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Abstract: The topic of dolomite formation has long presented a challenge to researchers. In
this study, the origin of widely occurring oolitic dolomites from the Yudongzi outcrop in the
lower Triassic Feixianguan formation in northwest Sichuan, China, was investigated through
petrographic observations, and mineralogical and geochemical analysis. Analytical methods
used include cathodoluminescence, X-ray diffraction, stable isotopes, and electronic microprobe
characterization. The dolomites were categorized into three major genetic types according to their
textural and structural characteristics, which reflect their various origins. The first genetic type
of these dolomites, seepage reflux dolomitization, occurs in marly to microcrystalline dolomite
during the penecontemporaneous stage, and displays negatively skewed 580 (—2.83%. Pee Dee
Belemnite (PDB)), positively skewed §13C (2.71%0 PDB), a low degree of order (0.48), and 8Sr /80Sr
ratios of 0.707509-0.707634, indicating involvement of a Mg-rich brine fluid in an open evaporative
environment. The second type, shallow burial dolomitization, is the most significant genetic type of
dolomite reservoir in this area. This process produced dominantly silty to fine crystalline dolomite
in a platform-margin oolitic beach facies with negatively skewed §'80 (—3.26%0 PDB), positively
skewed 8'3C (1.88%0 PDB), a high degree of order (0.70), and 8 Sr/80Sr ratios of 0.707318-0.707661,
which are related to seawater-derived fluids in a shallow burial environment. The third type is
moderate to deep burial dolomitization, and is the main process responsible for zoned dolomite
and dolomite with cloudy cores and clear rims (CCCR dolomite), which have the most strongly
negatively skewed §'80 (—7.32%0 PDB), positively skewed §'3C (3.02%0 PDB), and 8Sr /8Sr ratios
of 0.707217-0.707855, representing diagenetic alteration and fluid flow in a closed environment.
These findings indicate that dolomite was likely affected by various degrees of burial and related
marine-derived fluids, which will aid exploration efforts in high-quality hydrocarbon reservoirs in
the Sichuan Basin.

Keywords: oolitic dolomite; origins of dolomite; geochemical characteristics; Feixianguan formation

1. Introduction

Dolomite is one of the most important reservoir rock types in the world: around one-third of
oil and gas resources occur in carbonate reservoirs, of which half are composed of dolomite [1,2].
Since the first description of dolomite by a French naturalist in 1791 [3], the origin of both the mineral
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and rock form of dolomite has met with considerable controversy for over two hundred years. As
studies on dolomite reservoirs have progressed and expanded, various formation mechanisms and
dolomite deposition models have been proposed by sedimentologists, including seepage reflux [4-7],
evaporation pumping [8,9], mixed water [10-13], and burial dolomitization [14-17]. These models have
been widely used to explain the origin and stratigraphic distribution of ancient platform carbonates.
However, for saddle dolomites which are characterized by coarse-crystalline white dolomite aggregates
with curved crystal facies, commonly associated with higher temperatures and structures such as
broken layers, thrust belts, and tectonized rocks beneath impermeable caprocks, hydrothermal
fluids are likely to be involved in the dolomitization process. Current research has increasingly
focused on structurally controlled hydrothermal dolomite (HTD) reservoirs [18-21], following on
from earlier discoveries in the Ordovician Lima-Indiana field, and other areas of the northeastern
United States [22], as well as the Trenton-Black River in Michigan, and the northern Appalachian
basins of the northeastern United States and eastern Canada [23]. Additionally, the global research
community is vigorously pursuing the use of anaerobic and aerobic microbial culture experiments
to explore nucleation and precipitation mechanisms of obtained material, much of which is very
high-magnesium calcite, rather than dolomite [24,25]. Several researchers have proposed microbial
and organogenic models of this “dolomite” formation, which emphasize the importance of metabolic
activity in microbial carbonate precipitation [26-29].

Over the last 30 years, oolitic dolomite reservoirs have come to represent a resource of increased
economic value, and have become the subject of extensive research, such as the oolitic dolomites of
the Mississippian Ste. Genevieve Group in the North Bridgeport oil fields of the Illinois Basin in the
U.S. [30], and the oolitic dolomites in the Puguang gas field in the lower Triassic Feixianguan formation
of the Sichuan Basin in China [31,32]. Using mineralogical, petrological, and geochemical methods,
many oil and sedimentary scientists have conducted intensive research on the widely occurring
dolomite reservoirs in the Sichuan Basin. These workers have proposed a number of dolomitization
models, such as seepage reflux and mixed water dolomitization [32-36], burial dolomitization related
to burial in a closed marine system [37-40], and tectonically controlled hydrothermal dolomitization
characterized by saddle dolomites [41—46]. To a certain extent, these results represent the current
state of knowledge of dolomitization mechanisms; however, many problems remain unresolved, such
as the source and nature of the mineral-forming fluid, and the time scales and dynamics involved
in dolomization and dissolution of the carbonate rock, among others. In the northwestern Sichuan
Basin, previous studies have documented the various reservoir properties, diagenetic features, and
internal structures of oolitic beach reservoirs in the lower Triassic Feixianguan formation in Erlangmiao,
Jiangyou [47-51], however, these works have not thoroughly investigated the origins of the dolomite.
This study conducted a detailed petrographic characterization through mineralogical and geochemical
analyses using cathodoluminescence (CL), stable isotopes, X-ray diffraction, and electron microprobe
methods to investigate the oolitic dolomites from the Yudongzi outcrop in the Feixianguan Formation,
in order to constrain the most likely origin of the dolomite, and therefore promote further exploration
efforts in high-quality reservoirs.

2. Geological Setting

The Yudongzi outcrop is located at the southern boundary of the Tianjingshan anticline at
a distance of about 10 km from northwestern Erlangmiao in the Jiangyou region in the Sichuan
Basin. This area is a Late Mesozoic—Cenozoic foreland basin located at the northwest margin
of the Yangtze platform between the Longmenshan fold belt, the Dabashan fold belt, and the
Yunnan—-Guizhou-Hubei fold belt (Figure 1a) [52]. From west to northeast, the distribution of
paleogeographical environments of early Feixianguan sedimentary facies is alluvial fan/fluvial facies,
marine/terrigenous facies, semi-confined marine facies, carbonate platform facies, and facies associated
with the Kaijiang-Liangping Trough and the Chengkou—Western Hubei Trough [53]. The Yudongzi
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outcrop is located in a carbonate platform margin controlled by the Western Sichuan Trough and the
Guangwang-Kaijiang-Liangping Trough (Figure 1b) [51].
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Figure 1. Sedimentary facies and sampling location of the Yudongzi outcrop in the Lower Triassic
Feixianguan Formation (modified from Rong, H. et al., 2012 [49]).

The primary strata exposed in this area are the Lower Permian Changxing Formation (P,ch)
and the Lower Triassic Feixianguan Formation (T:f) (Figure 2a,b), which can be divided into four
sections termed T f!, T1£2, T;£2, and T;f*, from bottom to top, respectively. Poch is composed of reefs,
microbial-bioclastic rocks, and foraminifer-spongia framestones. Tf! and T1f* are characterized by
marly limestones, oolitic dolostones, and oolitic grainstones, while T1£3 and Ty f* are composed of halite
rocks, gypsum rocks, and marly microcrystalline limestones and dolostones [51,54,55]. The dolostones
from this outcrop investigated here occur dominantly in T;f?, and are primarily composed of residual
oolitic dolostones, gray dolostones, and dolomitic oolitic grainstones (Figure 2c,d).
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Figure 2. Field and macroscopic features of rocks from the Yudongzi outcrop. (a) Boundary between
oolitic grainstone of T;f! and oolitic dolostone of T1f2. (b) Boundary between marlite of T, f! and
microbialite of Pych. (c) Banded gray oolitic dolostones in the bottom of T;1f2. (d) Residual oolitic
dolostones in the middle of T;2.

3. Materials and Methods

A total of 34 dolomite samples were analyzed in this study, of which 22 samples represent an
active platform-margin oolitic beach environment, and 12 samples represent a tidal flat environment
(Figure 1c,d). The strength of dolomitization in T;f?> gradually increases from bottom to top vertically,
presenting a change in lithology from gray dolomite to residual oolitic dolomite. For this study,
mineralogical and geochemical characterization was conducted using CL, X-ray diffraction, stable
isotopes, fluid inclusion, and electronic microprobe analysis methods in the State Key Laboratory of
Geological Processes and Mineral Resources at the China University of Geosciences (Wuhan).

Petrographic thin sections were prepared including alizarin red and cast thin section analysis,
and observed using a Nikon optical microscope to identify dolomite types. Cathodoluminescence was
performed using a CL8200-MKS5 instrument (Cambridge Image Technology Ltd., Hertfordshire, UK)
with a Leica polarizing microscope in the Key Laboratory of Tectonics and Petroleum Resources at a
beam voltage of 15 kV and a beam current of 280 pA.

X-ray diffraction (XRD) patterns were collected using an X'pert MPD Pro diffraction analyzer
imported from Panalytical analytical instruments Inc., Almelo, The Netherlands, with measurement
conditions of 22 °C and 65% humidity. Samples for X-ray diffraction consisted of 5 g of sample material
that was crushed to a 200 mesh grain size in an agate mortar. On the basis of the Rydberg Formula and
the wavelength values (A = 0.15418 nm) of Cu target under the working conditions of the diffractometer
tube with a voltage of 40 kV and a current of 40 mA, the XRD patterns were qualitatively analyzed
by the MDI Jade 6.5 software (USA Materials Data Inc., Livermore, CA, USA). Electron microprobe
analysis was conducted on a JEOL JXA-733 instrument imported from the JEOL Ltd. (Tokyo, Japan).
The concentrations of oxides of Na, Sr, Mn, Fe, and other elements were analyzed at accelerating
voltages in the range 10-25 kV. The total error range of the quantitative analysis is 3%, and external
reproducibility of standards is less than 5%.

Samples for carbon and oxygen isotope analysis were prepared by crushing 50 mg of sample
material to a grain size of 200 mesh in an agate mortar. These were further processed by flotation
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and purification in a CCly solution after drying at 100 °C, after which they were placed into a glass
cylinder at a temperature of 475 4+ 1 °C for 60 min to remove attached organic matter. A Finnigan
MAT?251 mass spectrometer (Thermo Electron Corporation, Waltham, MA, USA) was used for the
measurements, which has a standard error of 0.1% of the standard sample GBW04406. Samples were
dissolved in a 100% phosphoric acid at a constant temperature of 25 °C for 72 h, collecting the CO,
gases from the phosphate decomposition at 24 h later to 72 h, with results reported relative to the PDB
standard. Strontium isotopes were analyzed on a Triton TI thermoelectric isotope mass spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Seventy mg of sample material was crushed to a
size of 200 mesh, and dissolved in HNOj3; and HF acids, then placed into a solution bottle for about
48 h at 190 °C. The National Bureau Standard NBS987 was used as a standard sample, which has a
87Sr /86Gr value of 0.710256 + 9 (2 dm). The error range is 0.000005-0.000017.

Fluid inclusion measurements were conducted on a Linkam MDS 600 stage (Linkam Scientific
Instruments Ltd., Surrey, UK). The precision of the temperature measurements during cooling and
heating was approximately 0.1 °C and £2 °C, respectively.

4. Results and Discussion
4.1. Mineralogical Characteristics of Dolomite

4.1.1. Genetic Classification

Thin sections from a total of 34 samples were petrologically characterized, and the dolomite was
classified as one of the three following types according to the mineralogical composition, texture, and
grain size, as well as genetic features.

(1) Marly to microcrystalline dolomite: This type occurred in the tidal flat facies at the bottom
of T1f2. It has relatively low porosity with poor connectivity. At both the outcrop scale and
the microscope scale, algae-related mud banding and layered bird-s eye-like structures can
be observed (Figure 3a,b), along with evidence of penecontemporaneous intertidal /supratidal
exposure. The sedimentary bedding microstructure is well preserved and the dolomite crystals
have an anhedral habit. In the oolite interiors, clear geopetal structures and stylolites can be
seen (Figure 3a). The dolomite appears dark red in CL images (Figure 4a), indicating that they
experienced strongly reducing conditions in a burial environment.

(2) Silty to fine crystalline dolomite: This type occurs throughout the periodic exposures of the
platform-margin oolitic beach facies in the upper and middle part of Ty f2. It is primarily composed
of oolitic dolomite, which contains rich oolitic molds and intergranular pores. The dolomite
grains are subhedral to euhedral crystals, with equal proportions of massive and comb-like
textures, representing a second generation of fine dolomite growth on the external rims of the
earlier comb-like silty dolomite in the oolitic particles (Figure 3c). The oolite interior, edges,
and concentric laminae consistently exhibit partial or complete dissolution that resulted in pore
formation, such as oolitic molds, intragranular dissolution pores, and others (Figure 3d,e). In
addition, abundant intergranular pores partially filled with small amounts of microcrystalline
calcite and oil were present. The silty to fine crystalline dolomite appears orange-red in CL
images (Figure 4b).

(3) Zoned dolomite and dolomite with cloudy cores and clear rims (CCCR): This type occurs in
oolitic and gray dolomites in the platform-margin oolitic beach facies at the bottom of T1f2.
The zoned dolomite is euhedral, comb-shaped, and appears clean and light, representing a
second-generation cement surrounding the surfaces of the first-generation dolomite, which is
silty to fine crystalline (Figure 3f). The dolomite grains appear dark red in CL images (Figure 4c).
The CCCR dolomite is a euhedral crystal with cloudy centers and clear rims (Figure 3g). Small
amounts of organic matter, residual gray material, and clay occur in the cloudy centers. These
dolomites are characterized by strong replacement of oolites and gray matter by interstitial
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material. A single oolite often substitutes for one or several cross-cutting dolomite crystals.
Under CL observation, the dirty, cloudy cores of CCCR dolomite grains appear bright orange-red,
while the clear rim are dark or non-luminescent (Figure 4d). The clean annulus appears dark
orange-red in CL images. Some CCCR dolomite grains are characterized by a bright extra-annulus
(Figure 3h).

Figure 3. Microscopic features of dolomite from the Yudongzi outcrop. (a) Banded marly
microcrystalline dolomite from the tidal flat facies with visible layers and stylolites, sample YA-80.
(b) Marly microcrystalline tidal flat dolomite with dissolution pores filled with calcite, sample YA-77.
(c) Residual oolitic dolomite from the platform-margin oolitic beach facies showing second-generation
fine dolomite overgrowths on the rims of the first-generation comb-like silty dolomite, sample
YA-B-12. (d) Residual oolitic dolomite from the platform-margin oolitic beach facies with partially
filled intragranular and intergranular pores containing oil, sample YA-B-10. (e) Residual oolitic
dolomite from the platform-margin oolitic beach facies showing comb-like dolomite, sample YA-B-12.
(f) Residual oolitic dolomite from the platform-margin oolitic beach facies showing zoned dolomite,
sample YA-B-2. (g) Cloudy cores and clear rims (CCCR) gray dolomite from the platform margin
with strong replacement of oolites by one or more dolomite crystals, sample YA-74. (h) Zoned CCCR
dolomite, sample Ya-74.
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Geopetal structure

CCCR dolomite

Zoned dolomite

Figure 4. Cathodoluminescence characteristics of dolomite from the Yudongzi outcrop. (a) Banded
marly microcrystalline tidal flat dolomite with dark red luminescence and geopetal structures, sample
YA-80. (b) Residual oolitic dolomite from the platform-margin oolitic beach facies with orange-red
luminescence, sample YA-84. (c) Residual oolitic dolomite from the platform-margin oolitic beach
facies with an annulus of dark red luminescence, sample YA-B-12. (d) CCCR gray dolomite in the
platform-margin oolitic beach facies with cloudy cores in bright orange-red and clear rims with dark or
absent luminescence, sample YA-74.

4.1.2. Degree of Order

The degree of order, a significant sign of the crystallinity of dolomite, reflects the arrangement
variability of Ca?* and Mg?* ions in dolomite crystal lattices, which of most natural dolomites is
between 0 and 1 (the completely ordered dolomite). Commonly, the order degree of dolomite is
positively related to the crystallinity, the intensity of dolomitization, and the temperature of nucleation,
but negatively related to the molar percentage of CaCOjs [56]. In the process of burial, with the increase
of burial depth, the environment temperature is increasing and the Ca?* ions are generally replaced
by Mg?* ions, so the degree of order is increasing. Therefore, for the formation of buried dolomite,
the deeper the buried depth is, the higher the degree of order is.

Dolomite crystallinity was determined in 26 samples from T;f? located in the platform-margin
oolitic beach facies, and 7 samples located in the tidal flat facies, respectively. The results indicate
that the degree of order in the silty to fine crystalline oolitic dolomite in the platform-margin oolitic
beach facies ranges from 0.55 to 0.92, with an average of 0.70. In these samples, the mole fraction of
CaCQ;s is greater than 50%, with an average of 53.29% (Table 1). The degree of order in the CCCR
or residual gray dolomite in the platform-margin oolitic beach facies ranges from 0.52 to 0.76, with
an average of 0.61, and the mole fraction of CaCQOj is greater than 60% with an average of 68.74%
(Table 1). The degree of order in the banded or dolomitic oolitic limestone from the tidal flat facies
ranges from 0.36 to 0.60, with an average of 0.48, and the mole fraction of CaCOj is greater than 70%,
with an average of 83.17% (Table 1).
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Table 1. X-ray diffraction (XRD) data for different dolostone types from the Yudongzi outcrop in the
Feixianguan Formation.

Horizon Rock Sample Calcite Dolomite Molar Fraction of Degree Genesis
(mol %) (mol %) Calcium Carbonate (%) of Order
YA-69 7.84 50.09 56.77 0.84
Gray oolitic YA-70 5.93 51.13 55.2 0.77
dolostone YA-72 10.55 48.62 58.91 0.79
YA-76 7.8 50.11 56.74 0.64
YA-83 0.49 54.08 50.45 0.83
YA-84 0 54.35 50 0.9
YA-85 4.34 51.99 53.85 0.56
YA-86 1.49 53.54 51.35 0.62
YA-88 10.28 48.76 58.7 0.63
The top YA-B-2 87 49.62 57.46 055 Shallow
of Tuf YA-B-3 6.33 49.03 55.72 0.64 burial origin
YA-B-4 0 54.35 50 0.92
Oolitic dolostone YA-B-5 0 54.35 50 0.61
YA-B-6 0 54.35 50 0.7
YA-B-7 10.38 48.71 58.78 0.59
YA-B-8 5.97 51.1 55.23 0.66
YA-B-9 0 54.35 50 0.61
YA-B-10 0 54.35 50 0.74
YA-B-11 0 54.35 50 0.76
YA-B-12 0 54.35 50 0.72
YA-B-13 0 54.35 50 0.67
Oolitic gray YA-73 16.34 4547 63.22 054
dolostone
CCCR gray
The middle dolostone YA-74 3089 3347 74 0.76 Moderate-deep
of T £2 Residual oolitic YA-77 25.85 40.3 69.54 0.52 burial origin
dolostone YA-78 29.41 38.36 71.7 0.69
Oolitic gray YA-87 19.26 4388 65.25 0.54
dolostone
Residual
dolomitic YA-71 67.64 17.59 89.68 0.45
limestone
Dolomitic oolitic
The bottom limestone YA75 5446 2475 84.38 0.51 Seepage
of Ty 2 Balr}ded oolitic YA-79 5053 236 845 054 reflux origin
imestone
Banded oolitic YA-80 31.61 37.17 72.98 0.36
dolostone YA-81 30.06 38.01 72.08 0.42
Dolomitic oolitic YA-82 56.57 23.6 85.28 0.51
limestone YA-B-1 77.76 12.09 93.27 0.6

The degree of order in dolomites from the platform-margin oolitic beach facies is much higher
than that in the tidal flat facies (Figure 5). Generally, a high degree of order and a high Mg/Ca ratio
reflect slow and complete dolomitization, while a low degree of order indicates fast and incomplete
dolomitization [57,58]. The results likely demonstrate that the platform margin experienced prolonged
burial at relatively high diagenetic temperatures. Such environments produce relatively low mole
fractions of CaCOs3 due to the relative lack of competing ions [56]. Accordingly, dolomitization can take
place slowly, producing a relatively high degree of order. Conversely, because the tidal flat sediments
existed in a high-salinity environment with high rates of sea water evaporation during the Feixianguan
period [59,60], the Mg?* content of these rocks is high, which resulted in intense replacement and fast
nucleation, ultimately producing marly to microcrystalline dolomites with a low degree of order.
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Figure 5. Relation between the degree of order and the molar fraction of calcium carbonate.

4.2. Geochemical Dolomite Characteristics

4.2.1. Iron and Manganese Contents

Most natural dolomite contains minor amounts of iron and manganese, and the variation in
the cathodoluminescent properties of carbonates are usually attributed to differing proportions of
manganese as the most important activator, and iron as the main inhibitor of luminescence [61].
Besides, the contents of iron and manganese tend to reflect the diagenetic strengths and burial depths.
With the increase of buried depths, the rock intensities and Mn and Fe contents increase, and vice
versa. This is because under the oxide environment, Mn and Fe are at high-priced states, and have
difficulty entering the dolomite lattice [61].

The Fe and Mn contents of dolomites that experienced moderate to deep burial in the
platform-margin oolitic beach facies are in the ranges of 1260-1680 mg-kg~! and 50-57 mg-kg !,
respectively, while those of shallowly buried dolomite are in the ranges of 322-980 mg-kg ™ 'and
29-36 mg-kg !, respectively (Table 2). The former is obviously higher than the latter. In general,
the iron and manganese contents of dolomite tend to reflect the intensity of diagenesis and the burial
depth, where greater burial depths are associated with stronger diagenesis intensity, and higher Mn
and Fe contents [16]. This is because Mn and Fe occur in high-charge states in oxic environments,
which inhibits them from entering the dolomite lattice, whereas they occur in low-charge states under
the reducing conditions of burial, and can more easily enter the dolomite lattice. Therefore, the Fe
and Mn contents indicate that diagenesis in the latter dolomites took place at greater depths than the
former type [62].

Table 2. Fe and Mn contents in dolomites from the Yudongzi outcrop.

Sedimentary Fe Mn

Horizon Environment Rock Sample (mg-kg~) (mg-kg~1) Genesis
Ya-84 980 36 .
Oolitic dolostone Ya-86 322 26 Shalgg" il;““al
The top and Platform margin Ya-B-12 420 29 &
iddle of T;f2 iti
middle of Ty oolitic beach CCCR gray dolostone Ya-74 1260 57 Moderate-deep
burial oriei
Residual oolitic dolostone Ya-77 1680 50 unat origin
The bottom . - Ya-80 2170 32 Seepage reflux
of T, 2 Tidal flat Banded oolitic dolostone Ya-81 1820 2% origin

The tidal flat dolomites exhibit the highest Fe contents, ranging from 1820 to 2170 mg-kg~!. This
is likely because these sediments were exposed to iron-rich salty seawater, as a result of strong seawater
evaporation and poor seawater circulation, under the hot climatic conditions that prevailed during
that period [4]. Then, the dolomite lateral infiltration reflows along the platform slope down. These
dolomites may also suffer from the post-burial effect.
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Electronic microprobe analysis of this type of dolomite revealed that the FeO/MnO ratio of the
clear rims is much higher than that in the cloudy cores, resulting in an FeO gradient from low in
the cores to high at the edges (Figures 6 and 7). The colors in CL imaging vary from orange-red to
dark-red or non-luminescent from the cloudy cores to the clear rims. Typically, CL intensity and
colors in dolomite are closely related to the FeO/MnO ratio, where Mn acts as an “activator” and Fe
acts as a “quencher” [61]. With increasing FeO/MnO ratios, the luminescence of dolomite gradually
changes from bright or light-colored to dark, until it becomes effectively non-luminescent at FeO/MnO
ratios of greater than 13 [63]. Therefore, diagenetic fluid alteration can produce annulus in medium
to coarse-grained dolomite that reflects the multi-period nature of the fluid during the diagenetic
dolomitization process and in the diagenetic burial environment.

Dolomite

Calcite

Full scale counts: 1058 Base(8)_pt1 Cursor:  4.500 keV
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9 Ca
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800
600 g
] =
100 3 300 FeO
200 Z 200
0 2
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Qualitative analysis of dolomite Point number

Figure 6. Fe and Mn oxide composition curve of CCCR dolomites (sample YA-74-1).

Dolomite:

Calcite

Full scale counts: 1105 Base()_pt3 Cursor:  4.500 keV Shpm

25 Counts <
1200 My 500
1000 Ca i
00 = 400 FeO
sl = 300
100 =
200 2 200
0 8
: ) : I I w5 100
kim -11 - Na keV vl
5 0 n0

1 2 3 4 5

Qualitative analysis of dolomite Poiabnibet

Figure 7. Fe and Mn oxide composition curve of CCCR dolomites (sample YA-74-2).
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The cloudy grain centers of CCCR dolomite may have formed at an early stage during burial
diagenesis. This is because at depths of several kilometers, especially at temperatures above 60 °C,
most natural water tends to convert to a major dolomitizing fluid, such as brines or highly-salinity
porewater. In contrast, at low temperatures, dolomite replacement appears to require a long reaction
time [64]. However, dolomite formation is inhibited by the quantities of Mg?* supply (mainly through
precipitation of residual water and transformation of clay minerals), the influence of temperature
and time, the intensity of mass transfer processes and so on [64]. As the nature of the diagenetic
fluid changes, dolomite crystals grow rapidly around the nucleus due to rapid replacement of pore
water by gray matter [65]. Impurities in carbonate sediments such as clay, organic matter, and gray
matter, cannot be expelled from the crystals, and therefore are trapped as inclusions inside the crystal.
The clean rims in CCCR dolomite grains likely formed at greater burial depths, as the flow rate slowed.

4.2.2. Carbon and Oxygen Isotopes and Salinity Index

The stable carbon and oxygen isotopic composition in carbonates can reflect different degrees
of water-rock interactions. The §!80 values in dolomite are mainly affected by the temperature,
the dilution of meteoric water, evaporation, and so on [66]. For instance, excluding other factors,
the increase of temperature and dilution of meteoric water could cause negative skew of 580 values,
while the decrease of temperature and evaporation could cause positive skew of 5§80 values. 13C
in carbonates is mainly derived from the seawater fluids dissolved inorganic carbon or sea-source
fluids [67].

Oxygen isotopes were analyzed in 12 dolomite samples from the lower Triassic Feixianguan
formation, with values ranging from —7.69%o to —2.43% (PDB). These values are more negative than
those of contemporaneous seawater (Table 3), which has §!80 ranging from —0.8% to —0.5%0 (PDB).
The 8'3C values vary from +2.8%o to +3.1%0 (PDB) [68], depending on the various invertebrates and
seawater cements present during the different geological periods. The silty to fine oolitic dolomites in
the platform-margin oolitic beach facies have negative 580 and positive §'3C values, with average
values of §'80 = —3.26%0 (PDB), §!3C = 1.88%0(PDB). The oolitic and CCCR gray dolomites in the
platform-margin oolitic beach facies have the most negative '80 and most positive §!3C values, with
averages of 680 = —7.32% (PDB), 5'3C = 3.02%0 (PDB). The average 5'®0 value of the banded oolitic
tidal flat dolomite is —2.83%o, with 5'3C = 2.71%0 (PDB).

Table 3. Carbon and oxygen isotope data for dolomites from the Yudongzi outcrop.

Sedimentary sBC s§80 Z (Salinity

Horizon Environment Rock Sample (%oPDB) (%oPDB) Index) Genesis
B-1 1.96 —3.70 129.47
B-2 1.68 —3.26 129.12
B3 1.95 —2.62 129.99 Shallow
Oolitic dolostone B4 1.41 —2.52 128.93 . ..
Ya-84 278 473 130.64 burial origin
Ya-86 1.30 —243 128.75
The top and Platform
middflze of margin oolitic Ya-B-12 211 —358 129.84
T o
! beach Oolitic gray Ya-73 3.59 —6.84 131.25
dolostone
CCCR gray Ya-74 245 744 128.61 Moderate-deep
dolostone burial origin
Residual oolitic Ya-77 3.01 —7.69 129.63
dolomite
The bottom of Tidal fl Banded oolitic Ya-80 2.39 —2.52 130.94 Seepage
T, £ idal flat dolostone Ya-81 3.03 -3.13 131.95 reflux origin

In order to determine the sedimentary environment of carbonate rocks, we take advantage of
§13C and 580 values to calculate Z (salinity index), which is a good indicator of the discrimination
between marine facies and continental facies of the carbonate rocks [69], given by the equation:
7 =2.048 x (813C + 50) + 0.498 x (5'80 + 50) (PDB) [69]. Values of Z > 120 indicate marine carbonates,
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while Z < 120, is freshwater carbonate rocks, and when Z = 120, an unfinalized carbonate. All samples
in this study yielded Z values greater than 120, indicating that the dolomites are from a marine source.

The tidal flat dolomite has noticeably higher §'80 values than the platform-margin oolitic beach
dolomite (Figure 8), indicating that burial and temperature effects may have influenced the latter
dolomite type. These rocks can be further divided into those representing the shallow burial stage,
and those from the moderate to deep burial stage, which are distinguished by more negative 5§80
values in the latter compared with the former. Because burial temperatures, water-rock interaction,
and atmospheric precipitation affect §'80 values, increasing temperature causes negatively skewed
8180 in rocks that would otherwise exhibit positively skewed §'80 affected by water-rock interaction
and atmospheric precipitation (Figure 8) [68]. In high-temperature burial environments, the light
isotope 10O preferentially enters the dolomite lattice and the heavy isotope 80 becomes enriched in
the diagenetic fluid [70].
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¢ Marine-metroric mixing zone dolomite atmospheric precipitation effect

Figure 8. Relation between oxygen and carbon isotopic values in dolomite. The green diamonds data
is from Frank and Lohmann (1996) [66].

The different dolomite types have very minor overall variability in §!3C values (<5%). The carbon
isotope values of all dolomite samples range from 1.30%o to 3.59%0 (PDB) with average values of
§13C = 2.305%0 (PDB), closed to the corresponding carbon isotopic composition of the Early Triassic
global seawater (+2.8%o to +3.1%0 PDB) [68], indicating the carbon source of these dolomites may
inherit the carbon in the calcite (or aragonite) deposited from seawater or marine-source fluid, that
is, the carbon source in the dolomitization process is mainly provided by seawater or carbonate
dissolution in the same period (near the same period).

4.2 3. Strontium Isotopic Signature and Content

Variations of strontium isotopic ratio and content in the carbonate sediments is most likely
the result of the participation of fresh water or brine under the absence of land-based and
mantle-derived substances, rather than the isotopic fractionation from physical, chemical, and
biological processes [38,40]. In general, in the continent, Sr concentration and 87Gr /86Sr ratio in
sediments gradually decrease with the increase of fresh water in the porewater, while in the
Saabha seabeach, they commomly increase with the rise of the porewater salinity. The Sr isotope
composition of the dolomite and non-dolomite is general agreement with that of porewater in the
corresponding position.

The strontium isotopic signature and content of eight samples were analyzed and compared
(Table 4, Figure 9). Overall, the sample 87Gr /86Gr ratios varied between 0.707217 and 0.707855, with an
average of 0.707505. From a comparison of the established strontium isotope evolution curve of global
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marine carbonate rocks, from the early Triassic period with the Feixianguan Formation of northeastern
Sichuan, the following conclusions can be reached:

Table 4. Sr contents and isotopic data for dolomites from the Yudongzi outcrop.

87Gr/86Sr Sr (%)
Rock Number
Variation Average Variation Average
Seepage reflux dolomite 2 0.707509-0.707634 0.707572 0.019-0.025 0.022
Shallow burial dolomite 4 0.707318-0.707661 0.707456 0.008-0.016 0.013
Moderate-deep 2 0.707217-0.707855 0.707536 0.012-0.016 0.014
burial Dolomite
Marine micrite of Feixianguan 9 0.707330-0.707507 0.707399 0.047-0.310 0.180
Formation [38]
Buried dolomite of 37 0.707406-0.708276 0.707659 0.009-0.124 0.021

Feixianguan Formation [38]
Global early Triassic marine

carbonate rocks [71] - 0.707650-0.707810 0.707743 - -

)

@)

®)

0.7084 B Range

—— Average value
0.7080—
- - I I I I

0.7072 —

“Sr/ *Sr

0.7068 | | | | | | | |
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Type of sampling

Figure 9. Strontium isotope features of various carbonate rocks of the Feixianguan Formation: (a) Global
early triassic marine carbonates [71]; (b) Marine microcrystalline limestone from the Feixianguan
Formation [38]; (c) Seepage reflux dolomites from this study; (d) Shallow burial dolomites from this
study; (e) Middle-to-deep burial dolomite from this study; (f) All burial dolomite from this study;
(g) Group of burial Feixianguan dolomites [38]; (h) All the dolomite samples from this study:.

The 87Sr/86Sr ratio of marly microcrystalline dolomite from the tidal flat facies ranges from
0.707509 to 0.707634, with an average of 0.707572, which is significantly higher than that of marine
micrites from the Feixianguan formation (0.707399) [38]. Generally, increase in the 8 Sr/8Sr
ratio of carbonate sediments results from the influence of brine in the absence of terrigenous
substances or mantle-derived material [40]. Thus, the dolomitized fluid is inferred to be related
to high-salinity pore water in sediments that were filled with seepage reflux fluid, rather than
seawater in an exposed environment.

The 87Sr/80Sr ratio of shallow burial dolomite from the platform-margin oolitic beach ranges
from 0.707318 to 0.707661, with an average of 0.707456, the lower limit of which is close to that
of Feixianguan seawater (0.707399) [38], and the upper limit is close to that of seepage reflux
dolomite in this study (0.707634). This indicates that the dolomitizing fluid underwent substantial
interaction with the Feixianguan seawater and the infiltration-refluxing fluid, generating the
properties of a marine fluid.

The 87Sr/80Sr ratio of dolomite from the mid-to-late burial stage ranges from 0.707217 to 0.707855,
with an average of 0.707536. This average value is close to that of Feixianguan burial dolomites
in the northeastern Sichuan Basin (0.707659) [38], and the upper limit is close to that of global
marine early Triassic carbonates (0.707810) [71]. This finding is consistent with the possibility
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that the fluid responsible for the formation of this dolomite is related to a marine-derived
burial dolomitization fluid in a closed environment, in which Mg?* originated from pore water,
interlayer water produced by clay mineral transformation and so on.

The range of Sr contents in various carbonate rocks of the Feixianguan formation is shown in
Table 4. The Sr content of marly microcrystalline dolomite from the tidal flat facies ranges from 0.019%
to 0.025% with an average value of 0.022% (Table 4). This value is close to the value of 0.025% of
ultra-saline seawater formed during penecontemporaneous dolomite precipitation [72], indicating that
the Feixianguan seawater has a high strontium content in this area, which is associated with global
aragonite-based strontium-rich deposition in the early Triassic.

The Sr contents of shallow burial dolomites from the platform-margin oolitic beach facies lie in
the range of 0.008-0.016%, with an average value of 0.013%, while those of moderate to deep burial
dolomite range from 0.012% to 0.016%, with an average of 0.014%. Both rock types from different
burial stages have significantly higher Sr contents than that of a HTD from an alpine basin in Canada,
which has a range of 0.0037-0.0122% [73].

The dolomitization process is ultimately one of Sr loss [38]. In Sr-rich carbonates from the Early
Triassic Feixianguan period and in early Carboniferous sediments, strontium removal may occur at the
onset of aragonite dissolution and recrystallization in the absence of continental freshwater [38,74].
This could explain why the Sr content decreases from 0.22% to 0.13-0.14% from the surface to greater
depths, indicating an increase in dolomitization intensity. The similar Sr contents in both types of
burial dolomite likely indicate that the dolomitization process occurred in a relatively closed system.

4.3. Fluid Inclusions

Small amounts of gas-liquid or bitumen inclusions in grains of CCCR dolomite were identified in
this study, however, inclusions in marly to silty dolomite are too small to identify. The homogenization
temperatures determined in five samples range from 172.3 °C to 241.4 °C, with an average salinity
of 10.5% (NaCl wt % eqv). Most of the fluid inclusions have salinities higher than that of normal
seawater (3.5%).

We employed the experimental oxygen isotope calibration of dolomite from Horita (2014) [75]
to calculate the values of 6180, ater, in which the dolomite-water equilibrium fractionation factor for
a wide range of the temperature interval between 80 °C and 350 °C (176 °F and 662 °F). The oxygen
isotopic composition of the dolomitizing fluid can be reversed by the oxygen isotope fractionation
equation as follows [75]:

100
10% In &tgojomite_water = 3.140 (£0.022) x =z~ 3.14 (£0.11) (1)

(180/16O)d010mite _ 618C)C1010mite + 103

, ite— = = 2
dolomite-water (180 / 16O)water 6180water +103 2)

Taking the logarithm on both sides of Equation (2), we can draw the equation:
103h‘lO‘dolomite—water = 518C)dolomite - 518C)water 3)

Here, otqolomite_water 15 the oxygen isotope fractionation coefficient between dolomite and water, T
is the absolute temperature in units of Kelvin, and the §!80 standard is standard mean ocean water
(SMOW, %). Then, the §'80Oppg of the carbonates could be converted to §'8Ogyow values, using the
same conversion formula for SMOW and PDB [76]: §'3Ogyow = 1.03091580ppg + 30.91. The above
Equations (1) and (3) could be used to reverse the oxygen isotope composition (8'8Ogqjomitization fluid)s
on the basis of the oxygen isotopic composition of dolomite minerals (5'8Oggjomite) and the precipitation
temperature (T) corresponding to the homogenization temperatures of inclusions of dolomites.
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Previous studies have demonstrated that the 5'80 values and homogenization temperatures
of inclusions of marly to microcrystalline dolomite samples from the lower Triassic Feixianguan
formation range from —4.31 to —7.24%0PDB, and 40 °C to 42 °C, respectively [77]. According to
the 5§'804,jomite Values and the homogenization temperatures of inclusions in the CCCR dolomite
from the platform-margin oolitic beach, the calculated 8180 golomitization fluid Values fall between +10%o
and +15%o (SMOW) (Figure 10), around the seawater line far from the atmospheric waterline. It can
be concluded that the dolomitizing fluid was likely a high-salinity, high-temperature burial fluid,
indicating that moderate to deep burial dolomitization produced this type of dolomite. The calculated
8"80golomitization fluid Values of marly microcrystalline dolomite from Mu et al. (1994) [77] range from
—6%0 to —2%0 (SMOW) (Figure 10), which are close to that of high-magnesium contemporaneous
seawater, and likely reflect a strong influx of meteoric waters that shifted the oxygen isotopes to
more negative values, assuming a value for global open marine Triassic seawater of 50 = 0%
(SMOW) [78], which is the continuous stable isotope baseline trends from a dataset of 513 C and
8180 values of well-preserved Triassic brachiopods and carbonate rocks. Calculating a water value
from homogenization temperature and dolomite §'80 should ensure all samples are under the same
conditions; considering the complicated diagenetic history of these samples, this result is likely not
precisely true.
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Figure 10. Relation between the oxygen isotope composition and inclusion homogenization
temperatures in dolomite (the errors are smaller than the symbols). Contours represent the oxygen
isotope composition of dolomitization fluid, calculated by the formula from Horita (2014) [75].
The contour line with hollow diamond points is the §'80 curve for global Triassic seawater, assuming a
global Triassic seawater value of 0%o (standard mean ocean water (SMOW)) [78]; The contour line with

solid diamond points is the 'O curve of meteoric water with an average of —8.35%0 (SMOW) [79].

4.4. Origins of Dolomite

4.4.1. Seepage Reflux Dolomitization

The origin of the marly to microcrystalline dolomite can be suitably explained by a seepage reflux
dolomitization mechanism that occurred primarily during the syndiagenetic/penecontemporaneous
stage, when climatic conditions in the tidal flat changed from warm and humid, to dry and hot.
The Mg-rich brine formed in this evaporative environment likely flowed along the platform-margin
oolitic beach, where it laterally penetrated the sediments and flowed back after mixing with the
pore water [59]. This dolomite replaced deposits of aragonite mud and micrite, forming marly
microcrystalline dolomite with geochemical features characterized by relatively negatively skewed
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8180, positively skewed §'3C, a low degree of order, and a high 87Sr/%Sr ratio, influenced by
post-burial effects.

4.4.2. Shallow Burial Dolomitization

Shallow burial dolomitization occurred mainly in the platform-margin oolitic beach environment
to produce silty to fine-grained dolomite. Under these shallow burial conditions, various fluids
including seawater, groundwater, and pore water were able to flow along the seepage channel to
the near-surface oolitic reservoir, which provided an abundant source of material for shallow burial
dolomitization [80]. Silty to fine-grained dolomite is the most important component of the abundant
oolitic dolomite, which contains features such as high concentrations of dissolution pores, cracks, and
holes that constitute the best dolomite reservoir properties in this area. Typical genetic markers of this
dolomite type have relatively negative !0 and positive §!3C values associated with marine-source
fluid, a high degree of order, and high Fe, Mn, and Sr contents.

4.4.3. Moderate to Deep Burial Dolomitization

Increasing burial depth and diagenetic intensity favor intense dolomite formation. Under
high-temperature and reducing conditions in a closed environment, dolomite crystals were rapidly
replaced to form zoned and CCCR dolomite. However, as the Mg?* supply was highly limited during
moderate-deep burial, Mg?* was derived mainly from the transformation of pore water and clay
minerals. This may explain why the dolomite distribution is dispersed throughout the oolitic gray
dolostones. The typical genetic markers of this dolomite are relatively negative 5'80 values, high Fe
and Mn contents, and a high degree of order, as well as inclusion temperatures of greater than 50 °C.
The 8Sr/8Sr ratio indicates a marine fluid source in a closed environment.

4.4.4. Proposed Dolomitization Model

A proposed model of dolomite evolution is outlined below and illustrated in Figure 11. The lower
Triassic Feixianguan formation is controlled by the Kaijiang-Liangping trough, and the Yudongzi
region is located entirely in the platform margin that marks a zone of transition from a carbonate
platform to open sea [59]. With the gradual closure of the trough, seawater receded toward the open
sea, accompanied by movement of the platform-margin oolitic beaches toward the trough, resulting in
the horizontal expansion of these horizons as the climatic conditions changed from warm and humid,
to dry and hot [60]. Incomplete exposure of the surface produced strong evaporation of seawater to
form a salty Mg-rich fluid in the early period of T1f2, while the original tidal flat sediments retained
large amounts of pore water. This resulted in downward infiltration of the dolomitizing Mg-rich fluid
that flowed in the direction of lower pressure, moving both laterally and vertically, and replacing the
limestone to form marly to microcrystalline dolomite through seepage reflux dolomitization.

Continued accumulation of overlying sediments gradually buried the original platform-margin
oolitic beach sediments in the mid-late period of T1f?. Differences in consolidation and compressive
strength between the original sediments and the overlying sediments generated horizontal pressure
gradients even at uniform depths, which drove natural water bodies to become dolomitizing fluids
at depths of several kilometers [64]. In the shallow burial period, abundant residual oolitic dolomite
was formed by dolomitization and dissolution that produced petrological characteristics such as
corrosion holes and first-generation comb-like dolomite cements. Ultimately, the dolomitization
dynamics decreased significantly under the influence of geothermal gradients and increasing pore
fluid temperatures [81], forming zoned and CCCR dolomite crystals with higher crystallinity in a
closed burial system.
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Figure 11. Dolomitization models for rocks of the Yudongzi outcrop.

5. Conclusions

(1) Marly to microcrystalline dolomite from the tidal flat facies is characterized by petrographic
features such as algae-related mud-banded sand, and geochemical features such as negatively skewed
8180 and §'3C values, a low degree of order, and a high 8”Sr/86Sr ratio. These properties indicate
formation by seepage reflux dolomitization in the penecontemporaneous stage. Post-burial effects may
have influenced this type of dolomite.

(2) Silty to fine dolomite from the platform-margin oolitic beach facies is the most significant
type of reservoir rock in this region, having been formed by shallow burial dolomitization. These
rocks are characterized by high porosity and permeability, with geochemical features marked by
negatively skewed 5'80, positively skewed §'3C, high Fe and Mn contents, and a high degree of order.
The 87Sr /86Sr ratio and Sr contents exhibit properties of marine fluids.

(3) Zoned and CCCR dolomites from the platform-margin oolitic beach facies formed by moderate
to deep burial dolomitization, are characterized by strong replacement. FeO/MnO ratios are higher in
the clear rims than in the cloudy cores of CCCR dolomite grains. The average inclusion temperature
is >50 °C. The dolomitized fluid was shown to have properties consistent with a high-temperature,
high-salinity, high-Sr source, which occurred in a relatively closed system. Further modification of this
dolomite led to the formation of zoned annules.
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