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Abstract: Microbialite textures, such as microbial mats and biofilms, were observed in the Middle Tri-
assic dolomite in the Sichuan Basin, western China, using core examination, thin section petrography,
scanning electron microscopy (SEM), and geochemical analyses. The dolomite texture, consisting of
fibrous and spherulitic structures, is similar in morphology and size distribution to those observed
in microbial culture experiments. Extracellular polymeric substances (EPS) were identified based
on the occurrence of fibers forming a reticular pattern and nanometer-sized spheroids. The rare
earth element (REE) and stable isotope (C, O, and Sr) compositions of the Middle Triassic dolomite
were measured to determine their geochemical characteristics. Using seawater as a standard, the
dolomitic microbialites (MD) exhibited significantly positive La and Eu anomalies and higher REE
concentrations and (Nd/Yb)sy values than associated limestones, and these patterns are inferred to be
related to initial complexation on organic ligands in the biofilm, as proposed by previous researchers.
The ambient temperature during dolomite precipitation was estimated to be within the 23 °C to
50 °C range, as indicated by the §'80 values of the dolomite. This study suggests that various
microbial effects can significantly affect diagenetic processes in the Middle Triassic dolomite.

Keywords: Sichuan Basin; Leikoupo Formation; microbialites; dolomites; diagenesis

1. Introduction

The distribution and behavior of aqueous rare earth elements (REEs) are widely used
to constrain the source of fluids and formation conditions of sedimentary rocks [1]. In recent
years, researchers have employed the REE signatures and isotopic compositions (e.g., C, O,
and Sr) of dolomites to examine the nature of dolomitization [2-4]. Laboratory experiments
have also demonstrated the role of microbes in dolomite precipitation [5,6]. The REE and
isotope signatures of microbialites have successfully been utilized to analyze seawater and
lacustrine waters [7], the geochemistry of microbial mounds [8], the role of the organic
substrate on microbially mediated dolomite [9], and the origin of microbialites [10,11].
Despite extensive research, the impact of the diagenetic environment and the evolution of
fluid chemistry on dolomitization remains a topic of heated debate [12-15].

The Middle Triassic Leikoupo Formation is an assemblage of gypsum-dominated
evaporites and carbonates that form the uppermost unit in the Sichuan carbonate platform
succession [16]. In recent years, the Leikoupo Formation has gradually become the pri-
mary exploration target in the western and central Sichuan Basin [17], where high-quality
reservoirs are exclusively restricted to dolomites [18,19]. The Leikoupo dolomite in the
Sichuan Basin is interpreted to have formed in three stages: The penecontemporaneous
stage characterized by evaporative seawater, the early diagenetic stage characterized by
seepage refluxed brine, and the burial stage [20]. Previous papers primarily focused on
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crystalline dolomite and dolomitic grainstone. Liu [21] reports petrographic and reser-
voir characteristics on the microbial dolomite in the western Sichuan Basin, which has a
cumulative thickness of 0 to 70 m locally and forms high-quality reservoirs.

This study aimed to characterize the REE and Sr-O-C isotope geochemical signature
of the microbial dolomite in the Middle Triassic Leikoupo Formation in the Sichuan Basin.
The results of the study could also lead to a better understanding of the morphogenesis
of microbialites, their evolution through geologic time, and their potential as tools for
biostratigraphic correlation.

2. Geological Setting

The study area is located in Pengzhou near Chengdu (southwestern China) on the
western margin of the Sichuan Basin (Figure 1). The Sichuan Basin, surrounded by the
Longmen, Micang, and Daba mountains, is a large intracratonic basin with an area of
approximately 180,000 km? in the upper Yangtze region of South China. Since the Meso-
zoic, the basin has experienced deep fault activity on its margins and underlying crustal
shortening, which has led to both peripheral subsidence and internal uplift. Moreover, the
tectonic setting of the basin is such that the basin has been subjected to external pressure
and internal extension. Marine sedimentation dominated the basin from the Precambrian
to the Middle Triassic. At the end of the Middle Triassic, the Sichuan Basin was an epeiric
sea subject to tides and waves and was connected to the open ocean in the southern and
northwestern parts of the basin under the influence of the early Indosinian Orogeny. The
climate during this period was arid and hot.
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Figure 1. Location map of the study area in the Sichuan Basin, southwestern China.

The Leikoupo Formation (T51) is underlain by the Jialingjiang Formation and overlain
by the Tianjingshan Formation, with both upper and lower contacts being conformable
(Figure 2). The Leikoupo Formation is characterized by multiple cycles of marine carbon-
ates and evaporites, including limestones, dolomites, gypsum, and salts with thicknesses
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varying from 0 to over 1100 m (Figure 2), along with local muddy deposits. The formation
can be divided into four members, with the T;1; being the lowermost member that con-
formably overlies the Jialingjiang Formation. The fourth member (T,l4) is the uppermost
member that directly underlies the Tianjingshan Formation in the western zone (Figure 2).
The fourth member (T,l;) can be further subdivided into three submembers, the Lei 4!
submember, Lei 42 submember, and Lei 4% submember. In the western zone, Lei 4! consists
of thick gypsum interbedded with dark micritic dolomites; Lei 42 consists of interbedded
gypsum and micritic dolomites; and Lei 4 consists of micritic dolomites, fine crystalline
dolomites, limy dolomites, algae trace dolomites, dolomitic limestones, and calcarenites
(Figure 2). Our research focuses on the Lei 4% submember, which consists of algal /microbial
dolomites, and is based on core observation, thin section analysis, and scanning electron
microscope observations.
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Figure 2. Generalized stratigraphy of the Leikoupo Formation, Sichuan Basin (modified after Li
etal,, [15]). Tly, Tolp, Tl3, and Tyl represent the first to fourth members of the Leikoupo Formation.
Lei 41, Lei 42, and Lei 43 represent the first to third submembers of Tl4.
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3. Samples and Analytical Methods

A total of 45 samples of the Lei 4> submember were collected from 2 cored wells
(Figure 3). Some thin sections were stained with Alizarin Red to identify dolomite and
calcite. The samples were investigated through stratigraphic and sedimentological methods,
optical petrography (Figure 4), and scanning electron microscopy (SEM). To evaluate the
micropore features, fresh samples with relatively flat tops and bottoms (with lengths,
widths, and heights of <0.5 cm) were plated (100 s) with gold. A Nova Nano SEM 450 was
used for scanning electron microscopy with an ultrahigh resolution (1.0 nm at 15 kV to 1.6

nm at 1 kV).
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Figure 3. Lithofacies and well logs of the P1-1 and Y1-1 wells. Arrows represent the sampling sites.
The lithology was characterized on the basis of drill cuttings and core observations. See Figure 1 for
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Figure 4. Petrographic features of the studied limestone, calcitic dolomite, and dolomite from the
Leikoupo Formation. (a) Y1-36 is primarily composed of calcite with a crystal size of less than
30 um. The thin sections were stained with Alizarin Red-S. (b) Photomicrograph of very
finely to finely crystalline dolomites with crystal sizes of less than 30 pm. Pyrite (arrows)
disseminated in intercrystalline pores. Y1-8, 6230.02 m. (c) Photomicrograph of finely to
medium crystalline dolomites with irregular vugs; the size of the dolomite crystals varies be-
tween 45 mm and 150 pm. Y1-7, 6231.10 m. (d) Photomicrograph of finely to medium
crystalline dolomites replacing precursor limestones (stained red with Alizarin Red-S). Y1-30,
6181.2 m. (e) Photomicrograph of the intergranular dissolved pores developed in the finely to
medium crystalline dolomites; some crystals have cloudy centers and clear rims. Y1-31, 6177.22 m.
(f) Photomicrograph of the pelletal dolomitic grainstone. Y1-13, 6222.71 m.

Isotope samples were analyzed at the Chengdu University of Technology. Carbon and
oxygen isotope values were measured using a Thermo Electron mass spectrometer (MAT
252) and reported in per mil notation relative to the Vienna Pee Dee Belemnite (VPDB)
standard. Carbonate powders were reacted with 100% phosphoric acid at 25 °C for 72
h. Stable isotope results were calibrated with carbonate standard GBW04417 calcite. The
analytical precision is higher than 0.2%. for both 5§80 and §'3C. Isotopic measurements
of Sr were performed on a Triton Plus thermal ionization mass spectrometer (Thermo
Fisher Scientific, Berlin, Germany). The results were controlled by repeated analyses of 2
international standard samples, NBS-987 and BCR-2.

Major element analysis of the rock samples was conducted at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS) using the melted glass disk
method and X-ray fluorescence spectrometry. The chemical composition of the samples
was analyzed using X-ray fluorescence (XRF) spectrometry on fused glass disks, following
the analytical procedure outlined by Johnson [22]. The accuracy and precision of the XRF
data from the laboratory were evaluated based on results obtained for USGS standard
BCR-2 and Chinese National standard GSR-3. The analysis precision of this method is
better than 5%. The major elements used for analysis were Al,O3, Fe,O3, MgO, and CaO.

The trace elements of the samples were analyzed using an inductively coupled plasma
mass spectrometer (Thermo X-7, Thermo-Elemental Corp, San Jose, CA, USA). The analysis
was performed with the standard curve method, with Rh, In, and Re as the internal
standards, at an analysis precision of 5-10%. The exact process was described by Wu
et al. [23]. The analyzed trace elements were Si, Ti, V, Cr, Co, Ni, Cu, Zn, Sr, Y, Zr, Mo, Cd,
Sn, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, and U.

The quantitative elemental analytical results are listed in Table 1. The measured REE
concentrations were normalized to the REE compositions in surface Pacific water. The REE
composition of seawater was magnified 1,000,000 times because the >REE of dolomite is
enriched by six orders of magnitude or higher with respect to seawater. The ratio (Nd/Yb)sn
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was calculated to monitor light REE (LREE) depletion. The ratio (Dy/Yb)s, was calculated
to monitor heavy REE (HREE) depletion. We use the method reported by Bau [24] and
Webb [25] to report Ce anomalies. Cegn anomalies are shown by (Ce/Ce*)sn, which is
calculated as Ceg, /(0.5 Lagn + 0.5 Prgn). Then, (Pr/Pr*)sn [Prsn /(0.5 Cegn + 0.5 Ndgp)] is
calculated and compared to (Ce/Ce*)sn [Cesn /(0.5 Lagn + 0.5 Prsn)]. When (Pr/Pr*)s, >
1, a negative Cesn anomaly exists; when (Pr/Pr¥)s, < 1, a positive Cesn anomaly exists.
The combination of (Ce/Ce*)sp < 1 and (Pr/Pr*)sp, =~ 1, however, indicates a positive
Lag, anomaly.
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Table 1. REE contents, stable and radioactive isotope compositions and trace element concentrations for carbonate samples in the western Sichuan Basin. All
concentrations are in parts per million (ppm), except where noted. C and O isotope compositions are both reported relative to V-PDB. BT, the concentrations are
below detection limits.

Sample Depth

NO. (m) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ZREE Th Zr Ti Ba sBc 880 Sr 7S¢/ Sr
Very finely to finely dolomites

P1-3 5824.25 0.233 0.452 0.055 0219  0.039 0.009  0.043  0.007 0.035  0.008 0.019  0.003 0.018  0.003 1.143 0.07 1.507 36.57 1133  1.63  —-3.26

Y1-12 6199.20 0.263 0.414 0.049 0175  0.031 0.007  0.026  0.006 0.03 0.005 0.016  0.002 0.014  0.003 1.041 0.08 0.617 22.31 2.4 232 —409 1559  0.708174
Y1-24 6223.9 0.204 0.39 0.042 0157  0.033 0.007  0.033  0.003 0.028  0.006 0.018  0.003 0.017  0.003 0944  0.064 0.583 1626  2.002 167 —036 1154  0.708197
Y1-1 6243.61 0.214 0.406 0.047 0.174 0.036 0.01 0.038 0.004 0.024 0.004 0.011 0.001  0.009 0.002 0.98 0.031 0.149 6.107 81.97 248 —1.58 65.27 0.707997

Finely to medium crystalline dolomites

P1-9 5812.2 0.131 0.224 0.028 0.101 0.019 0.006 0.018  0.002 0.016  0.004 0.009 0.002  0.009 BT 0.57 0.089 0.862 69.66 9.39 1.40 —7.17

P1-8 5812.8 0.117 0.213 0.026 0.104  0.022 0.007 0.017  0.004 0.018 0.004 0.011 0.002  0.012 BT 0.558 0.028  0.827 15.41 31.99 1.40 —7.04

P1-7 5813.55 0.055 0.093 0.012 0.039  0.011 0.006 0.01 0.002 0.013 0.003 0.006 0.001  0.006 BT 0.258 0.02 0.439 54.28 44.98 1.00 1.00

P1-2 5826.55 0.158 0.297 0.036 0.154  0.028 0.012 0.029  0.007 0.029 0.005 0.015 0.002  0.015  0.002 0.789 0.053 1.45 27.75 1173 214 —6.83

Y1-30 6181.20 0.065 0.122 0.016 0.056  0.008 0.005 0.012  0.001 0.009 0.002 0.007 0.002  0.009 BT 0.31 0.034  0.416 9.333 16.06 1.66 —6.23 173.7 0.708213
Y1-25 6196.72 0.096 0.172 0.018 0.072  0.019 0.027 0.015  0.002 0.01 0.002 0.006 0.002  0.007 BT 0.45 0.012  0.496 8.637 26.8 237 —6.47 209.8 0.707961
Y1-19 6206.95 0.15 0.289 0.033 0.117  0.022 0.014 0.02 0.002 0.011 0.002 0.007 0.002  0.006 BT 0.68 0.049 0.269 6.194 68.2 2.71 -0.19 98.67 0.708139
Y1-8 6230.02 0.503 0.916 0.103 0.4 0.072 0.057 0.094  0.011 0.05 0.01 0.026 0.004 0.025  0.003 2.274 0.067  1.721 29.11 40.2 2.32 -7.72 182.9 0.707797
Y1-7 6231.10 0.233 0.433 0.051 0.186  0.032 0.01 0.03 0.004 0.024  0.004 0.013 0.002  0.011 0.002 1.034 0.043  0.572 11.78 1514 248 —6.66 140.7 0.707907
Y1-6 6234.12 0.123 0.229 0.028 0.099  0.017 0.017 0.021 0.002 0.013 0.003 0.006 0.002  0.006  0.002 0.566 0.034  0.087 5.757 14.62 230 —7.45 109.8 0.707847
Y1-4 6236.70 0.226 0.423 0.049 0.179  0.035 0.017 0.034  0.005 0.026  0.005 0.015 0.002 0.015  0.002 1.033 0.056  0.978 16.47 62.77 242 —1.53 127 0.708174

Dolomitic grainstones

P1-12 5764.20 0.106 0.202 0.027 0.088 0.022 0.011 0.016 0.003 0.014 0.003 0.008 0.002  0.007  0.002 0.509 0.015 0.792 34.29 70.55 1.44 —6.05

P1-11 5766.37 0.107 0.186 0.019 0.077  0.016 0.011 0.013 0.002 0.009 0.002 0.006 0.002  0.006 0.002 0.456 0.017  0.384 4.95 117.1 0.06 151

P1-6 5819.1 0.141 0.231 0.025 0.101 0.019 0.02 0.015 0.003 0.016 0.003 0.009 0.002  0.008 0.002 0.594 0.023 5.153 4.962 27.1 1.81 —7.10

P1-5 5821.8 0.257 0.466 0.054 0.199 0.044 0.019 0.043 0.007 0.036 0.007 0.02 0.003  0.017 0.002 1.174 0.098 22 47.6 20.1 2.26 —6.72

Y1-40 6119.37 0.164 0.277 0.032 0.113 0.019 0.029 0.025 0.003 0.014 0.003 0.007 BT 0.007 BT 0.695 0.054 0.217 23.38 6.702 1.27 —6.34 127.6 0.708069
Y1-38 6122.56 0.129 0.237 0.025 0.095 0.017 0.006 0.028 0.004 0.01 0.002 0.004 BT 0.005 BT 0.564 0.095 0.536 9.844 12.3 1.53 —5.71 83.52 0.708119
Y1-35 6127.03 0.181 0.351 0.043 0.163 0.031 0.011 0.037  0.004 0.024 0.005 0.015 0.002  0.013 0.002 0.882 BT BT BT BT 1.64 —5.54 229.8 0.707775
Y1-34 6168.08 0.126 0.228 0.028 0.092 0.017 0.011 0.041 0.002 0.013 0.004 0.008 0.001 0.01 BT 0.582 0.018 1.036 11.92 34.31 1.27 —59 220.7 0.708147
Y1-32 6174.23 0.058 0.097 0.013 0.038 0.007 0.011 0.005 0.002 0.006 0.002 0.004 0.002  0.004 BT 0.25 0.033 0.194 5.993 47.51 0.96 —6.7 214.1 0.707516
Y1-31 6177.22 0.077 0.139 0.017 0.054 0.013 0.006 0.011 0.001 0.009 0.003 0.008 0.001  0.007 BT 0.347 0.034 0.208 6.928 12.23 0.75 —7.21 221.2 0.707873

Y1-29 6184.85 0.109 0.21 0.027 0.093 0.02 0.009 0.022 0.004 0.016 0.004 0.01 0.002  0.011 0.002 0.54 0.082 0.343 7.287 19.59 1.95 —6.03 495.1 0.707678
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Table 1. Cont.

Sample

Depth

NO. (m) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ZREE Th Zr Ti Ba sBC  8%0 Sr 878r/8Sr
Y1-13 6222.71 0.148 0.282 0.034 0.139 0.031 0.036 0.031 0.003 0.022 0.005 0.011 0.002  0.012 0.002 0.758 0.057 0.311 8.936 232.3 2.65 —3.46

Y1-2 6242.50 0.109 0.22 0.029 0105  0.012 0.005 0.017 0.003 0.015 0.003 0.009  0.001  0.007 BT 0.54 0.036  0.692 7111 4295 246 —1.51 3752 0.707766
Dolomitic microbialites

P1-4 5823.48 0.167 0.224 0.024  0.091 0.016 0.003  0.016  0.002 0.01 0.002 0.005  0.002  0.005 BT 0.567  0.018  0.383 8.873 1066  1.63 -3.26

Y1-33 6171.23 0.184 0.338 0.038 0.115 0.024 0.006 0.025 0.002 0.011 0.002 0.004 0.002  0.006 BT 0.758 0.043 0.267 3.495 14.49 2.32 —4.98 121.9 0.708057
Y1-22 6200.51 0.16 0.256 0.03 0.107  0.015 0.011  0.019 0002 0.013 0.003 0.009  0.002 0.007 BT 0.63 0.031  0.349 4049 3983 227 —5.19 81.95  0.707745
Y1-21 6201.70 0.208 0.369 0.038 0.14 0.026 0.027  0.032  0.006  0.022  0.006 0.014  0.004 0.014 0.004 0.91 0.059  0.753 15.2 1378 228 —5.61 7522 0.707648
Y1-20 6205.00 0.182 0.339 0.044 0148  0.033 0.01 0.027  0.004 0.022  0.005 0.015  0.003 0.023  0.003 0.86 0219  3.745 4505 22,69 249 —5.27 123 0.708018
Y1-18 6208.83 0.308 0.629 0.073 0.275 0.046 0.031 0.054 0.008 0.041 0.007 0.023 0.004 0.02 0.002 1.52 0.076 1.359 37.11 128.8 0.90 —5.68 117.1 0.708219
Y1-17 6209.73 0.475 0.978 0.112 0.385 0.072 0.027 0.07 0.008 0.048 0.01 0.029 0.004 0.023 0.003 2.24 0.095 1.211 40.12 69.98 2.65 -3.29 75.54 0.707546
Y1-16 6214.99 0.406 0.88 0.113 0.44 0.093 0.028  0.092  0.011 0.067  0.014 0.036  0.005 0.038  0.005 2.23 0.126  3.392 88.82 5428 259 —5.57  89.58  0.708283
Y1-15 621643 0.29 0.549 0.064 0218  0.041 0.018  0.038 0.005 0.031  0.006 0.018  0.002 0.015  0.002 1297  0.036  0.396 11.8 7209  2.65 —3.92 89.72  0.708224
Y1-11 6224.40 0.314 0.665 0.083  0.296 0.07 0.022  0.08  0.009 0.054 0.011 0.029  0.005  0.03 0.005 1.679 0108  0.851 36.5 1171 220 -356 2309  0.707675
Y1-10 6225.54 0.953 2.132 0.231 0.902 0.175 0.044 0.172 0.024 0.128 0.024 0.062 0.011 0.06 0.01 4.928 0.223 4.536 10.32 14.13 2.56 —4.54 118.7 0.707646
Y1-9 6228.14 0.632 1.204 0.131 0.493 0.096 0.041 0.093 0.013 0.073 0.014 0.036 0.005  0.034 0.005 2.87 0.133 2.2 62.48 128.3 2.35 —4.59 177.8 0.707906
Y1-5 6235.70 0.145 0.283 0.034 0125  0.024 0.007  0.024 0002 0.018 0.004 0.012  0.002 0.009  0.001 0.69 0.003  0.229 6.765 8618 248 —4.55

Limestones

Y1-37 6121.35 0.058 0.093 0.012  0.042  0.007 0.002  0.007 0.002  0.008  0.002 0.006  0.001  0.005 BT 0.245 0103  0.334 7393 1772 229 —3.69 4109  0.707735
Y1-39 6123.66 0.166 0.289 0.04 0.137 0.028 0.006 0.023 0.006 0.026 0.004 0.012 0.002  0.011 0.002 0.752 0.061 0.8 19.59 3.093 2.22 —2.30 340.5 0.707731
Y1-36 6124.95 0.124 0.253 0.024 0.107 0.023 0.006 0.022 0.004 0.02 0.004 0.011 0.002  0.011 0.002 0.613 0.038 0.274 9.797 23.92 1.77 —3.42

Y1-27 6188.60 0.157 0.309 0.035 0113  0.028 0.007  0.036  0.003 0.018 0.004 0.011 0.002  0.01 0.002 0.73 0.055  0.976 2295 3871  1.69 —3.37 1834  0.708024
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4. Results
4.1. Petrography

Petrographic, SEM, and core investigations allowed the identification of five main
categories of carbonate precipitates in the Middle Triassic Leikoupo Formation marine
carbonate. These categories are limestones, very finely to finely crystalline dolomites,
finely to medium crystalline dolomites, dolomitic grainstones, and dolomitic microbialites
(Figures 4-6).

500um

250um

500um S : 1000um _500um

Figure 5. (a) Thin-section photomicrograph of dolomitic thrombolites with irregular vugs. Features
labeled ‘cl” (black and white) are mesoclots that comprise the clotted framework. The cavities are
blue components filled with resin. Y1-9, 6228.14 m. (b) Thin-section photomicrograph of the stro-
matolitic laminae of alternating light and dark layers. Abundant cavities defined by deformed dark
layers and roll-up structures. Y1-10, 6225.54 m. (c) Thin-section photomicrograph of thrombolitic
stromatolites. Y1-22, 6200.51 m. (d) Sketch representing the pattern of the microbial texture in
(a). (e) Sketch representing the pattern of the microbial texture in (b). (f) Sketch representing the
pattern of the microbial texture in (c). (g,h) Peloid structures in the thrombolite. Y1-9, 6228.14 m.
(i) Amalgamation of peloids in the mound structures in stromatolites. Y1-15, 6216.43 m. (j) Thin-
section photomicrograph of saddle dolomite filling in pores in thrombolitic dolomites. Y1-33,
6171.23 m. (k) Quartz and dolomite filling in pores (dolomitized stromatolites). Y1-21, 6201.70 m.
(1) Hexagonal dipyramidal high-temperature quartz filling in pores (dolomitized stromatolite). Y1-21,
6201.70 m.
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Figure 6. SEM photomicrographs and EDX analyses showing the characteristics of micron-sized
structures in the Triassic microbialites. (a) Freshly broken fragment of thrombolitic dolomite, white
arrows indicating the laminae studied under SEM. Y1-5, 6235.70 m. (b,c) Filament and sheet-like
structures are well-preserved within the intercrystalline space. Subpolygonal and euhedral dolomite
crystals connected by irregular filamentous and sheet-like textured materials (arrows) protruding
from the spheroid matrix (arrows). Y1-5, 6235.70 m. (d) Spheroids (arrows) surrounded by an
irregular lumpy texture, interpreted as mineralized degraded organic matter. Y1-20, 6205.00 m.
(e) Spheroidal structures ranging in diameter from 100 nm to 1 pum are enclosed within dolomite
crystals and protrude from them (arrows). Spherulitic dolomite occurring in a dolomite crystal defect
(yellow arrows). Y1-20, 6205.00 m. (f) Chain of spheroids with individual spheroid diameters of
100-250 nm that protrude from the spheroid matrix (white arrows). The pyrite is well preserved
within the irregular filamentous and sheet-like textured materials. Y1-20, 6205.00 m. (g) EDS spectrum
showing a typical composition of the dolomite crystals in (b—f).

Limestone samples came from drill holes in the upper of Lei 4>. The limestone samples
are dark gray, and their lithology ranges from limy mudstone to finely crystalline dolomitic
limestone less than 30 pum in size (Figure 5a). In a few cases, bioclasts such as foraminifera,
brachiopoda, and shell fragments can be observed in the limestone samples. The limestone
bed is commonly thin (usually 5 mm thick or less) and tight.
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The very finely to finely crystalline dolomites (DOL-1) consist of subhedral to euhedral
dolomite crystalline sized less than 30 um (Figure 5b). In hand specimens, the very finely
to finely crystalline dolomites are generally gray to dark gray in color. The DOL-1 samples
from the bottom of Lei 4> are commonly associated with lamellar evaporitic anhydrite.
Cryptocrystalline to crystalline pyrites are commonly dispersed within intercrystalline
pores (Figure 5b). The DOL-1 dolomites have very low porosity and permeability values,
with minor fractures filled with anhydrite. In places, dolomite crystals are truncated
by stylolites. Volumetrically, this assemblage accounts for approximately 40% of the
dolomite rocks in the basin via an approximate estimation based on well logging, cores, and
thin sections.

The finely to medium crystalline dolomites (DOL-2) consist of anhedral to subhedral
dolomite crystals, ranging in size from 30 um to 150 pm (Figure 5c). In places, the DOL-2
dolomites replace precursor limestones (Figure 5d). The DOL-2 dolomites have relatively
high porosity (average 5%) and permeability values due to abundant vugs and dissolution
pores (Figure 5e). In a few cases, dissolution pores in a minority of samples of MD2 are
also partly filled with late saddle dolomite, quartz, and/or fluorite. Volumetrically, MD2
dolomites make up approximately 20% of the dolomite rocks.

Dolomitic grainstones (DOL-3) primarily include oolitic dolomites and pelletal dolomitic
grainstones (Figure 5f). The oolitic dolomites are usually gray and flaggy with an obvious
oolitic structure and needle-shaped pores in the core. The ooids are present in the form
of negative or hollow ooids that are partially or fully filled by fibrous and granulated
calcite cement, with a cement content of usually 10-25%. The pelletal dolomitic grainstones
are gray-light brown and contain a small number of bioclasts, such as brachiopods and
foraminifera. In places, the space between grains is partly or totally filled with sparry
calcite cement. Dolomitic grainstones have relatively high porosity (approximately 5-7%)
and permeability values. Volumetrically, this type of dolomite constitutes approximately
15% of the rocks.

The dolomitic microbialites (MD) contain three types of microbial structures, which
are discussed below (Figure 5): (a) Thrombolites (clotted, Figure 5a,d); (b) stromatolites
(Figure 5b,e) and (c) thrombolitic stromatolites (Figure 5c,f). The microbialites in the
western Sichuan Basin are commonly bedded, with bedding thicknesses ranging from tens
of centimeters to meters. The thrombolites, thrombolitic stromatolites, and stromatolites
are interbedded on a scale of centimeters to meters. Volumetrically, microbialites make
up approximately 25% of the dolomite rocks. The detailed petrographic features of the
microbialites are described as follows.

Thrombolites without lamination structures are composed of an irregularly clotted
framework around structural cavities that are partly or totally filled with internal sediment
and cement. Both clotted and cement textures consist of very finely to finely crystalline
dolomites with crystalline sizes of less than 25 um (Figure 5a). Framework components are
generally dark because of the abundant organic inclusion in thin sections and constitute
between 65 and 95% of the thrombolitic structure (Figure 5a,d). The sizes of those cavities
are <1 mm normally, and large cavities are absent from densely clotted thrombolitic mi-
crobialites. The boundaries of cavities are defined by thrombolitic clots. Amalgamation or
intergrowths of peloids 10-50 um in size are clearly visible mesoscopically in some clots in
the thrombolite buildup (Figure 5g,h). In a few cases, vugs in a minority of thrombolite
samples are also partly filled with quartz and/or saddle dolomite (Figure 5j).

The stromatolitic dolomite is composed of microbial buildups of columnar and domal
stromatolites with wavy laminations (Figure 5b,e). The main internal structures of the
stromatolites are crinkly laminations. Crinkly laminations are wavy alternations of light
and dark layers. The layers are generally isopachous, with light layers varying from 25 pm
to 250 um in thickness and dark layers varying from 25 pm to 500 pum in thickness. Both
light and dark layers consist of very finely to finely crystalline dolomite crystals 5-60 um
in size. In general, light layers have abundant cavities defined by deformed dark layers
and roll-up structures. The amalgamation of peloids is mesoscopically visible in some
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clots in the stromatolite buildup (Figure 5i). In a few cases, cavities in minority samples of
stromatolites are also partly filled with quartz and/or fluorite (Figure 5k,1). The microbial
dolimates that include stromatolites with thicknesses of 0.5-10 m have the highest porosity
(average 7%) in the western Sichuan Basin.

The thrombolitic stromatolites (Figure 6c,f) are composite microbialites composed
of clotted (thrombolites) and laminated (stromatolites) textures that intermingle on a
subcentimeter scale. Microbial clots in the thrombolitic stromatolites are most commonly
associated with discontinuous laminae and are densely packed along the irregular surfaces
of voids. Stacks of millimeter-thick laminae alternate with layers of clots.

SEM photomicrographs of the dolomitic microbialite samples illustrate the nanometer-
scale characteristics of dolomites (Figure 6a). Notably, various morphologies, such as
filamentous (Figure 6b,c), sheet-like (Figure 6c), and rod-shaped (Figure 6b), are enclosed
within the dolomite crystals (Figure 6d). Nanometer-sized spheroids, ranging in diameter
from 100 nm to 1 um, occur on the surface of the dolomite crystals or at dolomite crystal
defects (Figure 6f). Adjacent dolomite crystals are connected by filaments to form a reticular
pattern draping the crystals. According to energy-dispersive X-ray spectroscopy, these
various poorly crystallized structures enclosed within the dolomite crystals show a typical
composition of the dolomite crystals (Figure 6g).

4.2. Geochemistry

The trace element and isotope data for distinct carbonate categories are summarized
in Table 1. The trace element and petrographic results are discussed separately for each
category: (1) Limestones; (2) very finely to finely crystalline dolomites; (3) finely to medium
crystalline dolomites; (4) dolomitic grainstones; and (5) dolomitic microbialites. The REEs
in very finely or finely crystalline dolomites, as well as in limestones, which were not
significantly influenced by later-stage diagenesis, can serve as proxies for the ancient
seawater REE composition, thereby providing important information on the diagenetic
history of these rocks through comparison with the REE signatures of the diagenetic
carbonates [2,26].

Table 1 shows the REE contents, stable and radioactive isotope compositions, and
trace element concentrations for carbonate samples in the western Sichuan Basin. All
concentrations are in parts per million (ppm), except where noted. C and O isotope
compositions are both reported relative to V-PDB. Moreover, the concentrations are below
detection limits.

The various carbonate components yield important and consistent differences in the
distributions of REEs despite very close proximity. The results show that the distribution
coefficient of REEs between dolomite and seawater is high. However, the XREE value is still
very low, and all of the data are less than 10 ppm (Table 1). The measured concentrations of
Zr and Th are very low (Zr < 5.2 ppm, Th < 0.25 ppm, Ti < 90 ppm, Table 1). None of the
total REE concentrations of the samples were correlated with Zr (R? = 0.35, Figure 7a) or
Ti (R2 =0.13, Figure 7b). These results indicate that the REE compositions of the dolomite
were not contaminated by impurities, such as clay minerals and fluvial clastic sediment.

The remaining 45 samples in the Leikoupo Formation have relatively consistent pat-
terns overall (Table 1, Figure 8). These include (1) relatively low REE concentrations (mean
YREE =1 ppm; standard deviation (SD) = 0.83 ppm; range: 0.21 to 4.93 ppm); (2) strong
LREE enrichment [mean (Nd/Yb)s, = 4.34, SD = 1.17]; (3) notable positive Ce anomalies
(mean (Ce/Ce*)sn = 6.6, SD = 0.37) and negative Pr anomalies (mean (Pr/Pr¥)s, = 0.23,
SD = 0.017; Figure 6); (4) mostly no Gd anomalies, with Gd anomalies of ~ 1 (mean
(Gd/Gd*)sn = 1.03, SD = 0.3), ranging from 0.3 to 1.4; and (5) the Eu anomalies are mostly
positive (mean (Eu/Eu*)sy = 2, SD = 0.61), ranging from 0.82 to 7.8.
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Figure 7. (a) Plot of Zr versus total REE concentration for dolomites and calcites in the Leikoupo
Formation. (b) Plot of Ti versus total REE concentration for dolomites and calcites. Note that the
total REE concentrations do not increase with the Zr or Ti content, suggesting that the total REE
concentrations are not linked to extraneous terrigenous sediment.
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Figure 8. Plot of seawater-normalized Pr/Pr* [2Prgn /(Cegn + Ndgn)] versus Ce/Ce* [2Cegn / (Lagn
+ Prgn)] (modified after Bau and Dulski (1996) [24]). Samples from the Leikoupo Formation. All
samples show obvious positive Ce anomalies.

The limestone features mean XREE values of 0.59 ppm (SD = 0.23, Figure 9a), signifi-
cant LREE enrichment (mean (Nd/Yb)s, = 3.6, SD = 0.61), positive Ce anomalies (mean
(Ce/Ce*)sn = 6.62, SD = 0.93), positive Eu anomalies ((Eu/Eu*)sn = 1.11, SD = 0.12, ranging
from 0.99 to 1.25), and no Gd anomalies (Gd/Gd*)sn = 0.85, SD = 0.36, ranging from 0.61
to 1.37).
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Figure 9. Seawater-normalized REE patterns of samples from the Leikoupo Formation. (a) Y1-73 is mi-
critic dolomite, and the other three are all limy mudstone. (b) Very finely to finely crystalline dolomites
(DOL-1). (c) Finely to medium crystalline dolomites(DOL-2). (d) Dolomitic grainstones(DOL-3).

(e) Dolomitic microbialites(MD).

The very finely to finely crystalline dolomite (DOL-1) samples (1 = 4) have relatively
low REE concentrations (mean XREE = 0.88 ppm; SD = 0.21 range: 0.57 to 1 ppm, Figure 9b),
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significant LREE enrichment [mean (Nd/Yb)sn = 5.09, SD = 1.64], positive Ce anomalies
(mean (Ce/Ce*)sp = 6.5, SD = 0.48), and no Eu anomalies ((Eu/Eu*)s, = 1.01, SD = 0.8,
ranging from 0.82 to 1.19).

The finely to medium crystalline dolomites (DOL-2) have a mean XREE concentration of
0.78 ppm (SD = 0.58, n = 11, Figure 9¢), significant LREE enrichment [mean (Nd/Yb)s, = 3.93,
SD = 1.34], positive Ce anomalies (mean (Ce/Ce*)sn = 6.49, SD = 0.29), and positive Eu
anomalies ((Eu/Eu*)sp = 2.72 SD = 1.65, ranging from 1.41 to 2.49).

The dolomitic grainstones (DOL-3) have a mean ~REE concentration of 0.68 ppm
(SD =0.35, n = 14, Figure 9d), significant LREE enrichment (mean (Nd/Yb)s, = 4.31,
SD = 1.22), positive Ce anomalies (mean (Ce/Ce*)sn = 6.53, SD = 0.30), and positive Eu
anomalies ((Eu/Eu*)sn = 3.07, SD = 1.99, ranging from 1.24 to 7.8).

The dolomitic microbialites (MD) have higher REE concentrations than the DOI-1
dolomites (mean ~REE = 1.67 ppm, SD = 1.25, ranging from 0.63 to 4.93, n = 15, Figure %e)
and feature significant LREE enrichment (mean (Nd/Yb)s, = 4.67, SD = 1.13), highly
positive Ce anomalies (mean (Ce/Ce*)sn = 6.77, SD = 0.35), and positive Eu anomalies
((Eu/Eu*)sn = 1.89, SD = 0.96, ranging from 0.98 to 4.2).

The limestone samples have §!80 values ranging from —2.3%o to —3.7%. and 5'3C
values ranging from 1.7 %o to 2.3%. (Figure 10). These carbon and oxygen stable isotope
values fall within the field of the isotopic composition of Triassic seawater, with a range of
0.4%o to 3.2%o for 613C and —2.1%o to —4.1%. for 5180 [13].

|
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Figure 10. Plot of stable O and C isotope ratios for the carbonate from the Leikoupo Formation.

Thirty-four of the samples analyzed for oxygen and carbon isotopic compositions
were also selected for Sr isotopic analysis (Table 1; Figure 10). The 8Sr/80Sr ratios are not
correlated with Sr (R? = 0.14), and the weak negative correlation is caused by the isotope
effect (Figure 11). The strontium isotopic compositions in the research area are not polluted
by impurities, such as clay minerals or terrigenous clastic sediments. The 8Sr/86Sr ratios
for the Leikoupo Formation limestone range from 0.707831 to 0.708309 (average 0.707968),
close to the estimated 8”Sr/80Sr ratio range (0.7083-0.70787) for Triassic seawater [27,28].
Only one sample has a value (0.00004) lower than the lower limit value (0.00006).
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Figure 11. Plot of Sr isotope ratios versus Sr concentration for the carbonate from the
Leikoupo Formation.

The 37Sr/86Sr ratios of the MD samples range from 0.707906 to 0.708225 (average
0.708023), completely falling within the range of the limestone samples (0.707831~0.708309).

5. Discussion
5.1. Average Surface Pacific Seawater as Normalized Standard and Ce Anomaly

The discussion of which materials are suitable for the normalization of geochemical
samples is very important. Previous studies on REE geochemistry have usually utilized
the standards Post-Archaean Australian Shale (PAAS), North American Shale Composite
(NASC), and C1 chondrite [29,30]. Della Porta and Allwood [8,31] used the Mud standard
to study microbial carbonate.

However, Limestone, the precursor of dolomite, inherits its REE distribution from
seawater without the influence of terrestrial clastics [25]. Additionally, microbialites are
organosedimentary deposits that accrete as a result of a benthic microbial community
trapping and binding sediment and/or forming the locus of mineral precipitation [32],
and many microbialites consist almost entirely of minerals precipitated directly from the
ambient water [32,33]. Hence, the REEs in marine dolomites are primarily inherited from
seawater and/or seawater-derived fluids. In addition, ancient microbialites commonly
record the REE compositions of contemporary seawater [31], and the REE abundances are
usually systematically different between particular average shales because of variations
in the crustal rocks involved. Kawabe [34] found that PAAS shows a convex tetrad effect
distribution when normalized by NASC. Therefore, choosing the REE concentration of
standard seawater or equivalent marine limestone as the standard for normalization ap-
pears reasonable. Seawater has been suggested to be a suitable normalizing standard for
REE studies of marine carbonates [29,35]. In this study, we discuss the REE characteristics
of the Leikoupo Formation dolomite from this perspective.

The seawater-normalized REE patterns in most of our samples show obvious positive
Ce anomalies (mean (Ce/Ce*)sn = 6.6, SD = 0.37) (Figure 8). Ce anomalies, in particular
negative anomalies, are widely believed to be a characteristic of seawater, regardless of
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whether the sample is normalized to PAAS or NASC [25,36]. This pattern occurs because
oxidized Ce*" is less soluble and more readily adsorbed onto particles than Ce®*, and the
extent of Ce depletion reflects the oxygenation state of the water [37,38]. Ce oxidation
occurs preferentially at shallow water depths (e.g., Ref. [38]), and evidence of Ce oxidation
in seawater has existed since the Paleoproterozoic [39]. Therefore, Ce is more enriched
in marine carbonate than its REE neighbors lanthanum (La) and praseodymium (Pr) [39].
Thus, the seawater-normalized positive Ce anomaly is indicative of seawater.

5.2. Origins of DOL-1, DOL-2 and DOL-3

The carbon- and oxygen-stable isotope values of limestone samples falling within
the isotopic field of Triassic seawater suggest that the geochemical characteristics of the
limestones have not been modified by later diagenetic fluids. Hence, the limestone sam-
ples plausibly represent the Middle Triassic seawater. The DOL-1 dolomite samples have
§'80 values ranging from —0.4%o to —4.1%0 and §'80 values ranging from 1.7 %o to 2.5%o
(Figure 10). In addition, the DOL-1 samples have REE patterns (low REE concentrations,
positive Ce anomalies, and positive La anomalies) similar to those of the marine lime-
stone samples (Figure 8), suggesting that the REE patterns of the precursor limestones
were not significantly altered during the formation of the very finely to finely crystalline
dolomites. The DOL-1 dolomites are thus interpreted to represent penecontemporaneous
dolomitization at or just below the sea floor by Middle Triassic seawater. Later diagenetic
fluids did not significantly modify the REE patterns or other geochemical characteristics of
these dolomites because of their low porosity and permeability. The lack of an obvious Eu
anomaly is a common feature of the DOL-1 dolomites in the region, but most of the DOL-2,
DOL-3, and MD dolomite samples show a positive Eu anomaly. Positive Eu anomalies
have been identified in middle REE (MREE)-enriched early pore fluids [40] but may also
reflect abundant weathering of plagioclase from a terrigenous or volcanic source [41]. In ad-
dition, Eu is enriched in highly reducing hydrothermal fluids [42,43], and many researchers
have reported that Eu anomalies reflect a potential direct influence of hydrothermal fluids
during burial [44,45]. As mentioned above, the REE compositions of the samples were
not contaminated by impurities. The pore process of the Lei 4 dolomites in the Sichuan
primarily Basin occurred parasyngenetically [46,47]. In addition, the samples with high
porosity have more dissolution pores than the low-porosity DOL-1 samples, consistent
with the influence of early pore fluids.

There are two taphrogenic events and related extensive fluid activities in the ma-
rine carbonate rocks in the Sichuan Basin, so hydrothermal dolomitization could be
widespread [48]. Hydrothermal minerals are pervasive in the study area, which im-
plies that there may be hydrothermal activity-related dolomite in the western Sichuan
Basin [48]. According to systemic research on Sr isotopes, fluid inclusions, and lithology of
the surrounding rocks and veins, Peng [49] reported that the Middle Triassic dolomite in the
Sichuan Basin was influenced by hydrothermal activity. A late hydrothermal fluid influence
is consistent with the presence of sparse saddle dolomite and idiomorphic quartz in our
samples. However, this sparse saddle dolomite and idiomorphic quartz are disseminated
in only four samples from the two cored wells. The influence of hydrothermal activity was
not widespread, likely due to the tight very finely to finely crystalline dolomites and thick
anhydrite in the Leikoupo Formation. Accordingly, we could not ignore the influence of
early pore fluids.

5.3. Origins of Microbial Dolomites

The spherulitic dolomites feature structures similar to the spheroidal nanostructures
of contemporaneous microbial dolomite described by Perri and Tucker [50]. SEM observa-
tions reveal the presence of spheroidal nanostructures, filaments, and sheet-like structures
that are well preserved within the intercrystalline space in all microbialite samples. The
nanometer-scale spherulitic dolomites occurring in the dolomite crystal defects suggest
that poorly crystallized structures obstructed the growth of the dolomite crystals. This
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observation may imply that nanometer-scale spherulitic structures formed earlier than the
dolomite crystals.

A thrombolite macrofabric is defined by the external shape of individual masses of
microbial carbonate, such as clots or small shrub-like masses, and thrombolitic stroma-
tolites, typified by some Shark Bay columns, are internally weakly clotted and crudely
laminated [50,51]. The stromatolites, thrombolites, and thrombolitic stromatolites in the
Leikoupo Formation formed in close temporal and spatial association, indicating that
distinct microbialite forms developed in similar peritidal environments.

In addition, the 87Sr/86Sr ratios of the MD samples fall completely within the range of
the limestone samples. Therefore, the dolomitizing fluids of the microbialites may have
come from contemporaneous seawater.

The MD samples with significantly positive La and Eu anomalies have higher REE
concentrations and (Nd/Yb)s, values (4.67 + 1.13) than the limestones (mean (Nd/Yb)s,
= 3.6, SD = 0.61), which is consistent with initial complexation on organic ligands in the
biofilm. According to our previous discussion, the REE distribution of the limestones was
preserved during the diagenesis process. Cooccurring carbonate components that presum-
ably precipitated from the same seawater should have different relative REE concentrations
but consistent REE patterns [41]. Differences in anomalies may provide some clues to help
decipher the effects of formation fluids or microbial action on the evolution of the rock.
Microbialite carbonates that record seawater-like REE signatures, that precipitated from
seawater, and that have higher REE concentrations than synsedimentary cements are, in
part, good proxies for seawater REE based on the observations of other studies on recent
and ancient microbialites [7,8]. If the REE patterns of the limestones are taken to represent
the Middle Triassic seawater, the data suggest that the microbialites were enriched in REEs
and LREEs because bacterial photosynthesis and/or microbial respiration trapped and
bound LREE-enriched organic colloids.

As documented above, the petrologic characteristics and isotopic analysis (C-O-5r)
suggest that the dolomitizing fluids of the microbialites were contemporaneous seawater.

Calibration of the 5§80 paleothermometer for dolomite precipitated in microbial
cultures and natural environments [42] has provided a tool with which to calculate the
temperature during early diagenetic dolomite precipitation and evaluate the conditions
of ancient dolomite formation. The paleothermometers of the microbial dolomites in this
study were calculated using the oxygen isotope fractionation factor of Vasconcelos et al. [42].

1000 In & jo10mite—water = 1000 X 1n (1000 + $180dolomite) /(1000 + 5180Owater)

=273 x10°T2+0.26

The Triassic 'O values of calcites range from —4.1%o to —2.1%. PDB and are based
on well-preserved low-magnesium calcite brachiopod shells from the Triassic [43]. The
Triassic '80 values of well-preserved brachiopods from the Muschelkalk Formation range
from —6.2%o to —2% PDB [13]. Given the aridity and high temperatures of the Middle
Triassic Sichuan Basin, plausible 'O values of coeval seawater from —4.2%o to —2.1%o
SMOW were used in the calculation of dolomite paleotemperatures (Tseawater = 20 °C)
(Table 2).
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Table 2. Oxygen isotopic values of dolomitic microbialites from the Middle Triassic in the west-
ern Sichuan Basin. The calculated paleotemperatures are for carbonate precipitation from Middle
Triassic seawater.

Tmaxdolomite Tmindolomite
Sample No. Depth (m) Lithology 8180 (%o) (51805eawater = (slsoseawater =
—2.1%0) (°C) —4.2%0) (°C)
The thrombolitic dolomite, the clotted
P1-10 5808.30 consist of very finely crystalline dolomites —5.92 49.23 36.82
with low porosity
The thrombolitic dolomite, the clotted
P1-3 5824.25 consist of very finely crystalline dolomites —6.02 49.85 37.37
with low porosity
The thrombolitic dolomite, the clotted
Y1-33 6171.23 consist of very finely to finely crystalline —4.98 43.59 31.79
dolomites crystalline sizes less than 25 um
Y1-23 6200.10 The stromatolitic dolomite —5.38 45.95 33.90
Y1-22 6200.51 The stromatolitic dolomite —5.19 44.82 32.89
The very finely to finely crystalline
Y1-21 6201.70 dolomite of the stromatolite, crystals 5-60 —5.61 47.34 35.13
um in sizes.
Y1-20 6205.00 The stromatolitic dolomite —5.27 45.30 33.31
The very finely to finely crystalline
Y1-18 6208.83 dolomite of the stromatolite, crystals 5-60 —5.68 47.76 35.51
um in sizes.
Y1-17 6209.73 The dolomite of thrombolitic stromatolites -3.29 34.15 23.34
The thrombolitic dolomite, the clotted
Y1-16 6214.99 consist of very finely crystalline dolomites —5.57 47.09 34.91
with low porosity
Y1-15 6216.43 The stromatolitic dolomite —3.92 37.57 26.40
The thrombolitic dolomite, the clotted
Y1-11 6224.40 consist of very finely crystalline dolomites —3.56 35.60 24.64
with low porosity
Y1-10 6225.54 The dolomite of thrombolitic stromatolites —4.54 41.04 29.52
The thrombolitic dolomite, the clotted
Y1-9 6228.14 consist of very finely crystalline dolomites —4.59 41.33 29.77
with low porosity
The thrombolitic dolomite, the clotted
Y1-5 6235.70 consist of finely crystalline dolomites —4.55 41.10 29.57

crystals 25-60 pum in sizes

The T™™ 4o1omite aNd T™ 4o1omite Values, listed in Table 2, range from 23.33 °C to 41.07
°C and from 34.15 °C to 49.85 °C, respectively. There are clear significant kinetic barriers
to dolomite formation below approximately 50 °C [50]. Obviously, the paleotemperatures
of the microbial dolomites in this study are less than 50 °C, and the T™® j,omite Of two
samples is lower than the temperatures at which dolomite precipitates in microbial cultures
and natural environments [41]. The microfabric components are consistent with the mineral
precipitate morphologies of dolomites in microbial mats. The nanospheroidal and irregular
filamentous dolomites are very similar to those observed in culture experiments and
in some modern dolomite-producing microbial mats with active bacterial communities,
biofilms, and extracellular polymeric substances (EPS). Accordingly, microbial action was
a significant factor in the dolomitization of the Leikoupo dolomitic microbialites, and
evidence of microbial action is well preserved in the geological record. Based on the
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assumption of an annual average surface temperature of 20 °C and a normal geothermal
gradient of 22-26 °C/km for the Middle Triassic to Lower Cretaceous successions [52,53],
the formation of dolomitic microbialites in the Middle Triassic (Leikoupo Formation) was
likely triggered by burial of these carbonates to depths between approximately 0 m and
800 m during the time interval from the early Middle Triassic to the Middle Triassic.

6. Conclusions

A wide variety of carbonate rocks were identified and described in the Middle Tri-
assic Leikoupo Formation in the Sichuan Basin, including limestone, very finely to finely
crystalline dolomites, finely to medium crystalline dolomites, dolomitic grainstones, and
microbial dolomites. The different rocks that formed in different paleogeographic en-
vironments and diagenetic environments are characterized by different REE signatures.
Therefore, REE analyses may provide useful information about the nature of dolomite
and/or dolomitization processes.

The very finely to finely crystalline dolomites have REE patterns (low REE concen-
trations, positive Ce anomalies, and positive La anomalies) similar to those of the marine
limestone samples. This similarity, in conjunction with oxygen and strontium isotopic
signatures similar to those of Middle Triassic seawater, suggests that the dolomitizing fluid
of dolomitic microbialites was Middle Triassic seawater and that later diagenetic fluids did
not significantly modify these REE patterns.

In the Leikoupo Formation, the three types of dolomite (finely to medium crystalline
dolomites, dolomitic grainstones, and dolomitic microbialites) with high porosity (i.e., the
ones with more dissolution pores than the low-porosity very finely to finely crystalline
dolomite) were influenced by early pore fluids and hydrothermal activity in the western
Sichuan Basin.

The microbial action was a significant factor in the dolomitization of the dolomitic
microbialites. Evidence of microbial action is well preserved in the Middle Triassic microbial
dolomites in the Sichuan Basin.
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