to discuss
in detail dolomitizing stages, Mg2+ sources, dolomitizing
time, models, and lateral differences of the Middle Permian
Maokou Formation in Eastern Sichuan, which enables
providing references for predicting the distribution of the
dolostone reservoir.

2. Geological Settings

2.1. Structural Background. The study area has the domian
of26 × 103 km2and is located on the eastern part of Sichuan
Basin and belongs to the high-steep structural zone in
Eastern Sichuan, close to the Huayingshan fault zone and
the Daba Mountain [32] (Figure 1(a)). Basement rocks are
composed of Archean intermediate-basic rocks and Protero-
zoic gneisses, developing two sets of basement faults in NE
and NW directions [33] (Figure 1(b)). Eastern Sichuan expe-
rienced multitectonic cycles in geological history. Since the
Maokou Period, Eastern Sichuan has undergone the Tungwu
Movement and the Yanshan-Himalaya Movement, and the

tectonic environment has successively transformed from a
rift basin and an intracontinental depression basin to the
Huayingshan high-steep structural belt [34]. Sichuan Basin
was dominated by a gentle-slope carbonate platform facies
in the Maokou Period [35]. The Emei taphrogeny caused dis-
persion of the carbonate platform, the crustal extension, and
differential uplift of fault blocks in the middle-upper Yangtze
region and facilitated reactivating basement faults [36, 37].

2.2. Stratigraphic and Sedimentary Background.TheKaijiang-
Liangping area rapidly sank to form a relatively deep-water
environment affected by the Tungwu Movement which was
an outside gentle-slope facies. The Tailai area belonged to a
middle gentle-slope facies with extensively contiguous bio-
clastic beaches [23].Hence, themain body of theMaokou For-
mation in Eastern Sichuan is a set of marine carbonate rocks
which was weakly influenced by terrigenous materials. At
present, the thickness of the residual strata of the Maokou
Formation ranges from 90 to 400m; the thicker locations are
mainly concentrated at southwest and northwest Sichuan,
and the strata gradually becomes thinner towards the north-
east [26] (Figure 1(b)). The Maokou Formation in Eastern
Sichuan is divided into three members from bottom to top.
Member 1 consists of dark-gray augen limestone and grey-
black micritic limestone (Figure 2). Thin-layered and lenticu-
lar siliceous rocks containing a large number of chert nodules
are developed in Member 1 (Figure 2). The calcareous shales
exist in the lower part ofMember 1, interlaying between augen
limestones and siliceous rocks (Figure 2). Member 2 is made
up of dark-gray micrite bioclastic limestones and granular
limestones (Figure 2). Member 3 is composed of dolostone,
siliceous dolostone, and bioclastic limestone. The top is
eroded and bauxite mudstones are developed, showing paral-
lel unconformity contact with the overlying Wujiaping
Formation or Longtan Formation (Figures 2 and 3(a)). Fine-
grained dolostones and siliceous rocks contain multiple
mineral assemblages related to hydrothermal fluids, such as
microcrystallized quartz+dolomite, saddle dolomite+mega-
crystalline calcite, coarse-grained dolomite+calcite+sphaler-
ite, and pyrite+marcasite.

3. Analytic Methods

3.1. Sampling. In order to discuss the lateral changes of dolo-
mitization in the Middle Permian Maokou Formation, sam-
ples were collected from the ERY profile, the HLCH profile,
and Well TL6 (Figure 2). The three profiles extend along
the NW-SE direction, consistent with the distribution of
dolostones in the Maokou Formation (Figure 1(b)). A total
of 25 samples were collected (Figure 2). The strata involve
Member 1 and Member 3, including dolomites and lime-
stones. To guarantee the accuracy of analytic results, the
collected samples are all fresh and organic poor. All samples
are equipped with thin sections, and typical samples are
selected for in situ geochemistry and Sr-Mg isotope analyses.
Analyses of in situ major and trace elements, in situ Sr iso-
tope, and single mineral solution Mg isotope were carried
out at the State Key Laboratory of Continental Dynamics at
Northwest University.

2 Geofluids



3.2. Major Elements. Analyses of major elements of different
minerals were carried out at the State Key Laboratory of Con-
tinental Dynamics at Northwest University. The in situmajor
elements are detected with the JXA-8230 electron probe pro-
duced by JEOL. The experimental electron beam acceleration
voltage is 15 kV, the current is 10 nA, and the electron beam
spot diameter is 2~5μm.

3.3. Trace Elements. Analyses of trace elements of different
minerals were carried out at the State Key Laboratory of Con-
tinental Dynamics at Northwest University. LA-ICP-MS was
used for in situ trace element analyses. The ICP-MS used was
the GeoLas Pro produced by Coherent Lambda Physik, and

the LA used was Agilent 7500a produced by Agilent, with
an average power of 4W and a beam spot diameter of 32μm.

3.4. Sr-Mg Isotopes. Analyses of in situ Sr isotope and solution
Mg isotope for minerals were carried out at the State Key Lab-
oratory of Continental Dynamics at Northwest University. In
situ Sr isotope and solution Mg isotope detection adopted the
Nu Plasma II multicollector inductively coupled plasma mass
spectrometer (MC-LA-ICP-MS) produced by the Nu Com-
pany in the United Kingdom. Standard samples are seawater,
BHVO-2, and BCR-2. The quality inspection process is to
test the standard sample and the sample 3 times, respectively,
referring to Yuan [38] for the detailed analysis process.
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Figure 1: (a) Location of the Sichuan Basin in Chinese territory. (b) Geographic location of the study area in Eastern Sichuan. (c) Locations of
sampling profiles [34]. I—structural zone inWestern Sichuan; II—structural zone in Central Sichuan; III—structural zone in Eastern Sichuan;
IV—structural zone in Southwestern Sichuan; V—structural zone in Southern Sichuan; VI—structural area of Sichuan-Yunnan-Guizhou.
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3.5. Cathodoluminescence and Fluid Inclusions. Analyses of
cathodoluminescence (CL) and homogenous temperatures
of fluid inclusions were completed at the Experimental
Inspection Center of Xi’an Institute of Geology and Mineral
Resources. CL detection uses the CL8200MK5 CL micro-
scope with a 12~15 kV beam and a current intensity of
420~430mA on the nonstained halves of thin sections.
Homogenous temperatures of fluid inclusions were mea-
sured by the THMSG 600 geological inclusion measurement
system, which is composed of geological cold and hot stage
and polarizing microscope with a range of -196°C to 600°C.
Homogenization temperatures using the equation of Bodnar
in 1993 in terms of the H2O-NaCl system were measured
with a precision (reproducibility) of ±1. To limit the possibil-
ity of measuring deformed aqueous inclusions, only primary
inclusions from the same field of view were measured during

a single heating or freezing run. Heating runs were conducted
before freezing runs to reduce the possibility of inclusion
stretching by freezing.

4. Results

4.1. Petrographic Features

4.1.1. Petrology

(1) Limestone. Limestones include augen limestone
(Figure 3(b)), micrite limestone, spherulitic limestone, bio-
clastic limestone (Figure 3(c)), conglomerate limestone
(Figure 3(d)), dolomite limestone (Figure 3(e)), chert nodule
limestone (Figure 3(f)), breccia limestone, and argillaceous
limestone. The bottomof theMaokou Formation is dominated
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Figure 2: The comprehensive stratigraphic columns showing lithology and sampling sites of the Maokou Formation.
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Figure 3: Continued.
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by dark-graymicrite limestones and spherulitic limestones and
transforms upwards into sparry bioclastic limestones. Bioclas-
tic limestones occurred in Member 2 containing few organic
matter, namely, Crinoidea andTextulariina.Dolomitized lime-
stones exist in each member of the Maokou Formation with
partially clouded characteristics and dolomite contents < 40%.
Dolomite-bearing limestones are distributed inMember 1with
dolomite contents < 10%. Bioclastic spherulitic limestones
were developed anywhere. Their matrix contains fine veins
and leaching dissolved pores of about 2%. Sparry biospherulitic
limestones are distributed on top of Member 3, containing
fusulinid and carbonate veins. Dissolved pores are commonly
filled by calcite.

(2) Dolostone. Dolostones are the most important type of
Member 3 and the dominating reservoir in the study area.
Rock types include fine-grained dolomite, siliceous dolomite,
and calcilized dolomite. Both the ERY and HLCH profiles
have undergone different degrees of dolomitization from
Member 1 to Member 3. Member 1 and Member 2 only
developed lamellar fine-grained dolomite, while Member 3
developed thickened middle-grained dolomite (Figure 3(g)).
Less dolostones contain a small amount of residual biological
debris located at the boundary between Member 1 andMem-
ber 2. And the dolomite has an anhedral shape. Both drilling
cores and field profiles developed netted fractures and were
filled by carbonate veins (Figure 3(h)). There are at least two
stages of carbonate veins. Field and microscope observations
show that the second-stage carbonate veins cut the first-stage
carbonate veins off (Figure 3(i)). Residual hydrocarbons fill-
ing in the carbonate veins can be observed (Figure 3(j)).

4.1.2. Textural Components of Dolomite. According to the
microscopic characteristics of drilling cores and field sam-
ples, dolomites with granular texture can be divided into four
components on the basis of clouding degree, microtexture,
CL, and geochemical compositions: partially clouded dolo-
mite, cloudy-centered and clear-rimmed dolomite, mosaic-
like dolomite, and saddle dolomite, respectively.

(1) Partially Clouded Dolomite. Partially clouded dolomite
(PCD) is mainly a fine-silty crystal with a subhedral-
euhedral texture. The crystal plane is turbid and colorless
or light yellow-brown. They are scattered in the matrix, and
the original texture is still clear (Figure 4(a)). Moreover, they
are the main components of micrite bioclastic limestones or
sprite bioclastic limestones, which are predominately distrib-
uted in Member 1 and Member 2. The CL is brightly orange-
red (Figure 4(b)), different from the dark-red calcite core.
Under the BSE (backscattered electron) condition, partial
dolomitization can obviously be seen (Figure 5(a)). The
residual protogenetic calcite is mottled and is distributed in
the dolomite rim and core.

(2) Cloudy-Centered and Clear-Rimmed Dolomite. Cloudy-
centered and clear-rimmed dolomite (CACD) is mainly a
fine-medium crystal with a euhedral texture and mainly
occurs in fine-grained dolostones. Its core has a turbid crystal
plane, and its edge has a clean crystal plane, with a typically
cloudy-centered and clear-rimmed texture (Figure 4(c)),
which is one of the main components of Member 3. The
CL of clear-rimmed dolomite (CRD) is darkly orange-red,
and the CL of cloudy-centered dolomite (CCD) is brightly
orange-red (Figure 4(d)). The turbid crystal plane of CCD
is still clear under the BSE condition, and the core-rim tex-
ture is exhibited visibly in contrast with CRD (Figure 5(c)).

(3) Mosaic-Like Dolomite. Mosaic-like dolomite (MLD) is a
fine-silty crystal with a subhedral-anhedral and equigranular
or inequigranular texture and is mainly found in fine-grained
dolostones. They are in close contact with each other with
turbid and yellowish brown crystal planes (Figure 4(e)). Fur-
thermore, it is one of themain components of Member 3. The
CL is brightly orange-red (Figure 4(f)). A turbid crystal plane
can be seen likewise under the BSE condition (Figure 5(b)).

(4) Saddle Dolomite. Saddle dolomite (SDD) develops in the
carbonate veins (Figure 4(g)). It is dominated by a
medium-coarse grain, some of which is curved and fills in

500 𝜇m

(i)

500 𝜇m

(j)

Figure 3: (a) Karst limestone; on top of Member 3 of the Maokou Formation in the HLCH profile. (b) Darkly grey augen limestone; Member
2 of the Maokou Formation in the HLCH profile. (c) Dolomite-bearing bioclastic limestone; Member 2 of the Maokou Formation in the ERY
profile. (d) Gravel limestone; Well TL6. (e) Nubby dolomitic limestone; Member 2 of the Maokou Formation in the ERY profile. (f)
Paramoudras-bearing bioclastic limestone; Member 2 of the Maokou Formation in the HLCH profile. (g) Fine-grained dolostone; Member
3 of the Maokou Formation in the ERY profile. (h) Reticulate carbonate veins; Member 3 of the Maokou Formation in the HLCH profile.
(i) Two phases of carbonate veins in the HLCH profile. (j) Residual hydrocarbons in carbonate veins; Well TL6.
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tensile structural fractures (Figure 4(e)). Carbonate veins are
composed of coarse-grained calcite (CGC) and SDD. The
vein wall is SDD, and the vein center is CGC (Figure 4(e)).
The CL of SDD shows a darkly orange-red color
(Figures 4(f) and 4(h)), different from MLD. Under the

BSE condition, the crystal plane is still clean and in linear
contact with the CGC (Figure 5(d)).

4.2. Major Elements. Different dolomite components have
clear compositional zoning and geochemical differences
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Figure 4: (a) PCD reserves the texture of protogenetic calcite in the HLCH profile. (b) PCD shows brightly orange-red CL in the HLCH
profile. (c) CACD in the ERY profile. (d) CCD shows brightly orange-red CL, but CRD shows darkly red CL in the ERY profile. (e) MLD
and carbonate vein with coarse-grained calcite in the core and SDD in the rim in the HLCH profile. (f) MLD shows brightly orange-red
CL and SDD shows darkly red CL, but CGC is colorless in the HLCH profile. (g) CGC and SDD in the HLCH profile. (h) SDD shows
darkly red CL, but CGC is colorless in the HLCH profile.
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Figure 5: Continued.
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(Figure 5). The MgO/CaO ratios of PCD show large varia-
tions. Where there are more protogenetic calcite residues,
MgO/CaO ratios are significantly low corresponding to high
Al2O3 contents. SrO contents progressively decrease from
core to rim, whereas FeO+MnO contents did not change
considerably (Figure 5(a)). MLD has no obvious changes in
MgO/CaO ratios and Al2O3, SrO, and FeO+MnO contents.
But the Al2O3, SrO, and FeO+MnO contents of MLD are
lower than those of PCD, and theMgO/CaO ratios are higher
than PCD (Figure 5(b)). The MgO/CaO ratios and SrO and
FeO+MnO contents of CCD and CRD have no apparent
variations, but their Al2O3 contents show a large change
and a gradual decrease from core to rim (Figure 5(c)). The
MgO/CaO ratios of CCD and CRD are between those of
PCD and MLD, while the SrO and FeO+MnO contents of
the former are lower than the latter. The MgO/CaO ratios
of SDD did not vary markedly, whereas its core has higher
Al2O3 but lower SrO and FeO+MnO contents than those of
the rim (Figure 5(d)). The Al2O3, SrO, and FeO+MnO con-
tents of the rim of SDD are analogous to protogenetic calcite
(Figure 5(e)). By contrast, the CGC in the vein core has the
characteristics of high SrO, low Al2O3, and FeO+MnO con-
tents (Figures 5(e) and 5(f)), while the surrounding protoge-
netic calcite shows relatively higher Al2O3 and FeO+MnO
and lower SrO contents and MgO/CaO ratios (Figure 5(e)).

4.3. Trace Elements. According to trace element composi-
tions of different dolomite components, the same component
has a large range of Sr, Ba, Na, Fe, and Mn contents and

Rb/Sr ratios. MLD has Sr values of 45.15~843.3 ppm (parts
per million; denoting concentration), Ba values of
0.39~99.91 ppm, and Rb/Sr ratios of 0.38~1039. The Fe+Mn
and Na contents of MLD show a positive correlation with
Rb/Sr ratios (Figures 6(b)–6(d)). CCD contains Rb/Sr values
of 31.5~128 and Na contents of 553~4011 ppm
(Figure 6(b)). CRD has Na and Fe+Mn contents of
488~527 ppm and 151~215 ppm and Rb/Sr values of
35.5~90.4, respectively. Both CCD and CRD show a positive
correlation between Fe+Mn and Rb/Sr (Figure 6(e)). The Na
contents of CCD are positively correlated with Rb/Sr ratios,
but those of CRD are reversed (Figures 6(b) and 6(c)). SDD
has Na, Sr, and Fe+Mn contents of 27.1~360 ppm,
42.3~840 ppm, and 54~850 ppm, respectively (Figures 6(c),
6(e), and 6(g)). The Sr contents of CGC show a significant var-
iation from 66.2 to 1123 ppm, and its Na contents range from
1.42 to 139 ppm (Figures 6(c) and 6(g)). MLD of the HLCH
profile contains lower Sr but higher Fe+Mn and Na contents
and Rb/Sr ratios than those of the ERY profile
(Figures 6(b)–6(e)). The Sr contents of SDD in theHLCHpro-
file and Well TL6 are lower than those of the ERY profile
(Figure 6(g)). The Fe+Mn contents of SDD in the HLCH
and ERY profiles are lower than those of Well TL6
(Figure 6(e)). Nonetheless, the Ni+Co contents and Rb/Sr
values of Well TL6 are similar to those of the HLCH and
ERY profiles (Figure 6(h)).

Under the normalized condition of the post-Archean
Australian shale (PAAS), all dolomite components show
weakly depleted LREE and HREE but slightly enriched
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Figure 5: (a) Partially clouded dolomite in the BSE and ERY-3 profiles. (b) Mosaic-like dolomite in the BSE and HLCH-89 profiles. (c)
Cloudy-centered and clear-rimmed dolomite in the BSE and ERY-151 profiles. (d) Saddle dolomite in the BSE and HLCH-98 profiles. (e)
CGC and protogenetic calcite in the BSE and ERY-6 profiles. (f) CGC in the BSE and ERY-29 profiles. CGC: coarse-grained calcite.
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MREE (Figure 7). Compared with the HLCH and ERY pro-
files, SDD and CGC in Well TL6 show obviously positive
Eu anomalies and negative Ce anomalies, but CGC in Well
TL6 displays more intensely depleted HREE (Figure 7(e)).
MLD has higher total rare-earth contents (ΣREE) than
SDD in the HLCH profile (Figure 7(c)). MLD has lower
ΣREE than SDD in the ERY profile (Figure 7(a)). CGC of dif-
ferent profiles contains higher ΣREE (Figure 7). Under the
normalized condition of the upper continental crust (UCC),
spider diagrams of all dolomite components show U, La, Sr,
and Y enrichment and Nb, Pb, and Ti depletion (Figure 7).
MLD of the HLCH profile is enriched in Rb, Ba, Zr, and
Hf, distinct from other components (Figure 7(d)).

4.4. Sr-Mg Isotopes. In this study, 7 samples were selected for
in situ Sr isotope analyses of dolomite. The 87Sr/86Sr values of
SDD in the HLCH profile range from 0.707864 to 0.715535
with an average value of 0.710378 (Figure 8(a)). PCD in the

ERY profile has 87Sr/86Sr values of 0.707407~0.708054 with
an average value of 0.707631 (Figure 8(a)). MLD in the
ERY profile has 87Sr/86Sr values ranging from 0.707406 to
0.707605 with an average value of 0.707544 (Figure 8(a)).
The 87Sr/86Sr values of CRD in the ERY profile range from
0.708095 to 0.712091 with an average value of 0.709482
(Figure 8(a)). CCD of the ERY profile has 87Sr/86Sr values
of 0.707503~0.707808 with an average value of 0.707682
(Figure 8(a)). SDD of Well TL6 contains 87Sr/86Sr values
ranging from 0.708060 to 0.708062 with an average value of
0.708061 (Figure 8(a)). The 87Sr/86Sr values of CGC in Well
TL6 range from 0.708024 to 0.709714 with an average value
of 0.708715 (Figure 8(a)).

A total of 4 single mineral samples were selected for
solution Mg isotope analyses. The reference values of the
standard samples are δ26MgBHVO−2 = −0:20 ± 0:07‰ and
δ26MgSW = −0:83 ± 0:09‰, which are all within the error
range. The δ25Mg-DSM and δ26Mg-DSM values of all samples
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fall on the mass fractionation line well (Figure 8(b)), indicat-
ing that the homoisotope interference can be ignored during
the mass spectrometry analysis. PCD of the ERY profile has
the lightest δ26Mg-DSM ranging from -3.43‰ to -3.41‰
(Figure 8(b)). The δ26Mg-DSM values of SDD in the ERY pro-
file are -1.51‰~-1.43‰ (Figure 8(b)). SDD in the HLCH
profile has δ26Mg-DSM values of -2.20‰~-1.53‰
(Figure 8(b)). The δ26Mg-DSM values of SDD in Well TL6 is
-1.02‰. The δ26Mg-DSM values of PCD are significantly
lower than that of SDD (Figure 8(b)).

4.5. Homogenous Temperature of Fluid Inclusions. Crystalli-
zation temperatures of different dolomite components can
be referred to based on the homogenization temperature of
fluid inclusion. Due to the influence of fluid density and vis-
cosity, there are relatively more fluid inclusions in SDD than
other components (Figure 9(a)). The fluid inclusion in CCD
is rectangular in shape and has an isolated protogenetic brine
inclusion (Figure 9(b)). Because it is difficult to find fluid
inclusions in CCD, the unique homogenous temperature
measured is 57.4°C (Figure 10). Fluid inclusions in CRD are
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Figure 7: Post-Archean Australian Shale- (PAAS-) normalized rare-earth element (REE) patterns and Upper Continental Crust- (UCC-)
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rectangular or elliptical and have isolated protogenetic brine
inclusions with homogenous temperatures of 106.8~169.7°C
(Figures 9(c) and 10). Fluid inclusions in SDD have various
shapes (Figure 9(a)), such as rectangular, elliptical, and quad-
rilateral, and belong to isolated protogenetic brine inclusions
with homogenous temperatures of 102.7~231.6°C
(Figure 10). CGC contains many fluid inclusions, such as
quadrilateral, triangular, rectangular, and elliptical, which
are isolated protogenetic brine inclusions (Figure 9(c)). The
homogenous temperatures of fluid inclusions of many
groups in CGC vary from 103.7 to 298.3°C (Figure 10).

5. Discussion

5.1. Dolomitizing Situation. Anomalous degrees of δCe and
δEu enable reflecting the redox situation during dolomitiz-
ing. Under PAAS normalization, all dolomite components

and CGC exhibit negative Ce anomalies (Figure 6(a)). Com-
pared with the limestone in the Maokou Formation, all
components and CGC show more intensely negative Ce
anomalies, except for CCD (Figure 6(a)). Besides, there is
no noticeable Eu anomaly in dolomite components and
coarse-crystalline calcites except for SDD and coarse-
crystalline calcites in Well TL6 (Figure 6(a)), indicating that
they were possibly formed in an open oxidizing environment.
However, different dolomite components have different neg-
ative Ce anomalies, and the same component also shows
varying δCe values (Figure 6(a)), suggesting that the redox
condition is constantly changing during the dolomitizing
process. CCD has slightly higher δCe values of 0.42~0.48
than CRD and MLD in the ERY profile, inferring that the
latter were formed in a stronger oxidizing environment. Like-
wise, SDD and CGC of the ERY profile have higher δCe
values than MLD and CRD, implying that the dolomitizing
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Figure 8: (a) In situ Sr isotope compositions of different dolomite components of the Maokou Formation in Eastern Sichuan. (b) Correlation
of δ25Mg-DSM and δ26Mg-DSM of different dolomite components of the Maokou Formation in Eastern Sichuan. (c) Comparison of Mg isotope
compositions. Sr isotope compositions of limestones in the Maokou Formation were cited from Liu et al. [42]. 87Sr/86Sr ratios of Permian
seawater were from Huang et al. [64]. δ26Mg-DSM values of seawater were from Chang et al. [65] and Pearson et al. [66]. δ26Mg-DSM values
of basalt were cited from Teng et al. [67]. δ26Mg-DSM values of upper continental crust were cited from Teng et al. [68]. δ26Mg-DSM values
of hydrothermal dolostone were from Lavoie et al. [69]. δ26Mg-DSM values of modern limestone were cited from Geske et al. [70] and
Huang et al. [71].
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Figure 9: Fluid inclusions: (a) protogenetic brine inclusions in saddle dolomite, (b) rectangular or elliptical and isolated protogenetic brine
inclusions in cloudy-centered dolomite, and (c) isolated protogenetic brine inclusions in coarse-grained calcite.

15Geofluids



condition turns to a weaker oxidizing environment. Never-
theless, SDD and CGC have stronger negative Ce anomalies
than MLD in the HLCH profile, suggesting that the fluid
environment has changed again. And these clues further point
out that different profiles have distinct redox environments at
the same dolomitizing stage. For instance, MLD of the ERY
profile has lower δCe values than that of the HLCH profile,
and SDD and CGC of the ERY profile have higher δCe values
than those of the HLCH profile, suggesting that there are local
differences of redox conditions during dolomitization.

SDD and CGC in Well TL6 have significantly positive Eu
and negative Ce anomalies. There are two reasons for the
characteristic occurrence: (1) Hydrothermal fluid partici-
pated in the dolomitizing process. (2) A closed reducing envi-
ronment took place. Hydrothermal fluids contain apparently
higher ΣREE than seawater and river water and show out-
standing positive Eu anomalies, so dolomite and calcite
produced from hydrothermal fluids have higher ΣREE than
primitive limestones [39, 40]. ΣREE of SDD and CGC in
Well TL6 is 5.17-13.17 ppm with an average value of
9.39 ppm, which is higher than ΣREE of the limestone in
the Maokou Formation [41] (6.73 ppm). Combined with sig-
nificantly negative Ce anomalies of SDD and CGC in Well
TL6, it is inferred that the obviously positive Eu anomalies
may be caused by the participation of hydrothermal fluids.
Therefore, SDD and CGC in Well TL6 may be formed in
an open oxidizing environment. However, δCe values of
PCD (0.95~0.97) in the ERY profile are higher than the lime-
stone in the Maokou Formation [41] (0.84), suggesting a
weakly reducing environment.

Na contents can reflect the fluid salinity of a mineral-
forming environment. MLD has higher Na contents than
SDD and CGC in the HLCH profile (Figure 6(b)), indicating
that the former was formed in a high-salinity environment.
The ERY profile also has the same characteristics as the
HLCH profile (Figure 6(c)). Nonetheless, PCD has lower
Na contents than the other components, implying that differ-
ent dolomite components were formed in distinct salinity
environments. SDD and CGC of Well TL6 have the lowest
Na contents (Figure 6(c)), probably related to the involve-
ment of hydrothermal fluids.

5.2. Dolomitizing Stages and Sources of Mg2+

5.2.1. The Early Stage. Petrographic observations reveal that
PCD, MLD, and CCD show turbid crystal planes
(Figures 4(a), 4(c), and 4(e)) and bright orange-red CL
(Figures 4(b), 4(d), and 4(f)), whereas CRD and SDD have
clean crystal faces and darkly red CL (Figures 4(c), 4(d),
4(g), and 4(h)), indicating that the former and the latter
may be products of different fluids. According to the geo-
chemical features, there are similar 87Sr/86Sr values among
PCD, MLD, CCD, and limestones of the Maokou Formation
plotted in the range of Permian seawater [42] (Figure 8(a)),
although MgO/CaO and Rb/Sr ratios and Fe+Mn contents
of PCD are lower than those of MLD and CCD in the ERY
profile (Figures 5(a) and 6(e)). Combined with analogue
REE distribution patterns and spider diagrams among
PCD, MLD, and CCD (Figures 7(a) and 7(b)), it is inferred
that the three may be formed in different periods of the same
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fluid. Sr+Ba contents and REE distribution patterns of PCD
in the ERY profile are similar to the limestone in the Maokou
Formation [41], and the original calcite texture remains in
PCD, suggesting that PCD were possibly formed earlier than
MLD and CCD.

MgO/CaO values and Al2O3 contents of MLD have no
obvious variations, different from those of CCD
(Figure 5(b)), pointing to internal homogenous compositions
of MLD. MLD in the ERY profile has lower Rb/Sr values and
Fe+Mn contents than CCD, but it has higher values than
PCD (Figure 6(e)). Moreover, MLD in the ERY profile was
divided into two groups in terms of Sr contents and Mg/Ca
values (Figure 6(g)). The one with high Sr content and low
Mg/Ca is similar to PCD, while the other one with low Sr
content but high Mg/Ca overlaps with CCD. This evidence
supports the inference that PCD, MLD, and CCD of the
ERY profile were formed at different periods of the same
fluid. In Figure 5(c), the Al2O3 contents of CCD gradually
decrease from core to rim. The low MgO/CaO values of
PCD also correspond to high Al2O3 contents (Figure 5(a)).
And the protogenetic calcite likewise exhibits the same char-
acteristic (Figure 5(e)), implying that the dolomitizing fluid is
attributed to surface fluids. Furthermore, compared with
MLD and CCD of the ERY profile, PCD has lower Na con-
tents and higher δCe values, indicating that the dolomitizing
situation transforms from the lowly saline and weakly
reduced condition to the highly saline and strongly oxidizing
condition. Alteration of the Rb/Sr values and Fe+Mn con-
tents among PCD, MLD, and CCD in the ERY profile may
be caused by the dolomitizing diagenesis (Figures 6(d) and
6(e)). Wang et al. [43] proposed that the progressively strong
metasomatic dolomitization of penecontemporaneous brine
will result in Sr contents decreasing andMn contents increas-
ing in dolomite. Therefore, PCD, MLD, and CCD in the ERY
profile were formed in the process of the brine replacing pro-
togenetic calcites. And MLD should be formed earlier than
CCD. Cr+Ni contents of PCD, MLD, and CCD show a
positive correlation with Rb/Sr ratios in the ERY profile
(Figure 6(h)), while their δ26Mg and 87Sr/86Sr values do not
reflect signals of mantle-derived material (Figures 8(a) and
8(c)). There is no fact for high field strength elements enrich-
ing in spider diagrams (Figure 7). These characteristics
support that the high-salinity brine is mainly composed of
seawater mixing with a few mantle-derived fluids. Compared
with MLD of the ERY profile, MLD of the HLCH profile
shows higher Rb/Sr ratios and Fe+Mn, Cr+Ni, and Na con-
tents. Although MLD of the HLCH profile has similar REE
distribution patterns to the limestone in the Maokou Forma-
tion, the spider diagrams show evidently enriched Zr, Hf, and
Ti (Figure 7(d)), suggesting that dolomitizing fluids in the
HLCH profile may be derived from high-salinity brine with
the mixing of more mantle-derived fluids.

5.2.2. The Late Stage. Both CRD and SDD have clean crystal
planes and darkly red CL (Figures 4(c), 4(d), 4(g), and 4(h)).
CRD of the ERY profile has analogue 87Sr/86Sr values similar
to SDD of the HLCH profile and Well TL6 (Figure 8(a)),
implying that they were generated in the same fluids. CRD
contains higher Rb/Sr values and Cr+Ni and Na contents

(Figures 6(c) and 6(h)) but lower Fe+Mn contents and δCe
values (Figures 6(a) and 6(e)) than those of SDD in the
ERY profile. In Figure 7(a), SDD of the ERY profile enriches
HREE, different from CRD. Reversely, CRD contains higher
Ba, P, Zr, Hf, and Ti contents than SDD in the ERY profile
(Figure 7(b)). And 87Sr/86Sr values of CRD are higher than
CCD in the ERY profile (Figure 8(a)). These facts suppose
that CRD of the ERY profile was produced in a mixture of
surface fluids and mantle-derived fluids, consistent with high
homogenous temperatures of fluid inclusions (Figure 10).
The signature that CRD in the ERY profile has high Rb/Sr
values and Na contents but low Fe+Mn contents indicates
that ΣHREE and δCe values should be inherited from
CCD. Also, homogenous temperatures of fluid inclusions of
CRD are higher than those of CCD but lower than those of
SDD (Figure 10). Because CRD was formed after CCD, the
temperature of dolomitizing fluids in the Maokou Formation
in Eastern Sichuan should increase progressively. Conse-
quently, SDD was generated after CRD.

SDD shows low Rb/Sr values and Sr contents, which may
be associated with the distribution coefficient of Sr in calcite
and dolomite. Since the ionic radius of Sr is close to Ca but
quite different from Mg, it is generally believed that Sr can
replace Ca in calcite or dolomite but cannot substitute Mg
in dolomite [44]. In Figures 5(e) and 5(f), CGC contains
higher SrO contents than SDD and CRD. Therefore, most
of the Sr elements in the fluid enter into the calcite lattice
rather than dolomite. SDD has high SrO contents and
homogenous temperatures of fluid inclusions and δ26Mg
values similar to that of Early Silurian hydrothermal dolo-
mite in southern Quebec, Canada (Figure 8(c)), indicating a
hydrothermal dolomitizing model. Likewise, hydrothermal-
related minerals in the Maokou Formation, such as pyrite
and sphalerite, also support the hydrothermal dolomitization
model [24]. Oxygen isotope has the thermal fractionation
effect, so the high temperature will cause the δ18O value of
calcite and dolomite to become more negative [45]. Chen
et al. [46] and Zhang et al. [24] reported that SDD in the
Maokou Formation has negative δ18O values ranging from
-6.9‰ to -7.6‰, indicating that SDD is indeed affected by
hydrothermal fluids. CRD shows similar REE distribution
patterns to SDD in the ERY profile (Figure 7(a)), although
they both have several geochemical differences. CRD of the
ERY profile has similar 87Sr/86Sr values to that of SDD of
the HLCH profile and Well TL6 (Figure 8(a)). This evidence
indicates that magmatic fluids do not change chemical com-
positions but only improve the temperature. Hydrothermal
fluids forming SDD may be mixed with more surface water,
which results in a reduction of the Cr+Ni contents and an
increase of the Fe+Mn contents of SDD. Besides, Lottermoser
[47] argued that ΣREE of minerals crystallizing from fluids
predominantly depends on ΣREE of the fluid. Thus, SDD
in Well TL6 exhibits distinctive positive Eu anomalies
(Figure 6(a)) which are possibly related to the type of rocks
through which surface water flows. As mentioned above,
two phases of intersecting carbonate veins can be observed
in the field (Figure 3(i)), but SDD or CGC does not show sig-
nificant geochemical and isotopic differences. Hence, CRD
and two phases of carbonate veins may be generated at
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different periods of contemporaneous hydrothermal fluids,
analogue to multipulsing Mg2+ metasomatism during the
ascent of mantle-derived fluids [48].

5.3. Dolomitizing Time. Residual hydrocarbons filling in
pores between MLD and SDD and fractures can be observed
in dolostones or calcareous dolostones of the Maokou For-
mation in Eastern Sichuan (Figure 3(j)), suggesting that oil
and gas filling occurred later after the formation of SDD.
Jiang et al. [49] proposed that source rocks of the Maokou
Formation had produced plenty of hydrocarbons in
Middle-Late Triassic via recovering the burial history of Well
GC2. So, the dolomitizing time of the Maokou Formation
was at least earlier than Middle-Late Triassic. Petrographic
observations show that carbonate veins filled in the fractures
(Figure 3(h)), testifying that SDD, one of the components of
carbonate veins, has to crystallize before the fractures. The
seismic profile of Well GC2 revealed that tensile basement
faults disappeared in coarse-grained dolostones in the Upper
Permian Wujiaping Formation [46]. Liu et al. [50] reported
that the Huayingshan fault zone is a regional basement fault
formed in the Proterozoic Jinning Stage and was reactivated
in the Late Permian Dongwu Stage induced by the basalt
eruption in the middle of the Huayingshan structure. There-
fore, SDD in carbonate veins should be formed after Late
Permian. CRD is also of hydrothermal origin but is not dis-
tributed in the cracks. Combined with homogenous temper-
atures of fluid inclusions slightly lower than those of SDD,
the formation time of CRD is the same as SDD. Moreover,
the Emei taphrogeny occurred after the deposition of the
Maokou Formation according to previous studies [34–37],
which caused generating the supergene karst system on top
of the Maokou Formation. Hence, the late stage of dolomiti-
zation in the Maokou Formation took place synchronous
with or later than the karst system, because SDD exists by fill-
ing in the pores or cracks.

The textural relationship that CRD envelops CCD sup-
ports that PCD, MLD, and CCD were formed before CRD
and SDD (Figure 4(c)). Additionally, PCD, MLD, and CCD
are distributed in the matrix and are relevant with the high-
salinity brine, implying that they were produced before the
fractures. According to the paleotemperature gradient profile
of Sichuan Basin established by Wang et al. [51], the paleo-
temperature gradient is 3.53°C/hm in Eastern Sichuan during
Late Permian-Early Triassic. The Maokou Formation was
situated in the buried depth of 930m when CCD had been
generated by assuming that the surface temperature was
25°C. At present, it is generally considered that the burial
depth ranging from 500 to 1000m is a shallow burial stage
[52]. Consequently, PCD, MLD, and CCD were formed in
the shallow burial stage of the Maokou Formation earlier
than Late Permian. Hao et al. [53] reported that the early
stage of dolomitization in the Maokou Formation happened
at least 257Ma via U-Pb isotope dating, compatible with
the above inference and earlier than the exposure period of
the Maokou Formation.

5.4. Dolomitizing Model. In the past 30 years, many scholars
have proposed a variety of dolomitizing models for the gen-

esis of dolostones in the Maokou Formation in Sichuan
Basin, including the burial model [27], the mixed-water
model [28], the basalt-leaching model [54], the hot-water
model [29–31], and the tectonic hydrothermal model [24,
42, 45, 46, 55]. However, the dolomitizing model of the Mao-
kou Formation in different regions of Sichuan Basin may be
various. As for the Maokou Formation in Eastern Sichuan,
the hot-water model proposed by Wang et al. [29] and Li
et al. [30] lacks sufficient evidence. For example, it is unrea-
sonable that the hot-water model was considered only based
on SDD, positive Eu anomalies, and a Fe −Mn − ðCu + Ni
+ CoÞ × 10 triangular discriminant diagram. First, hydro-
thermal dolomites also have these signatures [24, 42, 45].
Second, PCD and MLD do not have these characteristics in
this study.

As mentioned above, PCD, MLD, and CCD of the
Maokou Formation in Eastern Sichuan were formed in the
shallow burial stage before Late Permian. PCD is the main
component of fine-grained dolostones of Member 1 and
Member 2, while MLD and CCD are mainly distributed in
the middle–coarse-grained dolostones of Member 3, indicat-
ing that at the shallowly buried stage, the lower layer of
Maokou Formation was less dolomitized, but the upper layer
was stronger. These features support that dolomitizing fluids
should originate from the surface rather than the under-
ground. Hence, we think that PCD, MLD, and CCD were
formed at different stages of dolomitizing high-salinity
brines, and high-salinity brines were principally derived from
closed seawater mixing with little mantle-derived fluids. The
seawater primarily migrated along pores, and the mantle-
derived fluid may predominately seep upward via micro-
cracks and pores (Figure 11(a)).

CRD and SDD have obvious hydrothermal characteris-
tics and enrich high field strength elements Nb, Zr, Hf, and
Ti and compatible elements Cr and Ni (Figures 6(h) and 7)
with high homogenous temperatures of fluid inclusions
(Figure 10). Furthermore, Emeishan basalts are exposed
locally on the top of the Maokou Formation [56]. Therefore,
we speculate that hydrothermal fluids may be related to the
Emei mantle plume simultaneously. Nowadays, it is generally
believed that the Emei mantle plume had a large-scale
thermal effect [57]. Zhu et al. [58] reported that the heat flow
value of strata in Sichuan Basin slowly increased from
290Ma (Hercynian) and reached a maximum in ca.
259Ma; then, it was reduced to the current temperature
gradient until 230Ma. Moreover, Sichuan Basin was in a ten-
sional environment and developed lots of basement faults
with the characteristics of high angle, short distance, large
scale, and long extension [59–61]. There is a NE-SW trend-
ing Huayingshan fault zone and many NW-SE trending
basement faults in Eastern Sichuan [23]. The Huayingshan
fault zone is a large-scale basement fault in the Proterozoic
Jinning Stage and was reactivated to result in the basaltic
eruption around the Huayingshan structural axis in the Late
Permian Dongwu Stage [50], identical to observations of
basalt outcropped locally on the top of the Maokou Forma-
tion in Eastern Sichuan [56]. Davies and Smith [9] pointed
out that hydrothermal fluid activities are specially developed
in specific structures such as extensional faults, deep and
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large strike-slip faults, tensional faults, torsional faults, and
intersections of deep and large strike-slip faults. Thus, the
fracture system provides an important channel for
hydrothermal fluids in Eastern Sichuan and is the first choice
for large-scale upward migration of Mg-rich fluids
(Figure 11(b)). These speculations enable understanding the
high homogenous temperatures of high-fluid inclusions and
carbonate veins filling in fractures.

Consequently, dolostones in Maokou Formation in
Eastern Sichuan were mainly formed by two stages of dolo-
mitizing fluids. The early stage was high-salinity brine which
mainly migrated along pores. The late stage was relevant to
the activity of the Emei mantle plume and belonged to hydro-
thermal fluids which primarily migrated upward along struc-
tural fractures or faults and filled in structural fractures.

6. Conclusions

In this study, the integration of multiple field profiles, in situ
geochemistry, Sr-Mg isotopes, and fluid inclusions was

carried to discuss the dolomitizing process and lateral differ-
ences of Middle Permian Maokou Formation in Eastern
Sichuan. According to textural signatures, dolomites were
subdivided into four components: partially clouded dolomite
(PCD), mosaic-like dolomite (MLD), cloudy-centered and
clear-rimmed dolomite (CACD), and saddle dolomite
(SDD). Their in situ geochemical differences are essential to
distinguish the genesis of dolomites. The conclusions can
be summarized as follows:

(1) PCD, MLD, and cloudy-centered dolomite (CCD)
were formed during the early dolomitization in terms
of similar textural and geochemical features. They all
show turbid crystal planes and bright orange-red CL
and have similar 87Sr/86Sr ratios and rare-earth pat-
terns. Dolomitization of the early stage happened
via high-salinity brines with a mixture of seawater
and little mantle-derived fluids replacing protoge-
netic calcites which mainly migrated along pores in
the shallow burial stage before Late Permian.

Member 3

Member 2

Early stage of dolomitization before Late Permian

Seawater

Longtan Fm.

Magmatic chamber

(a)

Longtan Fm.

Late stage of dolomitization from Late Permian to Middle Triassic

Member 3

Member 2

Emei basalt

MLD
Hydrothermal fluid

CACD
Structural fracture

Surface water

Bioclastic micrite
Bioclastic limestone
Dolostone

Bioclastic dolostoneMicrite

Magmatic chamber

(b)

Figure 11: Dolomitizing model of the Middle Permian Maokou Formation in Eastern Sichuan. MLD: mosaic-like dolomite. CACD: clear-
rimmed dolomite.
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However, the high-salinity brine in the ERY profile
consists of mixing seawater and a little mantle-
derived fluid. The HLCH profile might undergo mix-
ing high-salinity brine andmore mantle-derived fluid
and the more intensely diagenetic process

(2) CRD and SDD were formed in the late stage of dolo-
mitization. They all have clean crystal planes and
darkly red CL. SDD contains slightly lower Cr and
Ni contents and slightly higher Fe and Mn contents
than those of CRD, and its δ26Mg values are analo-
gous to Early Silurian hydrothermal dolomite in
southern Quebec, Canada. Combined with high SrO
contents and homogenous temperatures of fluid
inclusions of CRD and SDD, they were generated
by hydrothermal dolomitization. Dolomitizing fluids
mainly migrating along structural fractures or faults
and filling in structural fractures occurring from Late
Permian to Middle-Late Triassic are hydrothermal
fluids which are associated with activities of the Emei
mantle plume and composed of a mixture of
magmatic fluids and surface water
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