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Core samples from the deeply buried Ordovician Majiagou Formation below the Huainan Coalfield (E
China) have been investigated for their carbonate types, major and trace elements (including rare earth
elements) and C and O isotopes. The objective was to get a better insight into the possible occurrences of
gas (and possibly oil) derived from Carboniferous coals. It was found that the carbonates are dolomites
with strongly varying amounts of CaO and MgO. The low concentrations of SiO, Al;03, and Fe;03
indicate deposition in a normal marine environment with little terrigenous input. The NayO/K;0, Fe/Mn
and Sr/Ba ratios, as well as the Ga values indicate mainly a marine salinity and a hot and humid climate.
The slight depletion of Ce and Eu, the depletion of heavy rare earth elements (HREE) and the enrichment
of light rare earth elements (LREE) indicate deposition in a reducing environment. It thus appears that
the Majiagou Formation below the Huainan Coalfield closely resembles that in the eastern part of the
Ordos Basin, where several gas reservoirs are present, so that the Majiagou Formation under the Huainan
Coalfield represents a promising target for hydrocarbon exploration.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

The Middle Ordovician Majiagou Formation was deposited on
the North China Block (also known as the Sino-Korean Block) and
consists of thick carbonates (Meng et al., 1997; Tian and Xiao, 2013),
which have been studied frequently (e.g., Meng et al., 1997; Wang
and Sun, 2013; Huo et al., 2014; Su et al., 2017). These studies
focused, however, on the northern part of the North China Block
(see also Wang et al., 2018; Xue, 2018), and most of these studies
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deal with the diagenetic characteristics (e.g., Tian and Xiao, 2013;
Huo et al., 2014; Wei et al., 2017, Liu et al., 2020; Xiong et al., 2020),
the lithology (Xue, 2018), the geochemistry, sedimentology, C and O
isotopes, etc., particularly in the Ordos Basin (see, among others, Fu
etal, 2021; Su et al., 2021) and its adjacent areas in the central part
of the North China Block.

The main objective of almost all above studies was the collection
of data that would help efficient and effective exploration for gas
(derived from Carboniferous coal) and possibly oil. This can be done
by determining the sedimentary environment in which a specific
rock unit is deposited, and by reconstructing the various facies and
their characteristics during sedimentation. For example, the Sr/Ba
ratio and the Ga content of trace elements can be used to distin-
guish the continental or marine conditions that prevailed during
accumulation of carbonate rocks. Taking the Majiagou Formation as
an example, this formation must have been deposited in a normal
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marine environment. This is consistent with earlier studies (He
et al,, 2014; Bao et al., 2017; Wang et al., 2018). The Mg/Ca, Sr/Ca
and Mn/Sr ratios can also be used to determine the alteration and
diagenesis of carbonate rocks (Derry et al., 1989; Kim et al., 1999;
Averyt et al., 2003; Bayon et al., 2007; Tian, 2016; Wei et al., 2017;
Liu et al., 2020; Xiong et al., 2020). Terrigenous influence can be
determined by major elements, viz. through the Fe;03, Al;03 and
SiO; ratios (Wang et al., 2018); the Na;O/K50 ratio provides infor-
mation about the salinity (Gerdes et al., 2002; Huang et al., 2008)
The study of the stable C and O isotopes in carbonate rocks is also
widely used for the quantitative interpretation of the salinity and
the water temperature during deposition, as well as for analysis of
the diagenetic environment and the resulting alterations (Land and
Hoops, 1973; Spielhagen and Erlenkeuser, 1994; Garcés et al., 1995;
Wang and Al-Aasm, 2002; Gillikin et al., 2006; Baghdady et al.,
2017; Nicolas et al., 2018; Liu et al., 2020; Xiang et al., 2020).
These studies have provided a wealth of useful information for the
petroleum and gas exploration.

Analysis of rare earth elements (REE) has nowadays become a
useful tool to reconstruct the depositional environment of car-
bonates. Su et al. (2017) deduced that sea water percolating
through the Majiagou Fm. must have been responsible for the
dolomitization of the carbonates that initially were limestones,
because Eu shows no positive anomaly that might be explained by
the influx of meteoric water through karstic limestone. Xiang et al.
(2020) found in their geochemical study of major elements, trace
elements, rare earth elements and the stable isotopes of carbon,
oxygen and strontium in the Majiagou Fm. that the dolomite was
formed under high-temperature burial conditions, and that the
dolomitizing fluids had all a similar origin/source.

Relatively few studies concern the Majiagou Formation in the
southern part of the North China Block because of its deep burial.
Most of them deal with the environment in which the vegetation
that changed into coal developed, and with the climate at the time
(Sun et al.,, 2010; Li et al., 2013; Han et al., 2015; Chen et al., 2018;
Munir et al,, 2018; Wang, 2020; Zhang et al., 2021). The present
study aims at revealing the characteristics of the sedimentary
environment of the deeply-buried Majiagou Fm. on the southern
part of the North China Block by geochemical, petrological and
mineralogical investigation of cores obtained from the Majiagou
carbonates by the drilling of a well below the Huainan Coalfield.

2. Geological setting

The study area is situated in the southeastern corner of a giant
Carboniferous—Permian coal-accumulating depression in the
Huainan area in northern China (Fig. 1). Tectonically this is in the
southern margin of the North China Block. The southern margin of
the North China Plate is mainly controlled by the orogeny of the
Qinling-Dabie orogenic belt. This belt and its adjacent areas have
experienced a long and complex evolutionary history. It is a com-
plex continental orogenic belt, formed by the subduction of the
North China Plate during its collision with the South China Plate
(also called the Yangtze Plate) and the Qinling Plate. During the Late
Paleozoic, the southern margin of North China became an active
continental margin due to the subduction of the Yangtze Plate
under the North China Plate (Ma, 2008). The subsidence center of
the North China Plate moved southwards. A small high was formed
in the north of Huainan. With the change of the global sea level,
extensive and thick delta deposits formed in the Huainan Basin in
the southern part of North China. The Huainan Basin is bound in the
south by the Mesozoic Hefei Depression, in the north by the
Bengbu—Taihe High, in the west by the Mesozoic—Cenozoic
Zhoukou Depression, and in the east by the Tanlu Fault Zone (Fig. 1).

The rocks under study constitute the upper half of the Middle
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Ordovician Majiagou Formation below the Huainan Coalfield; the
formation consists of carbonate rocks that form a succession be-
tween the overlying Permo-Carboniferous Taiyuan Formation and
the underlying Cambrian Tuba Formation. The Majiagou Formation
has been studied, sampled and analyzed previously, but almost
exclusively in the Ordos Basin. We compare our findings with those
of Wang et al. (2018), because of the comparable setting, but also to
find out whether the rocks under study here, which are buried
deeply below the Huainan Coalfield, could - in principle - house
hydrocarbon reservoirs like the equivalent rocks in the eastern part
of the Ordos Basin studied by Wang et al. (2018), which are buried
much less deeply. This difference in depth may have had implica-
tions for the origination and preservation of hydrocarbons, so that
it is of great scientific and economic importance to compare the
formation in these two areas (Fig. 2). This is done primarily on the
basis of the petrological composition, the contents of major and
trace elements, and the anomalies in the concentrations of the
stable carbon and oxygen isotopes.

In the study area, the top part of the Majiagou Formation con-
sists mainly of light grayish green and dark red carbonates with
some grayish parts. The carbonates are cryptocrystalline with well-
developed primary fissures and equally well-developed cement.
Downwards the color becomes grayish to grayish green due to the
presence of more clayey material and it becomes finer crypto-
crystalline. The lowermost part of the Majiagou Formation is light
white and yellow, and the unweathered surface is fleshy red, and
the rocks are still cryptocrystalline.

Three samples (Fig. 2) were collected from the Majiagou For-
mation for analysis. The samples are a dolomite (sample SO1), a
dolomitic limestone (sample SO2) and a calcareous dolomite
(sample SO3). The names of the rock types are based on the CaO/
MgO ratio (cf. Chilingar, 1960; Feng, 1993): if the ratio is > 50.1, a
sample is named ‘limestone’; if the ratio is 4.0—50.1, it is named
‘dolomitic limestone’; if the ratio is 1.5—4.0, it is named ‘calcareous
dolomite’; and if the ratio is < 1.5, it is named ‘dolomite’.

Element analysis makes it possible, in combination with thin-
section analysis of the samples, to reconstruct the geochemical
and paleoenvironmental characteristics of the dolomites. Compar-
ison of these results with the geochemical characteristics of three
representative and petrologically comparable reference samples
(ZJ4, a dolomite; Z]14, a dolomitic limestone; and ZJ24, a calcareous
dolomite) collected by Wang et al. (2018) from correlatable levels of
the Majiagou Formation in the eastern margin of the Ordos Basin
(Fig. 2) provides insight into the environment of the formation
where buried below the Huainan Coalfield. This is particularly of
interest because the Majiagou Formation had not been drilled and
sampled before in the Huainan Basin and also because only few
data are available about this formation from outside the Ordos
Basin. Consequently, important new information could thus be
obtained that will be helpful for future oil and gas exploration in
the southern part of the North China Block.

3. Materials and methods
3.1. Sample collection and preparation

Dolomite samples from the middle and upper parts of the
Majiagou Formation were collected from borehole Y2 in the
Huainan Coalfield (Fig. 2). Three cores were obtained: a lower one
with a length of 6.9 m (with a recovery of 86%), an intermediate one
(length 9.9 m, recovery 96%), and an upper one (length 8.5 m, re-
covery 96%). From each of these cores, a representative sample was
taken, coded SO1, SO2, and SO3, respectively (Fig. 2). The parts of
the samples that were not selected for analysis were stored in
airtight self-sealing bags and placed in dryers to protect the
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samples from weathering. The selected parts of the samples were
ground and sent immediately after preparation to the laboratory of
the University of Science and Technology of China.

The samples for investigation in the laboratory were taken from
fresh (unweathered) parts of the collected material. These samples
were divided into two portions, one for analysis and one as a
standby (Fig. 3). The samples for analysis were sliced and ground
again according to the specifics of the test. The cutting, carried out
with a PetroThin thin-section cutter, yielded slices of 100—150 um
thick. Subsequently, they were ground to 30 um on a Lapping plate
and polished.

The other selected material was crushed with a grinder to less
than 60-mesh and subsequently ground in an agate mortar with a
grinding rod to 160—200-mesh. This ground material was divided
into four portions of approx. 100 g each, which were stored in
numbered brown glass bottles.

The chosen samples were analyzed for major elements, trace
elements, REE, and C and O isotopes. The weight of each sample
used for a specific laboratory test was at least 50 mg (Fig. 3).

3.2. Analyses

The selected samples were investigated in order to identify the
constituting minerals (see 3.2.1), to determine the concentrations
(as oxides) of the major elements (3.2.2), to determine the contents
of trace elements (including REE) (3.2.3), and to establish the ratios
of the stable carbon and oxygen isotopes (3.2.4).

3.2.1. Microscopic identification

The original core samples were sliced, gold plated, and identi-
fied under a DM4P polarizing microscope and a KYKY2800B scan-
ning electron microscope (SEM), respectively. Representative parts
were photographed for further analysis.

3.2.2. Analysis of major oxides

At least 10 g of each sample was taken for X-ray fluorescence
(XRF) analysis of the major elements. The powdered samples were
calcined at 70 °C for 12 h. The CaO, MgO, MnO, and Fe,03 contents
were determined with an Axiosm AX fluorescence spectrometer.
The range of this element analysis was from Be (4) to U (92). The
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reproducibility of the goniometer was 0.0001°.

3.2.3. Analysis of trace elements and rare earth elements

The main trace elements and REE (Sr, Ba, Ga, La, Ce, and Pr) were
measured with a NexION 300D inductively coupled plasma mass
spectrometer (ICP-MS). The powder was crushed to 200 mesh (fine
samples are easily dissolved by acetic acid leachates). The peak
value jumped one point per mass. The cooling air-flow rate was 5 L
per minute, and the sample lift rate was 1 mL per minute. The
measurement standards were GSS-5, GSR-6, GSD-12, and DZ-1 (see
Zhu et al., 2010), and the measurement error was less than 5%.

3.24. 3C and 80 isotope analysis

The '3C and ™80 isotopes were measured from whole-rock
powder. The powder was crushed to >200 mesh and dissolved in
HCI. Subsequently, it was heated at a constant temperature of
850 °C. A Mat-252 isotope mass spectrometer with 1000 mol/ion
sensitivity was used. The vacuum degree of the ion source was
<30 x 1072 mbar; the analysis chamber vacuum degree was
<50 x 1072 mbar; the 90° sector magnetic field had a magnetic
resonance of 230 mm; the standard deviations of the isotope mass
spectrometer were 0.07%o and 0.04%o (cf. Valley et al., 1995). All
analytical results are indicated according to the Pee Dee Belemnite
(PDB) standard.

4. Results

The results are presented following the structure in Section 3.
4.1. General characteristics of the samples

The three samples show characteristics that are described and
interpreted here shortly, because this interpretation helps under-
stand the findings regarding the major oxides and trace elements
(Section 4.2), and the stable carbon and oxygen isotopes (Section
43).
4.1.1. Sample SO1

This dolomite sample shows fissures in thin section (Fig. 4),
filled mainly with calcite. At the contact between the fissures and

®C and 0
isotope analysis

Sample preparation ®
Samples

A4

The original core samples
were sliced, gold-plated

Polanzmg microscope and investigated under a

and SEM

polarizing microscope

®

Physical treatments

!

and a SEM, respectively.

The samples were divided into two, one for analysis,

one as a stand-by.
ground to 200 mesh.

quartering subdivision, each about 100 g, stored in

brown glass bottles.
numbering of samples, test standby.

Fig. 3. Flow chart of the sample handling. The numbers indicate the order of handling procedures.
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clastic particle (center) with a
fluid inclusion

00 pm

Fig. 4. Thin sections (crossed nicols) of sample SO1, a dolomite. (a): Margin of a fracture caused by the pressure of a metasomatic fluid. (b): Clastic calcite particle with a fluid
inclusion (center), surrounded by two metasomatism-induced rims of authigenic calcite, indicating two separate phases of authigenesis.

the micrite matrix, small dolomite particles are locally present
attached to the wall. Some grayish argillaceous dolomite was
converted into sand-to silt-sized particles (Fig. 4).

The dolomite must have formed from calcite at the edge of the
fissure due to dolomitization (Fig. 4a). The transformation of the
grayish argillaceous dolomite into sand-to silt-sized particles was
due to metasomatism. This process played an important role and
resulted also, for instance, in the crystallization of an authigenic
calcite rim around a clastic calcite particle (Fig. 4b). After some
time, the growth of this rim stopped, but a new growth phase
started subsequently so that a second calcite rim developed
(Fig. 4b).

4.1.2. Sample SO2

This dolomitic limestone shows less interesting features. The
sample consists of calcite grains (Fig. 5a—b) and of micritic lime-
stone with grains of roughly similar sizes, and a small amount of
sparry calcite.

4.1.3. Sample SO3

This calcareous dolomite shows a dual character in thin section:
one part consists of micrite with a uniform grain size with a few
well-developed calcite crystals (Fig. 6), whereas the other part
consists of angular to subangular poorly-sorted particles, that
clearly show dolomitization, intersected locally by fissures (Fig. 6a),
but such fissures are elsewhere absent (Fig. 6b).

The small grain size indicates a low-energy depositional

Calcite grains

environment. The particles are detrital and must have been
deposited not far away from the source rocks. Because the particles
are not in contact with each other, the substrate must have pro-
vided sufficient material to cause extensive carbonate cementation.
It seems that low-energy currents or waves broke up the semi-
consolidated debris in the basin and subsequently buried them,
which resulted eventually in compaction. Taken all data together, it
must be deduced that the rocks from which sample SO3 was taken
represent low-energy subaqueous conditions.

4.2. Major oxides and trace elements

The concentrations of the major elements (as oxides) are pre-
sented in Table 1. The major elements in carbonates reflect the
influence of the source material and the salinity of the depositional
environment; Table 2 shows the concentrations of the relevant
trace elements, which reflect diagenesis, alteration degree and
depositional environment; the REE concentrations in the three
samples (standardized for chondrites) and their main parameters
are presented in Table 3 and Table 4. They reflect the redox envi-
ronment (Eh) at the time of deposition.

In order to increase the insight into the depositional environ-
ment of the Majiagou Formation under the Huainan Coalfield, the
geochemical data of the Majiagou samples are compared in the
following sections with the same data obtained by Wang et al.
(2018) for the reference samples of the Majiagou Formation
(Fig. 7) in the eastern part of the Ordos Basin (Fig. 2).

Fig. 5. SEM photographs of sample SO2, a dolomitic limestone. (a): Characteristic texture of calcite grains. (b): Fissures within mostly dolomitic material embedded between calcite.
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Fig. 6. SEM photographs of sample SO3, a calcareous dolomite. (a): Characteristic texture of dolomite grains. (b): Microcrystalline calcite.

Table 1

Average concentration (in %) of the major elements (as oxides in the three investigated samples).
Sample Fe,03 MnO TiO, Ca0 K,0 SO3 P,0s Si0, Al,03 Na,O MgO Ca0/MgO Rock type
SO3 1.480 0.024 0.200 24430 2.170 0.900 0.060 19.400 4.400 0.010 13.370 1.830 Calcareous dolomite
SO02 0.220 0.004 0.100 45.050 0.930 0.300 0.039 10.320 2.100 0.00 1.660 27.140 Dolomitic limestone
SO1 0.370 0.019 0.000 28.800 0.160 0.100 0.025 9.170 0.200 0.00 19.270 1.490 Dolomite

Table 2 on the characteristics of the Majiagou Fm. in the study area are to be

Concentration (in ppm) of the most relevant trace elements of the three investigated
samples.

Sample Sr Ba Ga
SO3 72.31 237 0.78
SO02 111.72 6.73 3.36
SO1 42.62 14.07 12.32

4.3. 3¢ and 80 isotopes

The amounts of the stable isotopes of C and O are important
proxies for the diagenetic development of carbonate rocks. Table 5
presents the isotopic values of C and O in the three samples. The
analyses show that the 13C isotope content of the Majiagou samples
fluctuates only slightly, from —4.91%o to +1.24%o.. The 0 isotope
content is low and shows medium negative values, ranging
from —8.18%o to —6.78%o.

5. Discussion

Several aspects need more discussion if the conclusions based

understood sufficiently well to help exploration for gas (and
possibly oil) become more effective. The main aspects to be dis-
cussed, on the basis of the data presented in the Results section,
regard the depositional environment (5.1), the salinity of the
environment (5.2), its redox conditions (5.3), the stable carbon sand
oxygen isotopes (5.4), the diagenetic history (5.5) and the resulting
alteration of the carbonates (5.6).

5.1. Alteration of the carbonates

Particularly the Mg/Ca, Sr/Ca and Mn/Sr ratios provide much
information about the alteration of the carbonates of the Majiagou
Fm. in the Huainan Basin.

5.1.1. The Mg/Ca and Sr/Ca ratios

Alteration can cause redistribution of trace elements in marine
carbonate rocks, particularly due to the percolation of (fresh)
meteoric water. The latter contains, in contrast to seawater, only
very small amounts of Sr, which implies that the rocks become
depleted in Sr. Also Mg is sensitive to such alteration, but Ca is not. If
the Mg/Ca ratio consequently changes significantly (by a factor of 2

Table 3
Standardized values (in ppm) of rare earth elements in dolomite.
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
SO3 59.03 12.38 30.33 26.33 14.00 9.39 14.05 11.80 3.01 5.57 7.24 5.25 6.12 7.14
SO2 34.19 2847 17.05 14.52 7.54 4.90 5.21 6.33 3.66 334 4.14 3.09 3.83 6.21
SO1 12.68 12.13 7.30 6.55 3.69 2.04 247 3.16 1.89 1.53 1.90 1.23 1.39 0.93
Table 4
Main parameters of the rare earth elements in the three investigated samples.
Sample S"REE (107%) LREE (1079) HREE (1079) L/H ratio 3Ce 3Eu (La/Yb) n (La/Sm)
SO3 211.64 151.46 60.18 2.52 0.29 0.67 9.65 422
SO2 142.48 106.67 35.81 2.98 1.18 0.78 8.93 6.97
SO1 58.89 44.39 14.50 3.06 1.26 0.68 9.12 344

2524
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Fig. 7. Oxygen-isotope anomalies in the carbonates under study and in the reference samples (Wang et al., 2013, 2018).

Table 5
Relative values (in %o) of the stable carbon and oxygen isotopes in the three inves-
tigated samples.

Sample S03 S02 So1
313C -491 -1.16 ~1.24
3'%0 —-6.78 —-7.83 -8.18

or more), the Sr/Ca ratio consequently also decreases significantly.
Such a decrease therefore suggests that the carbonates have suf-
fered from strong (commonly late) alteration (Averyt et al., 2003;
Bayon et al., 2007; Tian, 2016). Our analyses show (Tables 2 and 6)
that the Sr concentration in samples SO1 through SO3 did not
diminish that much. The Mg/Ca ratio in sample SO2 was reduced,
indeed, but less than in samples SO1 and SO3. This indicates that
not the entire Majiagou Formation experienced intense alteration.

The Mg/Ca ratio in sample SO2 is relatively low. This may well
have been caused by a relatively large influx of meteoric water into
the limestone shortly after deposition. This is not unlikely because
of the shallow-marine setting of the lower part of the Majiagou
Formation. The Sr/Ca ratios in the investigated samples are 0.0021
(SO1), 0.0035 (SO2) and 0.0414 (SO3) (Table 6). The high values in
samples SO2 and SO3 indicate that the lower part of the succession
was much more than the upper part exposed to continental

Table 6

Mn/Sr, Mg/Ca, Sr/Ca ratios in the three investigated samples.
Sample S03 S02 So1
Mn/Sr 0.41 0.12 0.58
Sr/Ca 0.0414 0.0034 0.0021
Mg/Ca 0.459 0.031 0.562
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conditions that allowed the precipitation of rainwater.

5.1.2. The Mn/Sr ratio

The Mn/Sr ratio is a sensitive proxy for judging the diagenesis
and alteration degree of marine carbonates. The higher the content
of Sr and the lower the content of Mn, the lower the Mn/Sr ratio will
be. Because a high Sr content indicates little influence of rain water
(see the above section), this implies that a low Mn/Sr ratio indicates
reliable information about the characteristics of the seawater dur-
ing deposition of the carbonates (cf. Derry et al., 1989; Kim et al.,
1999). An Mn/Sr ratio <2 is commonly considered to represent
weak or non-existent diagenetic alteration (e.g., Jacobsen and
Kaufman, 1999; Korte et al., 2003, 2006; Huang, 2010).

The Mn/Sr ratios of our samples range from 0.41 to 0.58, and
thus all are less than 1. It is therefore likely that the carbonates
under study were not diagenetically altered.

5.2. Sedimentary environment

The interpretation of the sedimentary environment of a specific
geological unit is commonly based primarily on field observations
regarding lithology, facies and lateral and vertical facies shifts, fossil
content, sedimentary structures, etc. Such data are absent here,
however, because only some cored sections (from which 3 samples
were taken) are available. Consequently, most data that can help
reconstruct the sedimentary environment must be derived from
the samples. These were investigated for their chemical composi-
tion on the basis of the content of both the major elements (as
oxides) (5.1.1) and the trace elements (5.1.2).
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5.2.1. Sedimentary environment as deduced from the major
elements

Clay minerals adsorb K and Na that is present in the water in the
sedimentary environment where clay minerals are deposited
(Gerdes et al., 2002). The higher the water salinity, the more K and
Na are adsorbed, but K is more easily adsorbed than Na. The content
of K;0 + NayO in carbonate rocks can therefore be used as a proxy
for the salinity of the depositional environment. The lower the
NayO/K>O0 ratio, the higher the salinity of the water was.

In the samples under study here, the total amount of

Petroleum Science 19 (2022) 2519—2532

K20 + NayO was largest in sample SO3 (the calcareous dolomite),
while its NayO/K,0 ratio was close to the minimum (Table 1,
Fig. 8a). This implies that the salinity of the sea water was high. As
will be detailed in the section about the trace-element analysis
(5.1.2), the climatic was hot and humid, so that it may be presumed
that the evaporation was strong, which unavoidably increased the
salinity of the seawater.

Remarkably, the Na;O concentration in the reference samples
ZJ4, ZJ14 and ZJ24 (Wang et al., 2018) is higher than in the samples
from the Huainan Basin under study, where this value tends to be
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Fig. 8. Comparison of the characteristics of the major elements in the carbonates of the Majiagou Formation under the Huainan Coalfield (left) and in the eastern Ordos Basin (right)
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Ga concentrations. (e): Fe/Mn ratios. (f): Carbon and oxygen isotope anomalies.
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practically nil. This is because Na ions occupy crystal defects in the
carbonate crystals that resulted in voids in the crystal lattice (cf.
Morse and Mackenzie, 1990). There must have been many such
spaces in the carbonates’ lattices, while the Na content in the
shallow-marine carbonates was high. The number of crystal defects
decreased, however, with ongoing burial diagenesis, so that the
defect-related spaces in the lattice decreased, and the carbonates
consequently lost Na continuously (cf. Malone et al., 2001).

The deep burial that the Majiagou Formation underwent in the
Huainan area (and that led to the loss of Na) is due to the tectonic
context. Since the Middle Ordovician, the North China Block was
uplifted as a consequence of the subduction of plates at both sides;
this uplift resulted, obviously, in denudation. This changed in the
Late Carboniferous, when the southern part of the North China
Block was converted into a subsiding basin (Chen, 2000; Meng
et al.,, 2018), eventually leading to deep burial of the Majiagou
Formation.

The supply of terrigenous material had a significant impact on
the depositional conditions of the carbonates. The sediments
became enriched in components that were resistant to weathering,
such as SiOz, whereas some elements that were easily set free
because of weathering or because they went easily into solution,
such as Fe and Al, precipitated when the pH of the seawater
changed. The enrichment of these elements (in the form of varia-
tions in the contents of the Fe, Al and Si oxides) in the investigated
samples (Fig. 8b) shows the significant influence of the terrigenous
input (cf. Pattan et al., 2005; Acharya et al., 2015; Yu et al., 2017).
The amounts of SiO, and Al,O3 increased gradually from SO1 to
SO3. This indicates that the input of terrigenous material gradually
increased, and thus that the weathering and denudation of the
source area became stronger. The SiO, content of Majiagou For-
mation in the reference samples from the Ordos Basin (Wang et al.,
2018) is lower than in the Huainan Basin, which is strong evidence
that the Huainan Basin was situated more closely to the source area
of the terrigenous material than most of the rest of the Ordos Basin.

5.2.2. Trace-element analysis

The distribution of trace elements in sediments (or sedimentary
rocks) is determined not only by the sedimentary environment and
the geochemical properties of the elements themselves, but is also
influenced by alteration and other diagenetic processes (Pruysers
et al,, 1991; Zhou et al., 2000; Abanda and Hannigan, 2006; Wang
and Sun, 2013; Gong et al., 2018). Consequently, the concentra-
tions of the various trace elements can provide information about
the depositional conditions only if diagenesis did not or hardly
affect the sediments. On the other hand, the concentrations of trace
elements can be used to analyze the diagenetic processes and the
degree of diagenesis.

The trace elements in the samples under study were found to
provide information about both the depositional conditions (e.g.
salinity of the sweater; see Section 5.2) and the diagenetic alter-
ations (see Section 5.6).

5.3. Salinity

It has been found in numerous studies that some trace elements
can provide information about the salinity of the water in which
sediments accumulated. This holds particularly for the Sr/Ba ratio
(e.g., Wei and Algeo, 2020; Wang et al., 2021) and the gadolinium
(Ga) content (e.g., Zhu et al.,, 2004; Paffrath et al., 2020).

5.3.1. The Sr/Ba ratio

The Sr/Ba ratio is often analyzed with the purpose to reconstruct
the salinity of the depositional aquatic environment of both marine
and continental sediments. The chemical properties of Sr and Ba are
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similar, but their ratios are influenced by the sedimentary envi-
ronment because of differences in geochemical behavior (Adegoke
et al., 2014; Paytan et al., 2007; Stiieken et al., 2020; Wei and Algeo,
2020; Wang et al., 2021): Sr has stronger migration ability than Ba
so that, when the salinity of the water increases gradually due to
evaporation, precipitation in the form of BaSO4 occurs first. When
the lake or sea water is concentrated to a certain extent, SrSO4 can
precipitate. Thus, Sr and Ba compete for sulfate ions, which leads to
reverse growth and decline in their content. Consequently, the
content of Sr or — better - the Sr/Ba ratio can be used as a proxy for
the salinity during sedimentation (Liu et al., 1993; Gerdes et al,,
2002; Yang et al., 2017).

The extracted Sr/Ba ratios are <1.0 in fresh (fluvial) water,
1.0—-3.0 in brackish water (delta front), 3.0—8.0 in saltwater (pro-
delta), and >8.0 in normal seawater (neritic environments) (Wang
et al,, 2021). The range of the Sr/Ba ratio in the samples from the
Majiagou Formation is 3.03—30.51 (Fig. 8c), Only the Sr/Ba ratio of
sample SO1 is higher than 3 and lower than 8. These values for
samples SO2 and SO3 are much higher than 8. This shows that the
carbonates under study were minimally affected by influx of fresh
water from a continent, so the depositional environment was truly
marine. A similar conclusion has been drawn by Wang et al. (2018)
for the three reference samples from the Majiagou Formation.

5.3.2. Ga content

Also the Ga content in carbonate sediments can be used for
distinguishing marine from continental deposits (Sahlstrom et al.,
2017): if the Ga concentration is less than 15 ppm, it indicates
marine conditions, whereas a range between roughly 18 and
23 ppm indicates continental deposition (Landsberger and Bode,
1990; Feng, 2000; Sahlstrom et al., 2017; Yang et al., 2017).

The concentration of Ga in the samples under study varies from
0.78 to 12.32 ppm (see Table 2), and is consequently less than the
value of 15 ppm which is commonly taken as the boundary value
between a marine and a fresh-water environment. This indicates a
marine depositional environment. Similar findings have been ob-
tained for the three reference samples from the Majiagou Forma-
tion (Fig. 8d).

5.3.3. Conclusions regarding the salinity

By combining the above data concerning the Sr/Ba ratio and the
Ga concentrations in both our samples and the reference samples
described by Wang et al. (2018), it must be deduced that the
sedimentary environment of the Majiagou Formation in the
Huainan Basin was, regarding the salinity of the water, well com-
parable with that of the Ordos Basin in the area studied by Wang
et al. (2018): normal marine conditions prevailed.

5.4. Redox conditions

Rare earth elements (REE) are commonly used for the recon-
struction of the depositional environment because of their unique
geochemical behavior and their sensitivity to environmental
changes. Negative values of dCe and dEu indicate a reducing envi-
ronment (Elderfield and Pagett, 1986; Wright et al., 1987;
McLennan, 1989, 2018; Webb and Kamber, 2000 Ounis et al., 2008;
Himmler et al., 2010; Li et al., 2017; Caetano-Filho et al., 2018). The
REE content in carbonate rocks has been standardized for chon-
drites (the standardization of values is indicated by the subscript
letter N, e.g. Cen; Cey thus represents the value of Ce presented on
the basis of the laboratory analysis divided through the standard-
ized Ce value).

The REE values in the investigated samples show a poor corre-
lation between dCe and Layn/Smy (Fig. 9a), indicating that the Ce
concentration represents the concentration in the original
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Fig. 9. Characteristic scatter plots of rare earth elements and trace elements in carbonate rocks from the Majiagou Formation in the Ordos Basin (Qiang et al., 2015).

sediment and that it was hardly affected by diagenesis or weath-
ering. The weak correlation between dCe and the sum of all REE
(>"REE) in the three samples (Fig. 9b) indicates that diagenesis had
only a limited influence on the negative Ce anomalies in the REE,
and the same holds for the correlation between 3Eu and SREE
(Fig. 9c), which supports this conclusion. Fig. 10 shows the
normalized distribution pattern of the REE.

The cerium anomaly (Ce/Ce* or dCe) can also be calculated by
dCe = CeN/(LaN*PrN)”z, where N is the standard value for chon-
drites. If 8Ce >1, it is considered a positive anomaly, and if 5Ce
<0.95, it is considered a negative anomaly (Lanzirott and Hanson,
1996; Liang et al., 2005; Huang et al., 2008; Zhang et al., 2011).

The values of Ce in the samples SO1 through SO3 range from
0.29 to 1.26. The dCe value in the SO3 dolomite sample is less than
0.95, indicating a reducing aqueous environment, suggesting that
the sea was deep. In our lowermost sample, SO1 (dolomite), and the
middle sample, SO2 (dolomitic limestone), the 3Ce value of >1 in-
dicates an oxidizing water body, suggesting a shallow environment.

Regarding the Eu values, it is known (e.g., Lanzirott and Hanson,
1996; Zhao and Gao, 1998; Liang et al., 2005) that dEu = Euy/
(Smn*Gdy)'2. In the samples under study, SEu ranges from 0.67 to
0.78, thus showing only slight anomalies (see Fig. 10 for the
normalized distribution pattern of REE). The figure shows that the
REE are more abundant on the left side and less on the right side,
which indicates LREE enrichment and HREE depletion. In this
respect, the samples under study are well comparable to the values
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Fig. 10. REE distribution picture in the carbonates under study and in the reference
samples (Tian and Xiao, 2013; Wang et al., 2018).
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of the reference samples investigated by Wang et al. (2018). Both
sample groups also show a negative Eu anomaly, indicating that
they were both formed in an alkaline reducing environment (cf.
Puchelt and Emmermann, 1976; Huang et al., 2008; Qiang et al.,
2015; Xie et al., 2019).

5.5. Stable carbon and oxygen isotopes

The study of stable C and O isotopes in carbonate rocks is widely
used for the quantitative interpretation of the salinity and the water
temperature during deposition, and for analysis of the diagenetic
environment and the resulting alterations (Garcés et al., 1995; Land
and Hoops, 1973; Spielhagen and Erlenkeuser, 1994; Gillikin et al.,
2006; Baghdady et al., 2017; Nicolas et al., 2018). The values of
the C and O isotopes in the carbonates under study here are shown
in Table 5.

Fig. 8f shows the 3Cppg and '®0ppg values for both the investi-
gated and the reference samples. The 3C and 80 values of all three
samples under study here are medium to slightly negative. This is
consistent with the environmental requirements for the formation
of dolomite and limestone: the dolomite was formed in a shallow,
strongly saline marine environment in a hot, arid climate with
much evaporation. The light carbon and oxygen isotopes evapo-
rated preferentially so that the heavy isotopes became relatively
enriched in the seawater (cf. Spielhagen and Erlenkeuser, 1994).

Keith and Weber (1964) combined '3C and 80 data to estimate
the salinity of a depositional environment and to distinguish ma-
rine from continental deposits by the so-called Z-value: Z = 2.048
(313C + 50) + 0.498 (5'80 + 50). A Z-value > 120 indicates a marine
depositional environment, whereas a value < 120 indicates a con-
tinental environment (Z = 120 is not decisive). We found that both
the samples SO1 and SO2 have Z-values over 120, thus indicating a
marine sedimentary environment, whereas that of SO3 is less than
120, thus suggesting a fresh-water (possibly brackish) sedimentary
environment. This indicates that the Majiagou Formation was
initially deposited in a marine environment, but that later, when
the climate on the North China Platform had changed to dry and
hot, and when the basin was uplifted and the sea level dropped
(Chen, 2000; Meng et al., 2018), the influence of atmospheric fresh
water increased.

5.6. Diagenetic development

The diagenesis of the carbonates of the Majiagou Formation in
North China has been studied particularly for the Ordos Basin (Huo
et al., 2014; Wei et al., 2017; Liu et al., 2020; Xiong et al., 2020).
Relatively few studies are available for the eastern part of North
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China, except for the region around the city of Langgu (Xiang et al.,
2020), where dolomite is dominant in the lower part of the for-
mation, gray micritic limestone dominates the middle part, and the
upper part consists again mainly of dolomite. No comparable
studies are available for the Huainan Basin.

The three investigated samples (SO1—-S03) show some inter-
esting diagenetic features. Sample SO1 (dolomite) must have been
subjected to fluid-induced metasomatism, as evidenced by its
abundant pores; the resulting dolomitization is significant. Overall,
SO1 underwent strong pressure solution and dolomitization.
Sample SO2 (dolomitic limestone) shows distinct pressure solution,
as well as cementation of the grains in a mosaic pattern. The
pressure solution of the rock caused, in combination with the
percolating fluids, that earlier compaction-induced tension joints in
sample SO2 became filled with calcite. Although the pressure so-
lution in SO2 is significant, mainly in the gray micrite, its dolomi-
tization is not as significant as that in SO1. It may well be that the
dolomitization occurred through leaching in a late stage. Sample
SO3 (calcareous dolomite) was also subjected to compaction and
diagenesis but to a lesser degree due to the above-mentioned uplift
of the basin, which explains its still calcareous composition. This is
consistent with the findings of Wang et al. (2018) who also
analyzed the reference samples in detail, as well as with other
studies (e.g. Fu et al., 2019; Su et al., 2021). Moreover, comparison
with previous studies indicates that the diagenesis in the Huainan
Basin is well comparable to that in the North China Corridor (Xue,
2018).

Trace elements can be important tools for the reconstruction of
the diagenetic development (Kranz, 1976; Horowitz and Cronan,
1976; Pingitore, 1978). Particularly the distribution of Sr, Mn, Fe,
and some other elements can be helpful. Atmospheric fresh water
can cause depletion in Sr (Chester and Stoner, 1974; Brand, 1980; Lu
et al.,, 2005; Read et al., 2016). Marine carbonates can undergo such
a process shortly after deposition, and Fe and Mn may be enriched
simultaneously. The three investigated samples show that the
carbonates became enriched in Sr and depleted in Mn during early
diagenesis, and that dolomitization occurred in a late stage. Strong
evidence for late-diagenetic dolomitization is also provided by the
relationship between the Ca/Mg ratio and the concentrations of Sr
and Mn in the samples (Fig. 11), also for the reference samples
(Wang et al., 2018). The Ca/Mg ratio is significantly higher than 1,
which indicates that the dolomites of the Majiagou Formation were
formed in an environment that was sometimes full-marine, but
that there was sometimes a brackish or even fresh-water setting.
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Fig. 11. Relationship between the Ca/Mg ratio and other elements in the carbonates of
the Majiagou Formation. (a): Relationship with Mn. (b): Relationship with Sr. Data of
the reference samples from Wang et al. (2018).
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6. Comparison with the reference samples

In order to increase the effectivity of exploration for gas (and
possibly oil) in the deeply buried Majiagou Formation under the
Huainan Coalfield, a good insight into the depositional and diage-
netic characteristics is required. This has been done by a number of
analyses. Comparison with the characteristics of the reference
samples (Fig. 7) described by Wang et al. (2018), which are the only
samples of the Majiagou Formation investigated thus far in a
comparable way, can indicate whether the carbonates under
investigation here are comparable with (or different from) the
reference samples. The more similarities these two series of sam-
ples show, the more likely it is that the rocks under study are
comparable with their exposed or shallowly buried equivalents in
the eastern part of the Ordos Basin, of which much more is known.
This would, obviously, help interpret the possible target areas for
hydrocarbon exploration under the Huainan Coalfield.

Because the various geochemical characteristics of the Majiagou
Formation in the Huainan Basin have been described and inter-
preted in the above sections, we will not repeat them here. Rather,
we emphasize the comparative results between the geochemical
characteristics of the samples from the Huainan Basin with the
reference samples of Wang et al. (2018) and with other data from
the Ordos Basin.

6.1. Comparison of the sedimentary environment

The main oxides (Fe,0s3, Al,03 and Si»O3) (Fig. 8) do not show
significant differences between our and the reference samples
(Fig. 8b). This indicates that the depositional environments at both
study sites were comparable. The Sr/Ba ratios also show compara-
ble variations. Because these ratios exceed a value of 1 (Fig. 8c—d),
the depositional environment must have been marine.

The Ga concentrations of both series of samples are below
15 ppm, also indicating a marine environment (Pattan et al., 2005;
Acharya et al., 2015; Yu et al., 2017; Wang et al., 2018), supporting
the above interpretation.

6.2. Comparison of the redox conditions and isotope compositions

The LREE of both series of samples show enrichment, whereas
the HREE show depletion (Fig. 10). 3Eu shows a slightly negative
anomaly, indicating a relatively alkaline reducing environment (cf.
Wright et al., 1987; Qiang et al., 2015; Li et al., 2017; Caetano-Filho
et al.,, 2018), which is supported by the high Fe/Mn ratios in both
series of (Fig. 8e).

The 13C and 80 values in both sample series are medium to
slightly negative. The so-called Z-values, calculated following
Spielhagen and Erlenkeuser (1994) indicate that the depositional
environment was initially normal marine but that the water
became later brackish to fresh.

The comparable outcomes of the data concerning both series of
samples is understandable, because both study areas are situated
on the North China platform which became uplifted, resulting in a
falling relative sea level, so that both areas became exposed to fresh
water (Baghdady et al., 2017; Nicolas et al., 2018; Wei and Algeo,
2020; Wang et al., 2021).

7. Conclusions

The present study leads to the following main conclusions.

Analysis of the petrology, major elements, and trace element of
samples from the carbonates of the Middle Ordovician Majiagou
Formation under the Huainan Coalfield indicates that these rocks
are basically dolomites (sample SO1 is a dolomite, SO2 is a
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dolomitic limestone, and SO3 is a calcareous dolomite) that formed
in a marine environment unaffected by terrigenous input.

The major and trace elements indicate, on the basis of the MgO/
Cao0, Sr/Ba and Fe/Mn ratios, as well as the Ga content, a humid and
hot climate with increased salinity of the marine depositional
environment. The low negative values of 83C and 8'80 indicate that
the dolomite was formed in a high-temperature environment after
burial. The 8Eu and 3Ce values indicate an alkaline, commonly
reducing environment.

The geochemical characteristics of the investigated samples
from the Majiagou Formation, collected from cores reaching the
formation below the Huainan Coalfield, are compared with those
from samples collected from the eastern part of the Ordos Basin.
The analyses indicate overall well-comparable characteristics of the
depositional environment, including salinity and redox conditions.

Considering that the Majiagou Formation in the eastern part of
the Ordos Basin contains important oil and gas reservoirs, it must
therefore be deduced that it is economically advisable to investi-
gate the Majiagou Formation below the Huainan Coalfield in much
more detail, because it is a promising target for hydrocarbon
exploration.
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