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Abstract: The 5th sub-member in 5 Member Ordovician Majiagou Formation in Daniudi Gas Field,
Ordos Basin, is deposited in an environment consisting of an ancient epicontinental sea, where
very fine crystalline dolostone reservoir has developed. In this study, based on the petrological and
geochemical characteristics, the genesis of the dolomite developed in M;® were studied by analyzing
the properties and sources of the dolomitization fluids, and the influence of the paleogeomorphology
differences on the distribution of dolostone was also discussed in order to clarify the distribution of
the dolostone developed in the lime flat of the epicontinental sea. The dolostone of the Ms> had a
crystal structure, mainly including microcrystalline and very fine crystalline. The content of MgO
and CaO in dolomite was negatively correlated, indicating that it was the result of replacement.
The dolomite was dark red under cathode luminescence, and the distribution mode of rare earth
elements showed the negative anomaly of Ce and Eu, indicating that the dolomitization fluid was
sea-sourced fluid. The §13C, §180, and 8"Sr/80Sr isotope range of limestone was similar to that of
Ordovician seawater in the study area, whereas the 513C, 8180, and 87Sr/80Sr of dolostone were
obviously more positive than that of limestone. The substitute index of the salinity (Z) of the
dolomitization fluid was higher than 122, which is higher than limestone (Z = 120.5), indicating that
the dolomitization fluid was slightly evaporated seawater. The wormholes observed on the core
and the gypsum in the penecontemporaneous period observed in the thin sections indicated that
the dolostone was formed in a period when the sea level was relatively low, and it was the result of
seepage-reflux dolomitization. By analyzing the correlation between the thickness of dolostone and
the paleogeomorphology of the Ms® of the sedimentary period, it was found that the thickness of
dolostone at relatively high altitude was significantly larger than that of other areas. The development
of dolostone was controlled by sea level, and the local paleogeomorphology controls the distribution
of dolostone during the period of low sea level. There were many more limestone—dolostone cycles
and larger cumulative thicknesses of dolostone at relatively higher topography. This study provides
a theoretical basis for the prediction of the distribution of dolostone reservoirs in the carbonate tidal
flat environment dominated by lime flats under the background of the ancient epicontinental sea.

Keywords: Ordos Basin; Majiagou Formation in Ordovician; epicontinental sea; dolomitization;
paleogeomorphology

1. Introduction

Dolostone, as an important oil and gas reservoir rock, accounts for more than half of
carbonate reservoirs [1-3]. In order to better predict the distribution of dolostone reservoirs,
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geologists have long been focusing on the study of the dolomitization mechanism and
many achievements have been accomplished such as the penecontemporaneous sabkha
model [4-6] and the seepage-reflux model under an evaporation environment [7-9], which
are used to explain the genesis of island dolostone [10-12], the hydrothermal fluid model
related to hydrothermal solution [13-15], the fault-controlled model of the combination of
hydrothermal or formation fluid [16-18], and the intermediate—deep burial dolomitization
with large burial depth, which is often accompanied by hydrothermal development [19,20].
These dolomitization models explain the origin of dolomite from different sources and the
dynamics of magnesium-enriched fluids, and they have played an important role in the
prediction of dolostone reservoirs.

The Daniudi Gas Field is a large-scale commercial gas reservoir in the Ordos Basin,
Northwest China. The coal seams and mudstones of the Upper Paleozoic and the argilla-
ceous carbonate rocks of the Majiagou Formation provide sufficient gas sources for the
Daniudi [21-23]. The sedimentary of the 5th sub-member in 5 Member of the Ordovician
Majiagou Formation (Ms°) in Daniudi area is mainly limestone, but there are multiple
layers of dolostone developed locally, with a large cumulative thickness and desirable
physical properties [24]. The Ms® reservoir in the study area is mainly composed of inter-
crystalline pores in dolostone. The average porosity is 5.25%, and the maximum is 10.3%.
The maximum permeability without cracks is 4.07 mD. The physical properties of very
fine crystalline dolostone are better than microcrystalline dolostone. Therefore, a large
amount of research on the genesis of dolomite in the M5 has been conducted including
the penecontemporaneous sabkha model, seepage-reflux model, and intermediate—deep
burial dolomitization. For the very fine crystalline dolostone with good storage capacity,
predecessors have also proposed a dolomitization model with shallow burial and mixed
water [25-27]. However, at present, there is no unified conclusion on the cause of dolomite,
and distribution of dolostone is still poorly understood [28-32]. Some scholars propose
that the thickness of dolostone in the study area has a better coupling with paleokarst
landform, and the dolomitization and distribution in this area is controlled by paleokarst
landform [33]. On this basis, the dolomitization model of atmospheric freshwater origin is
applied to explain its origin [34-36]. However, there is no direct evidence for the above
view. Actually, without sufficient research on the fluid properties and sedimentary en-
vironment, it is difficult to analyze the genesis and distribution of dolostone based only
on the background of the karst modification in the study area and the coupling of the
paleokarst landform and the distribution of dolostone. In addition, it is also considered that
the distribution of dolostone may be controlled by changes in sea level [37-40]. However,
no study has been performed on the rules of the plane and spatial distribution of dolostone
reservoirs. Therefore, on the basis of previous studies, this study focused on clarifying
the origin of dolomitization, examining the conditions for the development of very fine
crystalline dolostone, and exploring the distribution characteristics and main controlling
factors of dolostone.

In this study, based on the lithological characteristics and depositional environment,
the properties of dolomitization fluid are discussed applying isotopic and elemental geo-
chemical data. Combined with the degree of order in dolomite and cathodoluminescence
results, the origin of dolomitization was analyzed. According to the thin section obser-
vation and core observation results and X-ray diffraction (XRD) results, the thickness of
the dolostone in each well was counted, and the paleogeomorphology conditions were
superimposed to obtain the distribution of dolostone. The suitable dolomitization model
was established to provide a basis for the next exploration in the study area and expand
the theory of dolostone distribution in the epicontinental sea environment.

2. Geological Setting

The Ordos Basin, located in Northwestern China on the western edge of the North
China Platform, is the second largest basin in China. As a polycyclic craton basin, its internal
structure is relatively simple [30,41,42]. The interior of the Ordos Basin can be divided



Minerals 2021, 11, 827

30f19

into six primary structural units: the Yishan Slope, Tianhuan Depression, West Margin
Thrust Belt, Weibei Uplift, Yimeng Uplift, and Jinnxi Fault-Fold Belt [27,43] (Figure 1). The
study area is the Majiagou Formation in Daniudi, Yulin, northeast of the Yishan Slope. The
Majiagou Formation is the Paleozoic Ordovician strata, which corresponds to the Floian,
Dapingian, and Darriwilian in the international strata. The Majiagou Formation in the
Ordos Basin can be divided into six members from M; to Mg, of which the M5 member
can be subdivided into Ms' to M5!0 (Figure 2) [27,44-46]. The Ordovician Majiagou
sedimentary period was a shallow carbonate platform environment, mainly developing
tidal flat facies and shoal facies deposits. During this period, there were three transgression-
regression processes in which the M;, M3, and M5 deposited were transgression periods,
and the M, My, and Mg deposited were regression periods, with mainly carbonate rocks
and a small amount of evaporite [43,47,48]. Due to the multi-period and long-term karst
transformation in the later period, the Mg is sporadically distributed in the study area [49].
The predecessors had different understandings of the sequence boundary of the study area.
It is generally believed that the M5 sedimentary period was in the transgressive period
during regression [38,39,50]. In the study area, the sedimentary period from M; to M3
developed evaporative platform subfacies, the M, deposited in open platform subfacies,
the M5 deposited in restricted platform subfacies, and the Mg were missing due to the fact
of denudation. The Mas® deposited in the period of transition from a restricted platform
to an open platform and then back to a restricted platform. During this period, ancient
climate changes and sea-level turbulence changes with lime flat developed during the
transgression period, and dolomitic flat developed during regression, mainly developed
microcrystalline limestone and gray-yellow dolostone [27,30,43].
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Figure 1. Location of the study area and distribution of wells at the Ordovician Majiagou Formation in the Daniudi area,

Ordos Basin: (a) location and structural division of the Ordos Basin; (b) well location and paleokarst landform in Daniudi

Gas Field.
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Figure 2. Stratigraphic and sedimentary characteristics of the Ordovician Majiagou Formation in the Daniudi area, Ordos
Basin [38].

3. Materials and Methods

In order to discuss the genesis of dolomitization and its distribution in the Ordovician,
Majiagou Formation, samples were collected from the wells D48, D1-530, PG27, D67,
and D30 (Figure 1). A total of 18 samples of the M5 member dolostone and limestone
were collected. To ensure the accuracy of analytic results, the collected samples were all
fresh and organic poor. Thin section observations were performed on all samples, and
typical samples were selected for geochemistry and C, O, and Sr isotope analyses (Table 1).
Analyses of major and trace elements, C, O, and Sr isotope were carried out at the State
Key Laboratory of Oil and Gas Reservoir Geology and Exploitation (Chengdu University
of Technology).
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Table 1. The sample information and test items in the study.

;il:ln%l:r Well Depth (m) Lithology CL Section  XRD Ii:)il(:i)ee ell\::[;g:rllt E;l; 1:::;“
S1 D67 2892.28 Microcrystalline limestone Vv Vv Vv Vv Vv
S2 D1-530 3097.42 Very fine crystalline dolostone 4 4 v Vv
S3 D1-530 3101.42 Microcrystalline dolostone Vv Vv Vv Vv Vv Vv
S4 D1-530 3102.96 Microcrystalline dolostone v v/

S5 D1-530 3102.99 Very fine crystalline dolostone Vv Vv

S6 D1-530 3105.53 Microcrystalline dolostone v Vv

S7 D1-530 3106.75 Microcrystalline dolostone v Vv Vv

S8 D1-530 3108.28 Microcrystalline dolostone Vv Vv Vv Vv Vv
S9 D1-530 3112.78 Microcrystalline dolostone V4 Vv vV Vv v
S10 D1-530 3115.62 Microcrystalline dolostone Vv Vv Vv Vv
S11 D48 3009.32 Microcrystalline dolostone v v Vv Vv
S12 D48 3013.00 Microcrystalline dolostone v v v v
S13 D438 3016.00 Microcrystalline limestone v

S14 D48 3017.99 Microcrystalline dolostone vV

S15 D48 3020.38 Microcrystalline limestone v Vv

S16 D48 3026.35 Microcrystalline limestone v v v

S17 PG27 2979.52 Microcrystalline dolostone Vv Vv Vv Vv Vv Vv
518 PG27 2987.35 Very fine crystalline dolostone v v v/ Vv Vv

/—Complete test samples.

3.1. Cathodoluminescence

Analysis of cathodoluminescence (CL) was completed with the CITL/CL8200MK5-2
(British) CL instrument. CL detection used the CL8200MK5 CL microscope with a 12~15 kV
beam and a current intensity of 420~430 mA on the non-stained halves of thin sections, and
the exposure time was approximately 10 s. Then, the luminescence was recorded and the
images were collected.

3.2. Carbon and Oxygen Isotopes

The MAT-253 stable isotope ratio mass spectrometer from Thermo Science, Waltham,
MA, USA, was used to determine the overall stable carbon and oxygen isotopes of 18
carbonate rocks from 4 wells. All isotope data are expressed by the international standard
material Pee Dee Belemnite (V-PDB). The samples were processed by the phosphoric acid
method. The measurement accuracy of >C and 30 is 0.0037 %o.

3.3. Strontium Isotope

The Sr isotope of the 18 samples were analyzed with the thermal Triton Plus thermal
ionization mass spectrometer. Fresh samples were crushed to 200 mesh, and then 100 mg
of the powder was placed into a beaker containing 0.8 mol/L of hydrochloric acid. The
centrifuged clear liquid was separated and purified by an ion exchange column equipped
with AG50W-WS8 resin. Using hydrochloric acid as the eluent, pure Sr was separated
and then tested on the VG354 isotope mass spectrometer. The international standard
for 87Sr/86Sr, NBS987, gave a ratio of 0.710284 £ 10 (n = 20, 20) for static analysis. All
strontium ratios were corrected to a value for the standard of 0.710250. Blank values were
in the region of 0.8 x 1077 g. The experimental error was less than 0.01%.

3.4. Major and Trace Elements

Perkin—Elmer’s Optima 5300 V inductively coupled plasma-atomic emission spec-
trometer (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS) were
used to determine the composition of elements in carbonate rocks. The sample was ground
first, then passed through a 100-mesh sieve and dried at 80 °C for 5 h. Next, 100 mg of the
sample was dissolved in a mixed solution consisting of 4 mL of hydrofluoric acid, 3 mL
of nitric acid, 2 mL of hydrochloric acid, 1 mL of perchloric acid, and 3 drops of sulfuric
acid, and heated to 200 °C for approximately 4 h until white eyes appeared. Then, 5 mL
of chloroazo acid was added to the solution to extract the elements. Finally, the solution
was transferred to a 50 mL volumetric flask and diluted with deionized water. Finally, the



Minerals 2021, 11, 827

6 of 19

ICP-AES method was used to determine the major elements, and the ICP-MS method was
used to determine the trace elements. The experimental error was less than 5%.

3.5. X-ray Diffraction

The mineral composition of 12 samples was measured using the DMAX-3C X-ray
diffractometer (40 kV, 20 mA) from Rigaku Corporation. The angular accuracy was greater
than 0.02° (20), the scanning speed was 0.05 s/step, and the scanning range was 3~50° (26).
We used JADADS.0 software for the semi-quantitative phase analysis. When the mineral
content was greater than 40%, the relative deviation was less than 10%. The degree of order
of dolomite was calculated by the ratio of the two diffraction peaks d (015)/d (110).

4. Results
4.1. Petrology

According to the observation results of the core and thin sections, dolostone and
limestone were mainly developed in the study area. Dolostone and limestone had a
crystal structure. Most gypsum was completely dissolved to form dissolution pores of
anhydrite, and only a small part was not dissolved. The cement was mainly calcite, and
the muddy cement could be seen locally. According to this study, three types of lithology
were divided, including microcrystalline limestone, microcrystalline dolostone, and very
fine crystalline dolostone.

4.1.1. Microscopic Features

The volume of microcrystalline dolomite was approximately 42%. The microcrystalline
dolomite crystals were mainly other-shaped and semi-automorphic, and the crystal size
was generally less than 0.03 mm (Figure 3a). It could be seen that the small tuberculosis of
anhydrite was replaced by calcite, and pyrite was scattered sporadically. Algae laminae
were observed, and the algae laminae retained the original sedimentary structure. Under
CL, the mud microcrystalline dolomite was dark red overall (Figure 3e).

Very fine crystalline dolomite accounted for approximately 10%. Powder crystalline
dolomite was mainly semi-automorphic-automorphic, with a crystal size of 0.03~0.1 mm
(Figure 3b). Under the microscope, it could be seen that the early diagenetic stylolite cut the
dolomite grains. The color of the very fine crystalline dolomite was also darker under CL.

Microcrystalline calcite accounted for approximately 45% of the total volume. It
was red under the microscope by staining with Alizarin red. Ms limestone was mainly
composed of crystal limestone, with very few granular limestones. The crystal size of
calcite was less than 0.03 mm, and mainly composed of microcrystalline (Figure 3c).

4.1.2. X-ray Diffraction

As shown in Table 2, the main mineral component of dolostone in this area was
dolomite, with a content of more than 95%. In addition, there were few calcites, terrigenous
quartz, and feldspar. Quartz was found in all samples, whereas the content was generally
less than one percent. Feldspar occurred only in some samples, with the content less than
0.5%. In addition, there were scattered pyrites with a content of mostly less than 0.5%.
Limestone was dominated by calcite, with a content generally above 98%. A small amount
of dolomite and quartz were also detected. The degree of order in dolomite was higher
than 0.8, and the highest value was 0.91. The degree of order in microcrystalline dolomite
ranged from 0.63 to 0.88, mostly from 0.75 to 0.85.
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Figure 3. Microscopic characteristics and core observations of carbonate rocks in Ms® of the Daniudi Gas Field, Ordos
Basin. (a) D37, 2926.91, m—microcrystalline dolostone; (b) D1-530, 3107.28, m—very fine crystalline dolostone; (c) D48,
3024.95, m—microcrystalline limestone; (d) PG27, 2979.52, m—calcite cement characteristics under CL; (e) D48, 3023.54,
m—dolomite characteristics under CL; (f) D48, 3013, m—tuberculosis of anhydrite are replaced by calcite; (g) D48, 3020.48,
m—filling calcite in cracks; (h) PG27, 2987.1, m—wavy bedding; (i) D30, 3017.5, m—wormhole.

Table 2. XRD data of the Ms° from the Daniudi Gas Field in the Ordos Basin.

Sample . XRD (%)
Number Well Depth (m) Lithology
Qtz P1 Ha Gy Dol Cal Py  Calys Degree of Orde

S1 D67 2892.28 Microcrystalline limestone 11 - - - - 98.8 0.1 - /
S2 D1-530 3097.42 Very fine crystalline dolostone 1.2 - - - %6 22 - - 0.91
S3 D1-530 3101.42 Microcrystalline dolostone 0.8 - - - 8.3 99 - - 0.88
S7 D1-530 3106.75 Microcrystalline dolostone 4.7 - - - 82 03 0.6 5.2 0.63
S8 D1-530 3108.28 Microcrystalline dolostone 0.3 - - - 9.1 35 0.1 - 0.83
S9 D1-530 3112.78 Microcrystalline dolostone 0.6 0.4 - - 939 52 - - 0.74
S10 D1-530 3115.62 Microcrystalline dolostone 0.5 0.3 - - 943 46 0.2 - 0.79
S11 D48 3009.32 Microcrystalline dolostone 0.3 - - - 662 335 - - 0.79
S12 D48 3013.00 Microcrystalline dolostone 04 - - - 590 406 - - 0.80
S16 D48 3026.35 Microcrystalline limestone 0.7 - - - 560 937 - - /
517 PG27 2979.52 Microcrystalline dolostone 0.8 0.4 - - 9%3 24 - - 0.83
S18 PG27 2987.35 Very fine crystalline dolostone 0.2 0.4 - - 974 20 - - 0.83

— Below the analytical detection limit. Qtz—Quartz; Pl—plagioclase; Ha—halite; Gy—gypsum; Dol—dolomite; Cal—calcite; Py—pyrite;
Calys—clay minerals. /—Untested samples.

4.2. Characteristics of Carbon, Oxygen, and Strontium

According to previous studies, the range of carbon and oxygen isotope values of
seawater in the study area varied at a range of 0.5%o~—2.0%0 and —7.0%o~—10.0%., respec-
tively [1,51,52]. The isotopic compositions of carbon, oxygen, and strontium are shown in
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Table 3. By comparing the results of this experiment with the isotope values of Ordovician
seawater, the '%0 values in the study area were all negative, and the 5!3C values were
similar to the seawater values of the same period. The isotopic characteristics of different
lithologies were different to a certain extent. The §'3C values of limestone samples were
between —0.46 %0 and —1.94%., with an average value of —0.95%., and the 5180 values were
between —8.29%. and —11.1%o, and the average value was —9.66%o, with a large negative
bias. The §!3C values of microcrystalline dolostone were between 1.38 %o and —1.96%,, with
an average value of —0.66%., and the 5180 values were between —7.01%0 and —8.72%o,
and the average value was —7.84%.. The §!3C values of the very fine crystalline dolostone
were between —0.06%. and —0.72 %0, with an average value of —0.3%. The 5'0 values of
the very fine crystalline dolostone were between —6.75%o and —8.93 %0, and the average
value was —7.65%. The 813C and 5'80 characteristics of different lithologies are shown in
Figure 4.

Table 3. Isotope compositions of the Ms® from the Daniudi Gas Field in the Ordos Basin.

131:1}1’)1; Well Depth (m) Lithology 8513Cy.ppp %o 5180y.ppp %o 878r/%6 Sy
S1 D67 2892.28 Microcrystalline limestone —0.5 -9.7 0.709082
52 D1-530 3097.42 Very fine crystalline dolostone —0.1 —6.8 0.709711
S3 D1-530 3101.42 Microcrystalline dolostone —0.2 -8.1 0.709783
54 D1-530 3102.96 Microcrystalline dolostone 1.4 -7.5 0.709637
S5 D1-530 3102.99 Very fine crystalline dolostone -0.7 -89 0.709067
56 D1-530 3105.53 Microcrystalline dolostone —2.0 —8.7 0.709055
57 D1-530 3106.75 Microcrystalline dolostone -1.5 -7.1 0.710430
S8 D1-530 3108.28 Microcrystalline dolostone -0.3 -7.5 0.709579
59 D1-530 3112.78 Microcrystalline dolostone —0.3 —7.4 0.709766
S10 D1-530 3115.62 Microcrystalline dolostone —0.1 -7.5 0.710010
511 D48 3009.32 Microcrystalline dolostone —-04 —-8.2 0.709228
S12 D48 3013.00 Microcrystalline dolostone -1.8 —8.4 0.709118
S13 D48 3016.00 Microcrystalline limestone —0.5 —8.3 0.709056
S14 D48 3017.99 Microcrystalline dolostone -17 —8.8 0.709367
515 D48 3020.38 Microcrystalline limestone -19 -111 0.708797
S16 D48 3026.35 Microcrystalline limestone -0.9 -9.6 0.708902
517 PG27 2979.52 Microcrystalline dolostone —05 -7.0 0.709561
S18 PG27 2987.35 Very fine crystalline dolostone —0.1 -7.3 0.709358
D
1
@
[~ T T T T T
n|" -12 -10 -8 -6 -4 -2 0
et L o
c\e 1
© M Limestone
o
Very fine crystalline dolostone
= -2
Microcrystalline dolostone
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Figure 4. §13C and 5'80 of different lithologies in M5® in Daniudi Gas Field, Ordos Basin.
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The strontium isotopes of the Ordovician seawater are distributed in the range
0.7087~0.7092 [53-55]. The 87Sr/86Sr in the study area were generally higher than those of
Ordovician seawater. The 8Sr/86S of the limestone samples were relatively small, with
an average of 0.708959, which is in the range of the strontium isotopic composition of the
Ordovician seawater. The 8”Sr/8S of microcrystalline dolostone and very fine crystalline
dolostone samples were significantly higher than Ordovician seawater, with an average of
0.709594 and 0.709379.

4.3. Compositions of Major and Trace Elements

The microcrystalline dolostone and very fine crystalline dolostone in the study area
had a high content of CaO; the average content of CaO in dolostone was 32.64% and 30.72%,
respectively (Table 4). These dolomites belonged to the Ca-rich dolomites. The very fine
crystalline dolostone had a higher Mg content than that of the microcrystalline dolostone.
The average MgO content of microcrystalline dolostone and very fine crystalline dolostone
were 17.9% and 21.2%, respectively. The content of Fe in the study area was significantly
higher, with an average of 0.3%, and the content of Mn was significantly lower, with an
average of 0.008%. The content of Sr ranged from 38.4 x 107 to 116.7 x 10~°, with an
average of 76.46 x 107°.

Table 4. Relative content of the major elements and loss on ignition results of the samples.

Major Element (%)

Sample Well Depth Lithology

Number (m) LOI K,O0 NaO CaO MgO AlL,O3 TFe;O3 MnO TiO, P05
s1 D67 289228  Microcrystalline limestone 45216 0.057 0.056 52953 0250 0247 0103 0.006 0.026 0.006
S2 D1-530  3097.42 Very fine crystalline dolostone ~ 44.329 0.051  0.062 31.721 22120 0.186 0213 0.007 0.024 0.006
S3 D1-530 310142 Microcrystalline dolostone ~ 45.058 0.080 0.060 34.362 19.180 0.264 0266 0.008 0.029  0.008
s7 D1-530  3106.75 Microcrystalline dolostone ~ 47.907 1.023  0.079 26277 19.220 3351 0991 0.019 0217 0.077
S8 D1-530 310828 Microcrystalline dolostone 45119 0.101  0.063  32.538 21.020 0332 0.298 0.007 0.026 0.013
S9 D1-530 311278 Microcrystalline dolostone ~ 46.902 0.079 0060 31.863 19.760 0.286 0.337 0.008 0.026 0.013
S10 D1-530 3115.62 Microcrystalline dolostone ~ 48.023 0287  0.064 30.239 19.370 1.051 0390 0.008 0.034 0.022
s11 D48 3009.32 Microcrystalline dolostone ~ 47.981 0.082 0.053 37744 13.060 0293 0234 0008 0026 0.011
S12 D48 3013.00 Microcrystalline dolostone 50201 0.061 0.053 38352 10530 0211 0224 0.008 0.022  0.007
S16 D48 302635 Microcrystalline limestone ~ 48.007 0.075 0.048 49362 1.606 0288 0.110 0004 0023 0.011
S17 PG27 297952 Microcrystalline dolostone ~ 48.150 0.080  0.054 29.811 20.730 0302 0.199 0.006 0.024 0.010
S18 PG27  2987.35 Very fine crystalline dolostone ~ 48.839 0.056  0.054 29.726 20.330 0.221 0260 0.008 0.019 0.009

The rare earth element compositions of the studied samples are shown in Table 5. The
data were standardized using Post-Archean Australian Shale (PAAS) [56,57],
which eliminated the odd—even effect of rare earth elements and made the content and dis-
tribution of rare earth elements more intuitive (Table 5). Then, the enrichment and depletion
of rare earth elements were reflected by numerical methods and
graphical methods [58]. The results are shown in Figure 5. 6Ce was calculated by the
formula: 6Ce = Ce/Ce* = Cen /(0.5 Lay + 0.5 Pry). 0Eu was calculated by the formula:
O0Eu = Eu/Eu* = Eun /(0.5 Smy + 0.5 Gdy). The calculation results show that the 6Ce of
the carbonate rocks in the study area was below 1, with an average value of 0.9, which was
a relatively negative anomaly. $Eu was between 0.83 and 1.21, with an average value of
1.04. Some samples had positive europium abnormity. The distribution patterns of rare
earth elements were similar for the studied samples.
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Figure 5. Distribution patterns of rare earth elements of carbonate in Ms” in the Daniudi Gas Field,
Ordos Basin.

Table 5. Rare earth elements compositions of the Ms® from the Daniudi Gas Field in the Ordos Basin.

REE (ug/g)
Sample o Depth  pinology g8
Number (m) La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu
s1 D67 289228 M‘ngfers{iigme 1.699 3208 0.374 1.275 0.227 0.048 0.188 0.029 0.173 1.005 0.038 0.097 0.014 0.12 0.016
Very fine
2 DI-530 309742  crystalline 1.007 1.904 0.237 0.831 0.177 0.027 0.141 0.021 0.140 0.725 0.021 0.068 0.009 0.069 0.007
dolostone
S3 D1-530  3101.42 M‘ggfgg’fgﬁg‘r‘e 1.889 3.864 0471 1.734 0.284 0.059 0.257 0.038 0.196 1.115 0.035 0.104 0.010 0.100 0.011
S8 D1-530  3108.28 Miggfgfgﬁgim 0.870 1.626 0.201 0.800 0.156 0.031 0.132 0.024 0.115 0.765 0.026 0.063 0.009 0.081 0.014
S9 D1-530  3112.78 Miggfgg’tﬁgm 1.398 2.638 0.319 1.187 0.214 0.050 0.175 0.030 0.175 1.039 0.031 0.081 0.013 0.097 0.014
S10 D1-530  3115.62 Miggfgg’gﬁgm‘* 1.347 2306 0.297 1.141 0.206 0.046 0.221 0.034 0.190 1.217 0.038 0.105 0.015 0.117 0.016
S11 D48 3009.32 Miggfggﬁg"‘e 1.865 4.231 0.530 2.036 0.362 0.059 0.309 0.050 0.252 1.554 0.052 0.153 0.023 0.167 0.018
S12 D48 3013.00 Ml‘ggfggﬁg“‘e 1.905 3.852 0.474 1.696 0.285 0.063 0.261 0.046 0.228 1.460 0.049 0.135 0.022 0.144 0.019
S17 PG27  2979.52 Mlggfgﬁi}:me 0.761 1.505 0.196 0.794 0.189 0.037 0.146 0.027 0.137 0.780 0.029 0.097 0.010 0.101 0.014
Very fine
S18 PG27  2987.35  crystalline 0555 1.197 0.173 0.663 0.141 0.025 0.129 0.020 0.129 0.679 0.025 0.074 0.008 0.083 0.012

dolostone
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5. Discussion
5.1. Dolomitization Fluid

Isotopic characteristics can reflect the properties of the dolomitization fluid. The
isotope characteristics of limestone were similar to those of Ordovician seawater. Compared
with the Ordovician seawater, the isotope characteristics of the dolostone had a certain
deviation. The 8'3C value range of the dolostone was similar to that of seawater, but the
5180 and ¥Sr/80Sr were higher than that of the Ordovician seawater. According to the
ancient salinity formula derived by Keith and Weber [59,60]:

Z = 2.048(8'3C + 50) + 0.498(5'80 + 50) (1)

In the formula, '3C is the carbon isotope measurement result, and §'80 is the oxygen
isotope measurement result.

The calculation results showed that the Z-values of carbonate rocks were all greater
than 120. The average Z of limestone was 120.5, and the average Z of the dolostone was
122.2 (Table 6), indicating that the salinity of the dolomitization fluid was slightly higher
than that of seawater. The calculation of salinity showed that the dolomite in the study
area was not of freshwater origin. This medium-salinity brine is likely from seawater, the
salinity of which would be increased after being subjected to evaporation.

The 8Sr/8Sr of limestone in the study area was similar to that of seawater, but the
87Sr /86Sr of dolostone was higher than that of Ordovician seawater. This phenomenon
could be attributed to the fractionation of strontium isotopes caused by atmospheric
freshwater when the formation of dolostone happened in the evaporation environment of
the regression period. The modification of atmospheric freshwater during the supergene
period in the study area might also have increased the Sr isotope [16], because the dolomite
observed under CL was dark red and the determination of the major element also showed
that the content of Mn?* was low. It could be concluded that the dolomitization fluid
was a sea-sourced fluid, and the environment where dolomitization occurred was the
epicontinental sea during the regression period and the evaporative environment formed
by the emergence of highlands due to the drop in sea level.

When sediment is in the oxidized seawater, the easily soluble Ce3* will be transformed
into thermodynamically stable and weaker migration ability Ce**, which will preferentially
adhere to the surface of the sediment particles and precipitate, causing the Ce in the
sediment to show a positive anomaly. Therefore, the negative anomaly of Ce usually
indicates the environment of oxidized seawater [61-63]. The positive Eu anomaly of
chemical sedimentary rocks was related to the high temperature (>200 °C) reductive
hydrothermal fluids [61,64-68]. According to the calculation results of $Eu and 6Ce, the
water in the study area was oxidized seawater and was less affected by hydrothermal fluid
in the late diagenesis of carbonate rocks.
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Table 6. Salinity and Calculation results of REE.

Sample Number Well Depth (m) Lithology Salinity (Z) 8Ce SEu
S1 D67 2892.28 Microcrystalline limestone 121.54 0.93 1.09
52 D1-530 3097.42 Very fine crystalline dolostone 123.67 0.90 0.81
S3 D1-530 3101.42 Microcrystalline dolostone 122.94 0.94 1.03
54 D1-530 3102.96 Microcrystalline dolostone 126.39 / /
S5 D1-530 3102.99 Very fine crystalline dolostone 121.38 / /
56 D1-530 3105.53 Microcrystalline dolostone 118.9 / /
S7 D1-530 3106.75 Microcrystalline dolostone 120.73 / /
S8 D1-530 3108.28 Microcrystalline dolostone 123.01 0.90 1.02
59 D1-530 3112.78 Microcrystalline dolostone 123.00 0.91 1.22
S10 D1-530 3115.62 Microcrystalline dolostone 123.34 0.84 1.01
S11 D48 3009.32 Microcrystalline dolostone 122.45 0.98 0.83
S12 D48 3013.00 Microcrystalline dolostone 119.48 0.94 1.09
S13 D438 3016.00 Microcrystalline limestone 122.13 / /
S14 D48 3017.99 Microcrystalline dolostone 119.43 / /
S15 D48 3020.38 Microcrystalline limestone 117.80 / /
516 D48 3026.35 Microcrystalline limestone 120.73 / /
517 PG27 2979.52 Microcrystalline dolostone 122.72 0.90 1.05
S18 PG27 2987.35 Very fine crystalline dolostone 123.56 0.88 0.87

/—Untested samples.

5.2. Origin of Dolomite

The MgO/CaO in dolostone can also reflect the sedimentary origin or metasomatic
origin of dolostone. The content of MgO and CaO in dolostone formed by sedimentary
origin is usually positively correlated, and the content of MgO and CaO in dolostone
formed by replacement or recrystallization is usually negatively correlated. As shown in
Figure 6, there was a negative correlation between MgO and Cao in micritic dolomite, silty
dolomite, and limestone with a small amount of dolomite in the study area; thus, it was
considered that dolomite was metasomatic. In addition, the MgO/CaO ratio of very fine
crystalline dolostone was higher, and the MgO/CaO ratio of microcrystalline limestone was
slightly lower. MgO/CaO was the main controlling factor for the degree of dolomitization.
Generally, the higher the MgO/CaO ratio, the more likely dolomitization occurs.
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Figure 6. MgO/CaO cross plot of carbonate in M5 in the Daniudi Gas Field, Ordos Basin.

The dolomite in the study area was Ca-rich non-stoichiometric dolomite, and the crys-
tal size was quite small, generally less than 0.1 mm. The degree of order in dolomite were
mostly between 0.6 and 0.9, and the values showed a trend of high and low fluctuations in
the longitudinal direction, without obvious regularity. According to the characteristics of
dolomite and fluid properties, it was judged that this kind of dolomite was the cause of
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penecontemporaneous brine seepage—reflux mechanism. The lithology changed frequently
in areas with higher altitude in the study area, the minimum thickness of the limestone-
dolostone cycle was approximately 3 m, and it was often accompanied by shallow water
signs such as laminae and wormholes (Figure 3h,i). All these phenomena showed that
the development of dolostone in the study area was controlled by the change in sea level.
Therefore, it could be concluded that the dolomitized brine originated from the evaporation
environment created by frequent changes in sea level during the penecontemporaneous
period. When the sea level dropped, the surface limestone was exposed, and the water
retained in the exposed surface was evaporated, which caused the salinity to rise, and then
dolomitization occurred in some areas.

5.3. Dolomitization Mechanism

The dolomitization in the study area was the cause of seepage-reflux controlled by
sedimentary paleogeomorphology under frequent sea level changes. During the regression
period, the surface of the higher altitude area that was submerged in the previous period
would be exposed to form an evaporation environment. The water trapped in the highlands
and low-lying areas of the platform would be evaporative and, thus, caused the increase
in salinity and Mg/Ca. At this time, under the effect of the potential energy difference
and the difference in ion concentration, the brine with medium salinity would infiltrate
and metasomatize the limestone deposited in the early stage and form dolostone [69-71].
The higher elevation of the western highlands made it easier for brine to seep downwards.
Moreover, because areas with higher altitudes took longer to expose the surface during
regression, the brine was subject to a longer period of evaporation so that the salinity and
Mg/Ca were higher. Therefore, the thickness of dolostone in the western highlands was
larger, and it was easier to form very fine crystalline dolostone with larger pores. The strata
extending to the east and north were less affected by sea level, resulting in the thin thickness
of dolostone. The depression area had been below sea level for a long time, it belongs to the
relatively deeper water deposition at most times. There was no evaporation environment
for the development of dolostone, only microcrystalline limestone developed. As the Ms®
was in a period of transgression and regression interaction, frequent sea level fluctuations
caused the change in sedimentary environment in the western highlands between the
evaporative tidal flat environment and the relatively deeper water environment. This
change made the formation of dolomitization fluids easier. The highlands caused by brine
seepage after the sea receded were firstly dolomitized (Figure 7a). As the sea level dropped,
dolomites continued to form on the exposed surface, while the brine on the high ground in
the early stage was further evaporated to form gypsum. In the subsequent transgression
period, as the sea level rise, the highland evolved into a tidal flat environment. The strata
affected by the dolomitization in the early stage will be infiltrated by brine again, it was
easier to form very fine crystalline dolostone during the process of being modified by
dolomitizing fluids many times (Figure 7b). After the sea level continued to rise until the
highlands were submerged, the study area became a relatively deeper water environment,
at which time microcrystalline limestone was mainly deposited (Figure 7c). When the
surface was exposed during the next regression period, this dolomitization pattern occurred
again. After that, the periodic changes in sea level led to the development of multiple
periods of limestone-dolomite cycles in the western highlands of the study area.
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Figure 7. Dolomitization model in Ms5? in Daniudi Gas Field, Ordos Basin. (a) Slope dolomitization
during regression period; (b) Highland dolomitization during the transgression period; (c) Limestone
was deposited during the highest sea level period.

The dolomitization in this model was not uniform. The Mg?* content of the evapo-
rated Mg?*-rich brine would gradually decrease as the fluid moved during the process
of migration, and with the reaction with the limestone, dolomitization would become
increasingly weaker, so the limestone layer in contact with the bottom of the brine would
undergo strong dolomitization, which also led to the development of thinner dolostone in
relatively low-lying areas. However, this kind of dolostone might only develop when the
sea level was low in the early stage M5°, and its thickness and distribution range were very
small so that it was impossible to form a reservoir. Overall, the formation of the dolostone
in the study area required the evaporation of the environment and the difference in topog-
raphy, which were all controlled by the characteristics of the paleogeomorphology. The
limestone in the highlands was susceptible to multiple seepage-reflux of dolomitization
fluid, and the dolomitization fluid on the highlands had a higher Mg/Ca ratio, which was
more beneficial to dolomitization. Very fine crystalline dolostone and large-scale dolostone
reservoirs were more easily formed on the highlands.

5.4. The Distribution of Dolostone and Its Relationship with Paleogeomorphology

Because the My has a stable thickness distribution in the study area, assuming that the
top of the fourth member of Majiagou Formation is horizontal, the paleogeomorphology
conditions can be simulated by calculating the cumulative thickness of M5®-Ms!?. Accord-
ing to the statistics of the cumulative thickness of dolostone in Figure 8 and the comparison
of paleogeomorphic characteristics, it was found that paleogeomorphic conditions had a
greater influence on the planar distribution of dolostone. The higher the geomorphology
in the same area, the greater the cumulative thickness of dolostone. Since the dolostone in
the study area was the cause of frequent sea-level oscillations, the higher the altitude, the
greater the impact of sea level, the more limestone—dolostone cycles were developed, thus
the greater the cumulative thickness of the dolostone. In addition, the locally developed
platform might be exposed to the surface during the period of sea-level decline. At this
time, dolomitization would occur on the exposed surface, but the formation of dolostone
reservoirs was small in scale and spatially discontinuous. However, the depression area
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was submerged by seawater most of the time due to the low sea-level and could not provide
the conditions for dolomitization. Therefore, there was very little dolostone development,
and most areas were dominated by microcrystalline limestone. The well D1-530 in the
study area was one of the highest wells in the study area. It was greatly affected by sea-level
changes. It had developed a five-stage limestone—dolostone cycle, and there were three
layers of very fine crystalline dolostone in the reservoir (Figure 8b). The thicknesses of the
dolostone in well PG27 and well D48 on the slope were significantly reduced. The develop-
ment of four stages of lithological cycles in well D48 also showed that the location of the
well was relatively weakened by sea-level changes (Figure 8b). Wells D30 and D37 were in
the depression area and were submerged by sea water for a long period of time. There was
basically no dolomitization in the depression area, and there was also no condition for the
formation of dolostone reservoirs (Figure 8b). The flow direction of the dolomitization fluid
must be from top to bottom, from the brine to the ocean. Therefore, the best conditions for
the development of dolostone should be the high ground. Except for the altitude factors,
the dolomitization of the area was also related to slope. In areas with steep slopes, the area
exposed to the surface during the period of small changes in sea level was small, which
was not conducive to dolomitization under this model, thus a gentle slope is conducive to
the formation of dolomite under the same conditions. This could explain the development
of thick dolostone developed in wells PG27 and D48. In summary, the distribution of
dolomite reservoirs was predicted based on the characteristics of paleogeomorphology.
According to the restoration of paleogeomorphology, it was shown that the topography
of the study area had small undulations and gentle slopes. The shallower water depth
and gentle slope in this sedimentary environment resulted in a larger scale of surface
exposure during the regression period. When the altitude reached a certain limit, dolostone
developed on a large scale. However, this dolostone reservoir had a larger lateral extension
range, which was easier to continuously form layers and provided favorable conditions for
oil and gas enrichment.
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Figure 8. The relationship between the thickness of dolostone and paleogeomorphology in Ms® in Daniudi Gas Field, Ordos
Basin: (a) dolostone thickness distribution and paleogeomorphology characteristics; (b) dolomite thickness and lithological
cycles characteristics under different paleogeomorphology in the Ms>.
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According to the above study on the properties of dolomitization fluid, it could be
concluded that the formation of dolostone in the study area had nothing to do with the
karst water in the supergene period. The karst water in the supergene period only formed
calcite cement (Figure 3). The reason why the distribution of dolomite was consistent with
the characteristics of paleokarst landform was because the paleokarst landform inherits the
characteristics of the sedimentary paleogeomorphology. Sedimentary paleogeomorphology
had a controlling effect on dolomitization, and it was easier to expose and form continuous
thick layers of dolomite in areas with higher altitude and gentle slopes.

6. Conclusions

(@) The 5th sub-member in the 5 Member of the Ordovician Majiagou Formation in the Da-
niudi Gas Field were mainly composed of microcrystalline limestone, microcrystalline
dolostone, and very fine crystalline dolostone. The characteristics of microscopic
and core observations showed that dolomitization occurred in the shallow-water
facies. Dolomite was dark red under cathodoluminescence, and the degree of order
in dolomite was between 0.63 and 0.91. The dolomitization fluid came from seawater
which experienced a certain degree of evaporation. The formation of dolostone was
due to the seepage-reflux of brine in the penecontemporaneous period.

(b) The distribution of dolostone in the Ms° of the Daniudi Gas Field was controlled by
sedimentary paleogeomorphology. The strong correlation between the distribution of
dolostone and paleokarst landform was attributed to the inheritance of paleokarst
landform to sedimentary paleogeomorphology. During periods of frequent sea-level
changes, higher terrain areas were more vulnerable to sea-level changes. Therefore, it
was easier to develop multi-period cycles of limestone and dolostone, resulting in a
larger cumulative thickness of dolostone. Highlands were subject to evaporation for
a longer period and, thus, more easily formed very fine crystalline dolostone.

(c) Under the gentle slope of the epicontinental sea, dolostone was more likely to develop
extensively on a large-scale exposed surface during the regressing period. The change
in sea level had a greater impact on the tidal flat environment under such geo-morphic
conditions. Moreover, the distribution of dolostone had good continuity in plane.
The unoriented flow and uneven effect of the seepage-reflux dolomitization fluid
caused the difference in the distribution of dolostone. Overall, limestone under the
evaporation environment on the highlands was widely dolomitized, and the higher
terrain and slower slope contributed to the development of large-scale dolostone
reservoirs.
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