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Abstract: The Guanwushan Formation (GWSF) of Devonian dolomite are extensively developed in
the northwest of Sichuan Basin in the Upper Yangtze region, but the properties of dolomitization
fluid and the geneses are still unclear. Three types of dolomites can be divided by petrological
characteristics: the fine-microcrystalline dolomites (FMD), the fine crystalline dolomites (FCD) and
the medium crystalline dolomites (MCD). The order degree of these three types of dolomites increased
in turn, and they all showed dark cathodoluminescence (CL) luminescence. The total amount of
Rare Earth Elements (}_REE) of the dolomite was low, while the dolomite enriched with light REE
and lacking heavy REE presented a distribution pattern consistent with that of limestone. The weak
negative anomalies of the Ce and Eu indicated that the dolomites were formed in a weak redox
environment with relatively low temperature. The dolomitization fluids were inherited from the
original seawater. The respective 5'3Cppp values of the three types of dolomites varied a little,
indicating that they were not affected by the biological effects. Specifically, the 5'®Oppg values of the
FMD and FCD dolomites were higher than that of the limestone, indicating that the dolomitization
fluid was influenced by evaporation at the penecontemporaneous stage. The interpretations were
also supported by the 87Sr/8Sr ratios, as the 87Sr/80Sr ratios of FMD comparable to the Middle
Devonian seawater. The 580ppg value of the MCD dolomite was lower than that of the limestone. It
also showed poor automorphic extent, which clarified that the dolomite experienced more intense
dolomitization in greater burial depth and at higher temperatures.

Keywords: carbonate platform; mineralogy; geochemistry; dolomitization fluid

1. Introduction

The origin of dolomites has been a hot topic in the study of sedimentary geology. The
dolomite was first described in 1791, and then different theories and models were proposed
to explain its origin; however, there remain many controversies at present [1-3]. Extremely
rare dolomites were found precipitated in modern sedimentary environments. It is difficult
to synthesize the dolomite with perfect order under normal temperature and pressure
conditions in the laboratory, while the dolomite is developed in the strata earlier than the
Mesozoic. Therefore, most scholars believed that the large number of dolomites developed
in geological history were the products of the dolomitization of limestones [4]. Based on
that, various dolomitization models have been established, including the hypersaline mod-
els by concentrated seawater such as reflux of dolomitization [5], capillary-concentrated
dolomitization [6], evaporation pump dolomitization [7]; the normal salinity models such
as mixing zone dolomitization [8], normal seawater dolomitization [9,10], the temperature-
increased models by buried stratum or thermal fluids such as buried-compacted dolomi-
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tization [11], adjusted-compacted dolomitization [12,13]; seawater thermal convection
dolomitization [14] and hydrothermal dolomitization [15-17]. As the most persuasive and
representative of the primary dolomite, the microbial one has attracted close attention from
geologists in recent years [18-20]. There are catalytic laboratory simulations of microor-
ganisms and Bacterial Sulfate Reduction (BSR), Zn catalysis [21], and the newly-proposed
concepts such as mimetic dolomite [22], dolomite maturity [23], and the application of new
methods such as Magnesium isotope, calcium isotope, cluster isotope, U-Pb dating, which
have been greatly promoting the progress of dolomitization research [24-29]. Although so
many models have been proposed at present, no single one can reasonably explain all of
the geneses of dolomites in different regions, different eras, and different depths. Despite
the discovery of microbial dolomite in modern sedimentary environments, it does neither
show volume significance nor address the origin of thick-layer dolomite in ancient strata.
As various dolomitization models are based on different fluid sources of the precursor
dolomite in different diagenetic stages, the fundamental problem about the genesis of
dolomite is identifying the exact source of dolomitization fluid.

Since the 1950s, many scholars have focused on the Devonian Guanwushan Formation
(D,g) in the Sichuan Basin, mainly in biostratigraphy [30,31], sequence stratigraphy [32-34],
sedimentary facies and paleogeography [35-37]. Their research was primarily concen-
trated in the 1980s and 1990s, but there are relatively few studies on the geneses of the
Guanwushan (GWS) dolomites, and there are still considerable controversies [38,39]. The
understanding of the genesis and formation models of dolomite could provide insights into
the distribution of dolomite reservoirs. Pilot studies of (GWS) dolomites only analyzes the
characteristics of petrology and rare earth elements compositions [40,41]. Taking the D,g
dolomites in the northwestern part of the Upper Yangtze Platform as the research object,
combined with field outcrop, thin sections, CL, X-ray diffraction analysis, whole-rock
elemental analysis, and carbon, oxygen and strontium isotope compositions, this study
aims to systematically discuss the properties of dolomitization fluid and the geneses of
dolomites, to provide insights into the dolomitization models and to guide the subsequent
hydrocarbon explorations in the study area.

2. Geological Setting

The upper Yangtze platform is situated in northwestern Sichuan, southwestern China,
and the study region geographically located in the northeastern part of the Mianyang and
Guangyuan areas, Sichuan Basin, reaching Qingchuan in the north, Zitong in the south,
Chaotianyi in the east, and Anxian in the west (Figure 1a). The stratum of the Devonian
in this area is well developed. The Guixi section in the study area is one of the standard
Devonian sections in South China, which makes an ideal place to study the Devonian
system. Based on the previous division scheme of the stratum [37], the Devonian system is
vertically divided into three series and seven groups. These are respectively named: the
Pingyipu and Ganxi formations of the Lower Devonian, the Yangmaba, the Jinbaoshi, and
the Guanwushan formations of the Middle Devonian, and the Shawuozi and the Maoba
formations of the Upper Devonian. After the deposition of the GWSEF, due to the uplift of
the Liujiang movement, it was denuded to a certain extent and contacted with the overlying
Carboniferous as a parallel unconformity [42].
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Figure 1. (a) Location and paleogeographic setting of the study area during deposition of the GWSF;
(b) Schematic of the stratigraphy and sedimentology of the GWSE.

At the end of the Caledonian orogeny, the upper Yangtze plate was uplifted and went
through exposure. With the opening of the Palaeo-Tethys Ocean in the early Devonian,
the seawater from the west margin of the upper Yangtze plate invaded to the east of the
Qilian Sea, and strata were first deposited on the western margin. During the early stage
of the D,g period, the sedimentary environment changed from rejuvenated river faces
on an exposed shelf to nearshore terrigenous faces. Still, from then to the Maoba period,
the carbonates deposited along the Longmen mountain, and the carbonate ramp at the
late Jinbaoshi period quickly aggraded into carbonate platform at D,g period. Carbonates
deposited in the middle and late D,g period had resulted in the third significant reef
buildup at the Longmen mountain area and given priority to the development of platform
margin reefs. Due to the barrier from the platform margin reefs, the depression inside the
platform became shallow. The water flowed inadequately while the salinity increased and
transformed into a confined platform environment that was unsuitable for the growth of
reef-building organisms. The dolomitization of sediments was both intense and widespread,
forming massive fine-coarse crystalline dolomites (Figure 1b).

Therefore, the western margin of the upper Yangtze is a typical epicontinental platform of
marine carbonate-platform margin sedimentary environment during the Guanwushan period.

3. Samples and Methods

The samples of the GWSF involved in this study were collected from outcrop sections
of Guixi (GX), Majiaoba (M]B), Hejialiang (HJL) and the ST3 well. Based on microscopic
identification, 36 samples were selected for analyses of major, trace and rare earth elements,
C and O isotopes. The sample was crushed to the centimeter level to avoid cracks and
veins preferably. It was firstly sampled with a micro-drill and manually pestled to less
than 200 mesh with an agate mortar. It was then divided into 5 parts for the major ele-
ments, trace and rare earth elements, C, O, Sr isotopes, X-ray Diffraction Analysis, and the
remaining 1 spare.
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The major elements were tested by X-ray fluorescence spectroscopy, and the 36 samples
powder were mixed with lithium tetraborate and lithium metaborate before compacting and
then tested by the Thermo ARL ADVANT’XP+ sequential X-ray fluorescence spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The standard error of CaO and SiO, is
less than 2%, and that of other oxides is 10%.

Trace elements of the same 36 samples (including REEs) were tested by acid dissolution
with a high-resolution plasma mass spectrometer VG Axiom. Additionally, 60 mg of sample
powder was digested with 0.5 mL of HNOj3 and then dried. Then, 5 mL of 1 mole per liter
of HNO; was added to the dried sample and heated at 130 °C for 3 h. Finally, the solution
was diluted with ultrapure H,O to a volume of 50 mL for trace element analysis.

The inorganic C and O isotope analyses were carried out with MAT253 isotope ratio
mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the standard
sample was GBW04406. 36 Powered samples were reacted with 99% H3POy at 75 °C for
16 h. The test results were based on the international V-PDB and recorded as §'3Cy.ppg and
5180y.ppp. The analytical accuracy was better than £0.1%o.

The dolomite mineral composition and order degree of dolomites of 24 samples
were analyzed by X-ray diffractometer at Mineral Resources Chemical Laboratory of
the Chengdu University of Technology (CDUT). The CL8200 MK5 cathode luminometer
conducted the CL microscopy of the samples under the working conditions of 11 Kv and
280 mA at the Chengdu Geological Survey Center of China Geological Survey.

Moreover, 50 mg of 17 samples powder were prepared for strontium isotope analysis.
These were dissolved in 6 N HCl on the hotplate at 60 °C for 24 h. The purification and
separation of strontium from the sample matrix were operated on the AG50Wx12 mesh
cation exchange resin. The 8”Sr/%Sr ratios were analyzed on a Finnigan MAT-253 mass
spectrometer at State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation,
CDUT. The international standardized sample NBS-987 was routinely analyzed through Sr
isotopic measurement, yielding an average value of 0.71029240 £ 0.000018 (20).

4. Results
4.1. Petrological and Mineralogical Characteristics of Dolomites
4.1.1. Petrological Characteristic and Classification of Dolomites

The dolomites classification is based on the size and structure proposed by Sibley [43].
Based on the microscope observation, they are mainly divided into three types: fine
crystalline-microcrystalline one (FMD), fine crystalline one (FCD), and medium crystalline
one (MCD).

Fine Crystalline-Microcrystalline Dolomite (FMD)

The FMD is mainly developed in the middle of the GWSE. The color of outcrop
hand specimens is gray-white, and the core is dark-gray with thick layers. The layers are
sometimes algal dolomite and occasionally raw debris. Under the polarized microscope,
the dolomite crystals mainly consisted of microcrystalline, and some of them were fine
crystalline. The overall crystal size was found smaller than 0.1 mm (Figure 2d). Its
original structure was well preserved, and the common debris remained, while some
large organisms (individual biological shells up to several millimeters in length) had not
undergone the dolomitization. The structure of the algae layer was obvious, consisting of
the bright and dark layers of dolomite crystals (Figure 2e); the dark part of dolomite was
microcrystalline, while the bright and clean part of dolomite was fine crystalline. Some
samples contained tiny terrestrial siliceous debris. Under CL, FMD crystals commonly
exhibited zero to very dull-red luminescence (Figure 3a,b). Generally speaking, FMD was
tighter with fewer pores. It was mostly found in the flat tidal environment of the restricted
platform, where the water energy was weak and the evaporation was intense.
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Figure 2. Photographs showing general petrographic features of GWS dolomites in the Sichuan basin:
(a) middle-bedded reef dolomite from HJL outcrop; (b) an amplification of a; (c) organisms in the
bedding surface of a; (d) Microcrystalline dolomite from GX outcrop; (e) microcrystalline dolomite
from HJL outcrop with algae layer consisting of the bright and dark layers of dolomite crystals;
(f) fine crystalline dolomite from MJB outcrop with cloudy centers surrounded by clear rims; (g) fine
crystalline dolomite from HJL outcrop with intercrystal pore; (h) medium crystalline dolomite and
saddle dolomite from HJL outcrop with curved crystal surface; (i) medium crystalline dolomite from
the well.

Fine Crystalline Dolomite (FCD)

The FCD dolomite was generally grey to grey-white of middle bedding in the outcrops
(Figure 2a,b), many biological fragments can be seen in the layer (Figure 2c). The FCD
dolomite was mainly fine crystalline, containing only a small number of microcrystalline
crystals. Its crystal size was mostly between 0.08 to 0.2 mm, which was characterized
by the euhedral and subhedral textures. In some samples, FCD’s turbid core and bright
rim structure were visible. The center of the crystal looked dirty, and the outside was
revolved by a relatively bright ring (Figure 2f). This dolomite owned a high order degree
and often exhibited a very regular shape of a diamond. However, compared with the type
of FMD, all the different types of organisms, bioclastic and sputum, were dolomitized
into FCD. Such dolomite crystals were closely attached, mostly in line contacts or even
inlaid contacts (Figure 2g). Under CL, these dolomite crystals showed the dull-red to
zero-luminescence at the centers and the bright-red at the thin rims (Figure 3c,d). The
pore types were mainly inter-crystalline pores, and the pores enlarged by inter-granular
dissolution developed along the fracture. This dolomite was the most dominant type in the
GWSEF of the study area.
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Figure 3. Photographs showing general petrographic features of GWS dolomites in Sichuan basin:
(a) Microcrystalline dolomite, dolomite crystals showed the dull-red to zero-luminescence at the
centers and the bright-red at the thin rims; (b) CL of Microcrystalline dolomite; (c) Fine crystalline
dolomite; (d) CL of Fine crystalline dolomite; (e) Medium crystalline dolomite; (f) CL of Medium
crystalline dolomite, the crystals exhibited mottled dull-red luminescence.

Medium Crystalline Dolomite (MCD)

The crystal size of MCD seemed mainly medium crystalline, containing a small
amount of fine crystalline or coarse crystalline crystals. The size range was mostly concen-
trated within 0.25-0.45 mm and generally exhibited the anhedral and subhedral textures
(Figure 2h). The original structure of MCD had been completely modified, like fabric-
destructive, and only the ghost outlines of biological particles could be seen sporadically.
The cloudy centers surrounded by clear rims were common. The clear rims were wider
than that of FCD, which grew around the early subhedral dolomite, causing the crystal to
enlarge. Under the cross-polarized light, the dolomite exhibited an obvious undulatory
extinction. Under CL, the dolomite crystals commonly exhibited mottled dull-red lumi-
nescence, between which the bright-red luminescent thin rims were locally surrounded
(Figure 3e,f). The pore were mainly inter-crystalline ones, and the pores enlarged by
inter-granular dissolution also developed along the fracture (Figure 2i).

In addition, there were many dolomite or calcite fillings, which appeared in the form
of crack veins or inter-granular dissolution pores. These dolomite fillings were majorly
Saddle Dolomites (SD), mainly developed within the inter-crystalline pores (karst caves)
and cracks. The crystals were larger than the surrounding matrix, mainly medium-coarse
crystalline, at a size of more than 0.3 mm. There were many small inclusions within the
interiors, which indicated that the SD was formed rapidly, and a small number of structural
fractures was also seen. There were two types of calcite veins; one was thin curved, and
discontinuous, at the width of about 0.15 mm, while the later-formed dolomite mostly cut
it; the other was a wider calcite vein. Its width was greater than 0.8 mm, and its interior
was filled with coarse crystalline matrix calcite.

4.1.2. Degree of Order in the Dolomites

The order degree of dolomites is related to their crystallinity. To some extent, it reflects
the chemical and physical conditions of source environments. In the ideal dolomite, the



Minerals 2022, 12, 317

7 of 18

number of Ca?* ions and Mg?* ions were equal, the molar percents of Ca and Mg were 50%,
and the three ions of Ca?*, Mg?*, and CO32~ appeared completely in the (001) direction of
the crystal lattice. In an ordered arrangement, a superstructure reflection peak appeared on
the X-ray diffraction pattern, and this study defined the order degree of the dolomite in this
case as 1. By contrast, in the lattice (001) direction, CaCO3; and MgCOj3; were completely and
randomly arranged, while the probability of finding Ca?* ions, Mg?* ions, and CO32~ ions
at any point in the crystal was the same. This case defined it as 0 in this case. 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).

Previous studies have suggested that the order degree of dolomites was affected
to some extent by the stratum age, the depositing time and rate of dolomitization, the
temperature, the pressure and the impurity ions. The order degree of the dolomite with
high stability was greater than that with lower stability. For example, as the burial depth of
the formation increased, the ground temperature also increased. Combined with the pore
fluids in the formation, the Mg?* ions continuously replaced the Ca* ions, and the high-
calcium dolomite would transform to the stable state of Ca?* /Mg?*, tending to 1. Therefore,
the older the formation, the deeper it was buried, and consequently, the stronger the effect
of the recrystallization, then the higher-order degree of the corresponding dolomite.

The experiment data indicated the order degree of FMD was 0.44-0.59, with an average
of 0.50. The order degree of FCD is 0.44-0.80, and the average value is 0.64. The order
degree of the MCD was 0.70-0.81, with an average of 0.76. The order degree of these three
increased in turn (Figure 4).
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Figure 4. Order degree of three types of dolomites in the D,g in the northwestern Sichuan Basin.

4.2. Geochemical Characteristics of Dolomite
4.2.1. Trace Elements

The contents of Fe, Mn, Sr, Al, and other elements was an important proxy for the dia-
genetic analysis of carbonate rocks. The ionic radius of Fe?* and Mn?* was smaller than that
of Ca?*, which was more likely to be substituted for the position of Ca?* and be enriched in
the carbonate minerals. On the contrary, the ionic radius of Sr** was larger than that of Ca?*,
Fe2*, Mn?*, etc., and the other ions with a smaller radius would replace the Sr2*, which
caused the loss of Sr?*. As the burial depth increased, the diagenesis was strengthened
accordingly. The water-rock reaction caused the rock to be more or less affected by the later
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diagenetic fluid, resulting in the higher contents of Fe and Mn in the carbonate. Sr tended
to join the fluid phase, and its content in the carbonate gradually decreased.

The measured trace element contents of dolomites are shown in Table 1 and Figure 5.
The dolomite and limestone samples of the D,g in the northwestern Sichuan Basin were ba-
sically unaffected by the diagenetic alterations according to the discovery of changes in Mn
and Sr contents. The muddy limestone samples could better represent the feature of primary
seawater sediments. The Fe content of the limestone ranged from 2993.4 to 6766.1 ppm,
with an average of 4879.8 ppm, the Mn content ranged from 49.9 to 85.5 ppm, with an
average of 66.2 ppm, and the Sr content ranged from 133.8 to 254.9 ppm, with an average
of 194.4 ppm, respectively. The Fe values of the FMD were within the range of 2003.1 to
3791.4 ppm, with an average of 2756.9 ppm, the Mn content ranging from 55.7 to 102.8
ppm, with an average of 82.1 ppm, and the Sr content ranging from 62.1 to 172.3 ppm, with
an average of 120.7 ppm, separately. The content of the Fe in the fine crystalline dolomite
ranged from 1568.4 t014495.1 ppm, with an average of 5252.8 ppm, the Mn content ranged
from 70.7 to 779.2 ppm, with an average of 209.3 ppm, the Sr content ranged from 45.9 to
162.5 ppm, with the average of 97.6 ppm, individually; the Fe concentrations in the MCD
samples ranged from 2162.7 to 5064.7 ppm, with an average of 3551.0 ppm, the Mn content
ranging from 96.9 to 473.7 ppm, with an average of 229.3 ppm, and the Sr content ranging
from 68.7 to 89.4 ppm, with an average of 80.4 ppm, respectively.
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Figure 5. Cross-plot of Min and Sr values for dolomites. FMD: Fine-microcrystalline dolomite; FCD:
Fine crystalline dolomite; MCD: Medium crystalline dolomite.
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Table 1. Isotopic data (813C, 5180 and 87Sr/80Sr) of dolomites in the Middle Devonian carbonate successions, northwestern Sichuan Basin.
Sample Lithology  Section/Well Mn(ppm) Fe(ppm) Sr(ppm) Mn/Sr §13C (%0 VPDB) 8'80 (%0 VPDB) 878r/86 Sr (-20) Order Degree
HJL8-4 Lime HJL 85.53 6766.13 254.98 0.335 —0.49 —6.33 0.708572 + 19
M]JB-12 Lime MJ]B 49.87 2993.39 133.78 0.373 —2.18 —5.65 /
HJL9-3 FMD HJL 83.13 3791.38 98.24 0.85 3.36 —2.12 / 0.514
M]JB-05 FMD MJ]B 95.16 2165.04 62.06 1.53 1.51 —5.22 / /
GX-13 FMD GX 102.76 3313.75 99.70 1.03 2.40 —1.04 / 0.587
GX-14 FMD GX 55.70 2003.07 171.41 0.32 2.45 —0.59 / 0.469
GX-15 FMD GX 73.54 2511.23 172.28 0.43 2.31 —1.65 0.708086 + 17 0.440
7574.8 FMD ST1 / / / 0.96 —3.77 / /
HJL9-1 FCD HJL 316.72 5957.34 162.47 1.95 0.95 —5.82 0.708335 £+ 16 0.575
HJL10-2 FCD HJL 139.34 2913.00 136.35 1.02 0.08 —1.29 0.708734 + 18 0.595
HJL11-3 FCD HJL 779.16 3576.71 91.15 8.55 —0.34 —5.58 0.708143 £+ 13 0.685
HJL13-2 FCD HJL 97.23 1871.05 53.42 1.82 2.62 —7.44 0.708187 + 14 0.797
HJL13-7 FCD HJL 79.41 6328.27 115.64 0.69 1.55 —4.34 0.709076 + 19 0.606
HJL15-1 FCD HJL 87.20 5543.94 127.42 0.68 1.83 0.28 0.708408 + 16 0.535
HJL16-1 FCD HJL 599.45 14495.13 137.37 4.36 —1.34 1.58 / 0.440
HJL17-1 FCD HJL 70.71 9136.83 122.30 0.58 2.24 0.37 0.708557 + 18 0.469
HJL18-1 FCD HJL 383.05 4942.74 91.81 4.17 0.71 —5.51 / 0.730
HJL18-2B FCD HJL 207.84 13497.81 102.43 2.03 0.29 —5.98 / 0.696
HJL18-4 FCD HJL 174.69 7556.98 115.37 1.51 1.55 0.19 / 0.478
HJL19-2 FCD HJL 252.65 8208.77 127.39 1.98 0.29 0.11 / 0.700
HJL21-1 FCD HJL / / / / / / 0.70838 + 14
M]JB-02 FCD MJ]B 119.02 2035.54 69.36 1.72 1.71 —4.41 / 0.763
M]JB-04 FCD MJB 147.87 2378.02 87.93 1.68 2.23 —5.18 0.708320 + 15 0.596
M]JB-09 FCD MJB 131.56 3170.95 91.93 143 0.39 —3.63 0.708478 + 17 0.736
MJB-11 FCD MJ]B 110.94 2027.57 57.34 1.93 0.26 —6.51 0.708217 £+ 18 0.614
GX-06 FCD GX 98.66 2010.18 54.23 1.82 1.64 —9.09 / 0.633
GX-08 FCD GX 80.45 1568.42 45.94 1.75 2.29 —9.48 / 0.731
GX-10 FCD GX 101.10 2583.03 63.69 1.59 3.98 —8.53 0.709172 + 19 0.658
7572.04 FCD ST1 / / / / 2.45 —4.15 / /
7578.13 FCD ST1 / / / / 0.97 —3.97 / /
7579.73 FCD ST1 / / / / —1.20 —3.94 0.709012 + 17 /
7582.68 FCD ST1 / / / / —2.56 —3.78 / 0.696
7588.5 FCD ST1 / / / / —1.65 —3.84 0.708798 + 15 /
HJL12-2 MCD HJL 221.46 4286.53 82.79 2.67 1.66 —6.21 / 0.811
HJL13-3A MCD HJL 96.90 5064.68 80.90 1.20 2.42 —6.12 0.709193 + 16 0.762
HJL13-5 MCD HJL 124.95 2162.66 68.66 1.82 2.24 —7.39 0.708267 + 19 0.697
HJL14-1 MCD HJL 473.72 2690.19 89.44 5.30 1.96 —6.30 0.710546 + 13 0.763
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The Mn/Sr ratios of three types of dolomites showed that the Sr content of FMD was
the highest, the Sr content of MCD was the lowest, and the Sr contents of FMD, FCD, and
MCD reduced in turn (Figure 5). The Mn content of limestone was the lowest, followed
by that of FMD. The FCD had a slightly lower Mn content than MCD. As the depth of
burial added, the content of Mn in the dolomite increased gradually, and the Sr content
decreased relatively. However, compared with the dolomites in other researched areas, the
values of Sr and Mn from different types of dolomites in the GWSF have changed relatively
slightly. Furthermore, there was not much difference in that of limestone, indicating that
the diagenetic fluids might come from the ancient seawater of middle Devonian, which
was near-surface or imprisoned in the strata.

4.2.2. REEs

As an essential index of geochemical tracer, the REEs have been widely used to analyze
the ore genes and the source of the clastic rock. In recent years, some efforts have been made
to explore the origin of dolomite and its diagenesis evolution. Scholars have been trying
to apply REEs to reveal the source of diagenesis fluids, and it has achieved an effective
result [44,45]. The content of REEs in the study area is shown in Table 2 and Figure 6.
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Figure 6. North America Shale Composite-normalized REE assemblage patterns of the Devonian
Guanwushan Formation (D;g) dolomites in the northwestern Sichuan Basin.
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Table 2. REE composition (ppm) of the carbonate of the GWSE.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
HJL8-4 4.433 9.415 1.170 4.431 1.150 0.217 1.058 0.158 0.918 0.180 0.481 0.067 0.415 0.061 7.840
M]B-12 1.287 2.606 0314 1.152 0.250 0.040 0.206 0.030 0.173 0.032 0.089 0.014 0.095 0.015 1.549
HJL9-3 2.501 4.317 0.450 1.647 0.400 0.065 0.338 0.048 0.294 0.064 0.180 0.028 0.177 0.026 3.622
MJB-05 0.360 0.613 0.068 0.231 0.055 0.009 0.045 0.007 0.043 0.009 0.026 0.004 0.025 0.004 0.586
GX-13 3.782 6.513 0.708 2.609 0.680 0.121 0.604 0.090 0.526 0.099 0.274 0.039 0.235 0.033 8.123
GX-14 4.600 8.314 0.987 3.624 0.905 0.168 0.843 0.120 0.696 0.133 0.347 0.048 0.305 0.043 9.116
GX-15 4.308 8.009 0.886 3.257 0.826 0.151 0.774 0.109 0.636 0.122 0.321 0.046 0.280 0.039 8.941
HJL9-1 3.995 8.229 0.940 3.353 0.781 0.136 0.690 0.099 0.573 0.115 0.320 0.048 0.310 0.045 5.644
HJL10-2 3.133 5.916 0.663 2.512 0.645 0.092 0.564 0.084 0.498 0.103 0.290 0.042 0.262 0.038 5.118
HJL11-3 3.127 6.107 0.652 2.386 0.605 0.100 0.567 0.080 0.471 0.090 0.241 0.032 0.195 0.028 6.812
HJL13-2 3.523 6.248 0.675 2.607 0.670 0.116 0.634 0.095 0.577 0.113 0.311 0.043 0.251 0.034 10.655
HJL13-7 5.945 10.872 1.269 4.810 1.212 0.215 1.011 0.155 0.895 0.170 0.431 0.060 0.346 0.048 12.389
HJL15-1 6.307 10.989 1.158 4.331 1.101 0.188 0.950 0.137 0.797 0.155 0.408 0.058 0.348 0.050 11.068
HJL16-1 20.029 37.769 4.197 16.199 4.086 0.791 4.276 0.674 4.167 0.803 2.125 0.301 1.843 0.264 41.310
HJL17-1 7.906 14.217 1.559 5.317 1.194 0.190 1.012 0.146 0.851 0.171 0.453 0.069 0.478 0.073 8.417
HJL18-1 2484 4.317 0.434 1.535 0.371 0.063 0.340 0.051 0.310 0.060 0.166 0.024 0.155 0.023 4.754
HJL18-2B 5.614 10.273 1.134 4.163 1.001 0.184 0.950 0.142 0.837 0.158 0.419 0.060 0.363 0.052 11.552
HJL18-4 8.459 15.028 1.633 6.064 1.537 0.274 1.488 0.217 1.253 0.247 0.681 0.097 0.586 0.081 19.178
HJL19-2 10.468 20.141 2.179 7.319 1.663 0.258 1.331 0.188 1.097 0.220 0.599 0.091 0.635 0.096 9.173
M]B-02 0.596 1.127 0.130 0.464 0.118 0.020 0.106 0.015 0.093 0.019 0.054 0.008 0.051 0.007 1.342
MJB-04 1.610 3.069 0.329 1.190 0.290 0.050 0.269 0.039 0.237 0.048 0.128 0.018 0.118 0.017 3.493
MJB-09 1.369 2.811 0.313 1.079 0.250 0.040 0.211 0.030 0.171 0.032 0.081 0.012 0.076 0.011 1.597
MJB-11 0.586 1.102 0.124 0.432 0.101 0.016 0.090 0.013 0.075 0.014 0.037 0.005 0.033 0.004 0.828
GX-06 3.521 6.006 0.676 2.564 0.680 0.119 0.639 0.095 0.575 0.112 0.300 0.041 0.248 0.035 10.765
GX-08 3.008 5.146 0.540 1.904 0.481 0.087 0.450 0.071 0.440 0.088 0.231 0.031 0.190 0.027 8.385
GX-10 3.118 5.563 0.672 2.492 0.607 0.109 0.596 0.086 0.514 0.101 0.270 0.039 0.239 0.034 7914
HJL12-2 3.962 6.504 0.699 2.604 0.698 0.113 0.632 0.089 0.528 0.100 0.270 0.038 0.226 0.033 8.368
HJL13-3A 3.954 7.405 0.884 3.180 0.800 0.128 0.714 0.106 0.633 0.122 0.326 0.048 0.309 0.045 6.989
HJL13-5 9.680 19.013 2.354 9.098 2.301 0.454 2.206 0.342 1.972 0.379 0.945 0.133 0.832 0.115 20.192
HJL14-1 2.982 5.703 0.669 2.513 0.662 0.110 0.600 0.089 0.542 0.107 0.294 0.041 0.238 0.032 9.297

The REE data from citation [40].



Minerals 2022, 12, 317

12 of 18

The REE composition of the precursor limestone would not be changed much during
the dolomitization by the ancient seawater [46,47], and still inherits the REE component
characteristics of the ancient seawater. If the diagenetic system is not closed, the carbonate
formed or modified by other external fluids must have also borne the imprint of these fluids,
which will be a good clue for tracing the diagenetic fluids. In the case of dolomites, the
addition of external diagenetic fluids would cause changes in the values of the temperature,
pressure, pH and the Eh of matrix limestone and pore water, while the stability of the rare
earth elements would also change and induce the activation of REEs [48]. The continuous
fluid action resulted in a higher water/rock ratio. Then the exchange of REEs between the
rock and the fluid was achieved by the sufficient fluid-rock interaction [46,48]. Therefore,
the alteration of various liquids and the selective leaching of REEs in the rock would
significantly affect the composition of the REEs in the rock so that it would exhibit different
characteristics of the REE distribution. These characteristics could not only reflect the
source of the fluid and its geochemical properties to a certain extent but also trace the later
fluid actions. The REE discrimination model of different fluid processes was established
for that purpose [44].

Different types of carbonate rocks have different REE contents. The total contents of
REEs in the limestone and dolomite from the study area were relatively low. Except for one
dolomite sample, the values of other samples were all less than 70 ppm, and the average
value of the limestone and three types of dolomites were all less than 40 ppm. In the sample
of the GWSE, the average value of REEs in limestone was 19.9 ppm, and the total amount
of REEs in FMD was concentrated on 2.1-30.3 ppm, with an average of 19.9 ppm. The total
amount of REEs in FCD was mainly concentrated on 10.6-39.8 ppm, with an average of
26.4 ppm eliminating an abnormally high value; the average value of REEs in MCD was
24.7 ppm eliminating an abnormally high value, similar to that of FCD.

To change the total content of REEs, there must be a high water-rock ratio. Under
normal circumstances, it is not easy to achieve. Most natural fluids (including seawater,
atmospheric water, groundwater, etc.) have a very low content of REEs, generally ranging
from 10712 to 10~'° ppm. Simultaneously, the hydrothermal fluid contained an especially
high content of REEs (10~°~10~12 ppm); thus, the lower water-rock ratio might increase the
total content of REEs in carbonate rock after dolomitization. However, the total amount of
REEs in the MCD did not increase significantly, indicating that the hydrothermal fluid did
not affect the MCD. The REE assemblage patterns of the D,g dolomites were from North
America Shale Composite that normalized in the northwestern Sichuan Basin [49].

4.2.3. Isotopes of C, O and Sr

Isotopic compositions of carbon, oxygen and strontium are presented in Table 1
and Figure 7. These are often used to indicate the sources of diagenetic fluid and the
sedimentary environments for carbonate rocks. The fluid sources of different types of
dolomites and their characteristics were discussed in detail. The §'3C value of the Middle
Devonian seawater in western Sichuan was —0.75%0~2.67 %o, and the 5'8Oppg value was
—7.60%0~—4.58%0 [50,51]. The carbon and oxygen isotope analysis results of this study
were compared to those of previous studies. These results were consistent with each
other [33,38,50], which were also consistent with that in other regions of the world [52].

The §'3C values of the limestone samples of the D,g in the northwestern Sichuan
Basin ranged from —0.49%o to —2.18 %0, with an average of —1.34%o, and the 5'80 ranged
from —6.33%0 to —5.65 %o, with an average of —5.99%. The 513C values of the FMD ranged
from 0.96%o to 3.36%0 with an average of 2.16%., and the 5!80 values of FMD ranged from
—5.22%0 to —0.59%0 with an average of —2.4%. The §!3C values of the FCD varied in the
range of —2.56%0~3.98%,, with the average value of 0.87%o, the FCD’s 8§80 range was
—9.48%0~1.58 %0, with the average of —4.09%.. The 513C values of MCD spanned from
1.66%o to 2.42%., with the average value of 2.07%., and the §'80 values of the MCD were
between —7.39%o to —6.12%., with an average of —6.51%o.
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Figure 7. Cross—plot of §'3C and §'80 values for dolomites. FMD: Fine-microcrystalline dolomite;
FCD: Fine crystalline dolomite; MCD: Medium crystalline dolomite.

The 8Sr /8Sr values of the limestone and dolomite all fell within a relatively wide
range from 0.70809 to 0.71055 (Figure 8). The 8Sr/%Sr ratios varied from 0.70857 for
Limestone, 0.70809 for FMD, 0.70814 to 0.70917 for FCD, and 0.70827 to 0.71055 for MCD.
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Figure 8. Cross—plot of 8Sr/80Sr and §'80 values for dolomites. FMD: Fine—microcrystalline
dolomite; FCD: Fine crystalline dolomite; MCD: Medium crystalline dolomite.
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Bioclastic micritic limestone

5. Discussion
5.1. Dolomitization Fluid’s Properties

It has been determined that the sources and characteristics of dolomitization fluids
were the keys to identifying the genesis of dolomites. Normally, the sources of dolomi-
tization fluids were ordinary seawater [53,54], evaporatively concentrated seawater [7],
a mixture of atmospheric fresh water and seawater [55], formation water [56] and deep
hydrothermal fluids [57]. There was no evidence of addition of atmospheric freshwater
in the study area, such as the geopetal structure. The overall brightness of CL was dark,
and the 5'3C value of dolomite didn't decrease due to the addition of terrestrial carbon,
indicating that the dolomitization fluid was not mixed with atmospheric freshwater [1,58].
The contents of Sr in the dolomites of GWSF were low, and the negative Eu anomalies
were not consistent with the characteristics of hydrothermal dolomite. The rare earth
distribution patterns of different dolomites were consistent with that of the limestone. The
above analysis concluded that the source of dolomitization fluid was the ancient seawater
during diagenesis.

5.2. Origin of Dolomite

It was concluded that the dolomite in the study area mainly underwent penecon-
temporanous seepage-reflux dolomitization, early shallow buried dolomitization and late
shallow buried dolomitization.

At the penecontemporanous seepage-reflux dolomitization stage, the lithology was
mainly composed of FMDs and FCDs. The original structure was well preserved and
obviously contained the laminar algal, bioclastic, etc. The CL showed mainly dark-red
light, and some of the well euhedral dolomites exhibited the obviously bright edges, which
were caused by multiple seepage-reflux of recirculating fluid. The bio-particles underwent
selective dissolution and formed intra-granular dissolved pores. The dolomite formed
at penecontemporaneous seepage-reflux stage was mainly developed in the tidal flat of
the restricted platform (Figure 9). It was filled with bitumen and dolomite. Its content
of Sr was higher, and the content of Mn was lower. Its value of §'®0 was higher than
that of limestone, which reflected the strong evaporation. The total REE content and the
distribution curve of REE were similar to the limestone, which was influenced by the
action of seawater in the same period. The interpretations above were also supported
by the 8Sr/8Sr ratios (0.70801) of FMD, comparable to the value of limestone (0.70857)
and the typical 8Sr/%Sr values (0.7088-0.7092) for the Middle Devonian seawater. In
general, various characteristics reflected that the FCD formed by penecontemporaneous
seepage-reflux with strong evaporation. The dolomitization fluid was the coeval seawater,
and the evaporated seawater in the same period provided the rich content of Mg?*.

1
| Normal wave base
1

1Storm wavebase ______

e =

—_———

oy

Channel sand

Reef dolostone Micrit
" . Contain sand)
Bioclastic micritic dolostone

Figure 9. The deposition and proposed dolomitization process of D,g in the northwestern Sichuan
Basin. The sedimentary facies mainly consisted of tidal flats, platforms, and restricted sea, and the
GWSF developed algal limestone (reef dolostone) and bioclastic limestone (dolomite).
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The early shallow buried dolomitization was mainly developed in the organic reef
facies of platform margins and the bank of intra-platform. Fine crystals dominated the
lithology, the order degree was high, and the dolomite was relatively stable. Typical
karst breccia, bioclastic, larger organisms, and oolites were all dolomitized in a relatively
slow process. The residual structure of raw scum was common, so it could be further
divided into bioclastic dolomite, oolite dolomite, breccia dolomite and so on. The Sr
content of the FMD was lower than that in the FCD, while the Mn content was higher to
the FCD. The REE distribution curve showed the same distribution pattern as those of
the limestone and FMD, so the diagenesis system was considered to be relatively closed.
The dolomitization fluid was the Middle Devonian seawater in the strata, and most of
them were recrystallized by the penecontemporaneous seepage-reflux dolomite. The 580
of FCD was lower than the FMD, and was higher than the seawater in the same period.
As the diagenesis system was relatively closed, this phenomenon was mainly caused by
the increase of the formation depth. Combining the hydrocarbon filling time with the
cutting relationship of fractures, the FCD was considered to be formed in the shallow burial
stage. Still, the temperature was relatively not high, which led to the recrystallization
of the FMD. The 8 Sr/86Sr (0.70814-0.70917) values of FCD were also consistent with
those of host limestone (0.70857) and the Middle Devonian seawater (0.7088-0.7092) [52],
further attesting to coeval seawater as the dolomitization fluid, which was responsible for
the formation of the FCD as documented above. Non-selective dissolution in the burial
diagenetic stage based on structural fractures and pre-existing pores, then generated fluid
flowing along the fracture-hole system and expanding the original pores or fractures into
intergranular dissolved pores. At this stage, the dissolution was relatively weak, forming a
relatively small number of dissolved holes.

Its lithology was mainly MCD at late shallow buried dolomitization stage, and were
larger and coarser and showed more curved crystals, always with a hypidiomorphic
structure. Mainly, its order degree was lower than that of FMD and FCD, and the dolomite
was characterized by relatively fast growth in the later stage. The fossils and breccia were
rare, and only the biological phantom could be faintly seen. The CL commonly showed
brighter porphyritic light. The content of Sr was the lowest, while the content of Mn
was similar to that of FCD. The distribution curve of REE showed the same distribution
pattern as those of limestone, FMD and FCD, indicating the action system was relatively
closed. The dolomitization fluid was the Middle Devonian seawater trapped in the stratum,
and the dolomitization time was close to that of the early shallow buried dolomite. The
MCD was formed by recrystallization of FCD. Its §'80 value was more negative than that
of FCD and seawater in the same period. Combined with the burial history of Kuang
2 and the distribution of paleothermal before and after the Emeishan activity [59], it
was believed that this stage of dolomitization might be affected by the Middle Permian
Emeishan large igneous province and the higher geothermal gradient provided to the FCD.
The higher ground temperature enhanced the water-rock reaction, so the FCD rapidly
recrystallized to form MCD. This interpretation was also supported by the Sr/80Sr ratios
(0.70827 to 0.71055) of MCD, which was higher than other types of dolomites and host
limestone (Figure 8). In addition, enhanced fluid-rock interactions at depths would be
likely to contribute to the 5180 decreases and 87Sr/80Sr increases [2,60]. At the same time,
relatively clean fillings were formed in the early dissolution pores and cracks, and some
were saddle dolomites, which presented high temperature characteristics. In general, the
dolomite formed by the late shallow buried dolomitization was characterized by filling
and cementation, which were destructive diagenesis.

6. Conclusions

(1) The dolomites of the GWSF in the northwestern Sichuan Basin were divided into
FMD, FCD, and MCD. These dolomitization were more thorough, while the transitional
type of dolomites not developed.
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(2) By combining the mineralogical, elemental, and isotopic characteristics of different
types of dolomites, it was concluded that the dolomites in the study area mainly underwent
penecontemporanous seepage-reflux dolomitization, early shallow buried dolomitization,
and late shallow buried dolomitization.

(3) The thick dolomite strata in the study area were mainly controlled by the sedi-
mentary facies. The limited platform included a wide distribution zone in the study area.
The evaporation in the restricted platform was strong, the water body was quiet. The
microcrystalline dolomite and FMD which formed at the earlier stage, provided a solid
Mg?* material basis for the continued occurrences of dolomitization in later stage. They
were mainly composed of FCD and MCD at the reef beach on the platform margin and
platform shoal.

(4) CL and REE analysis indicated that the FMD, FCD, and MCD were all dolomitized
by the early diagenesis fluids from the Middle Devonian ancient seawater. The latter two
dolomites both recrystallized from the former one during the deep burial.
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