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a b s t r a c t

Reconstructing paleoenvironments has long been considered a vital component for understanding the
development and evolution of carbonate reservoirs. The Middle Ordovician Period is considered the
archetypical greenhouse interval, and also a critical period in biological evolution. The Middle Darri-
wilian isotope carbon excursion has been observed in many areas of the world and may be related to the
biological explosions caused by decreases in the temperature. The thick carbonate rocks in the fifth
member of the Middle Ordovician Majiagou Formation in the Dingbei area of the Ordos Basin were
chosen as an example, based on the concentration of major, trace and rare earth elements as well as C, O
and Sr isotopic analyses, the paleoenvironment was reconstructed. And its impact on natural gas
exploration was analyzed. The results show that the seawater paleotemperature was 29 �C, suboxic-
anoxic paleoredox conditions were observed, and the seawater paleosalinity was high. A large number
of plankton in the biological explosion caused a rapid increase in the total organic carbon in carbonate
rocks, which provided natural gas as supplemental source rocks. Affected by early meteoric water, the
dissolution of gypsum laid the foundation for high-quality reservoirs, and the residual gypsum also
further preserved natural gas. This study provides new data for the paleoenvironment and a theoretical
basis for further natural gas 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/).
1. Introduction

Petroleum is an essential driver for human societies develop-
ment (Wang et al., 2022a; 2022b), recently, a set of important
carbonate reservoirs are developed in the Majiagou Formation of
the Middle Ordovician in the Ordos Basin (e.g., Fu et al., 2019; He
et al., 2020; He et al., 2021). Numerous research has been con-
ducted on reservoir characteristics (Yu and Cui, 2019), development
mechanism (Zhang et al., 2016, 2017), and evolution model (Xiao
et al., 2021; Xiong et al., 2022). The development of carbonate
rocks is severely restricted by the paleoenvironment, especially in
the mixed depositional model of evaporite and carbonate rocks
developed in the study area (Xiao et al., 2021). However, little work
has been done on the paleoenvironment reconstruction of the
Middle Ordovician in the Ordos Basin, which severely restricted the
).
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research on carbonate rock development and evolution.
The Ordovician is an important geological period of tectonic

climate and biological evolution in the Early Paleozoic. The
seawater temperatures reached a maximum of 45 �C in the early
Ordovician, but gradually dropped to about 23 �C in the late period
(e.g., Sepkoski, 1995; Dixon et al., 2001). Climate change may be an
important factor leading to biological evolution (Haq and Schutter,
2008; Young et al., 2010; Pohl et al., 2014). Three biological radia-
tions developed during the Ordovician, which are collectively
referred to as the Great Ordovician Biodiversification Event (Trotter
et al., 2008; Zhang et al., 2010; Chen, 2019; Danelian and Monnet;
2021). These events were not like the Cambrian one, while the
biological species and genera in this period became increasingly
“lush” (Webby et al., 2004). Severe climate change had a serious
impact on biological evolution, thus, studying the Ordovician
paleoenvironment is particularly important.

The inorganic carbon isotopic chemical stratigraphy of carbon-
ate rocks has the potential for global stratigraphic correlation (Ren
et al., 2017; Chen, 2019). Although the value of the C-isotopes (d13C)
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may change to a certain extent when affected by some regional
factors, for global isotopic changes such as the d13C excursion, the
overall evolution trend is clear. During the Middle Ordovician, at
approximately 464e466 Ma (Goldman et al., 2020), a d13C excur-
sion has been observed in many areas around the world, which has
been named the Middle Darriwilian isotope carbon excursion
(MDICE) and has received extensive attention (Schmitz et al., 2010;
Albanesi et al., 2013; Calner et al., 2014; Kah et al., 2016; Young
et al., 2016; Henderson et al., 2018; Bergstr€om et al., 2020;
Danelian and Monnet, 2021). This phenomenon was first recog-
nized in Baltoscandia by Ainsaar et al. (2004) and Meidla et al.
(2004). Then, the same excursion was seen in South China (e.g.,
Schmitz et al., 2010; Zhang et al., 2010), North America (e.g., Leslie
et al., 2011; Young et al., 2016), South America (Albanesi et al.,
2013), and other areas. The MDICE presents from �2.0‰ in the
Dapingian to approximately þ1.0‰ in the Middle Darriwilian
(Dw2-Dw3), and the d13C increases almost monotonically, except
for an abrupt negative peak at the base of the Dw2 stage slice (cf.
Wu et al., 2018).

The Ordos Basin is one of the areas with relatively complete
development and exposure of the EarlyeMiddle Ordovician strata
in the North China Platform (Qiang, 2019). Previous studies have
involved systematic research on oil and gas geology in this area
(Zhang et al., 2016, 2017; Wang et al., 2020); however, there are
relatively fewer studies on the evolution of paleoenvironment,
particularly in the Dingbei area. This study (a) provides new data
for petrography, elements, and REE concentrations to restrict the
paleoenvironment; (b) provides an understanding of paleoenvir-
onmental control for the MDICE caused by a biological explosion in
the Early Paleozoic; and (c) further explains the influence of the
MDICE event on natural gas exploration.

2. Geological backgrounds

The Ordos Basin, which is the second largest sedimentary basin
and one of the three largest carbonate basins in China, is rich in
natural gas resources (Wang et al., 2020). This basin is located in the
western region of the North China Platform, with a total area of
25 � 104 km2 (Su et al., 2012; Xie et al., 2020), and it can be divided
into the Yimeng Uplift, the Weibei Uplift, the Jinxi FaulteFold Belt,
the Yishan Slope, the Tianhuan Syncline and the FaulteFold Belt of
the Western Margin 6 structural units (Fig. 1).

The Majiagou Formation comprises carbonate rocks deposited
in the main part of the Ordos Basin and generally has several
hundred meters thick deposits. It is divided into 6 members that
recorded changes in sea level, with the second member (Ma2 Fm.),
fourth member (Ma4 Fm.), and sixth member (Ma6 Fm.) repre-
senting transgressive episodes, and the first member (Ma1 Fm.),
thirdmember (Ma3 Fm.), and fifth member (Ma5 Fm.) representing
regressive episodes (Yang, 2011; He et al., 2013). Affected by high
temperatures, as the Ordos Basin was near the equator during the
Middle Ordovician, a large number of gypsum rocks were co-
deposited with carbonate rocks during regression (Fig. 1).

The age of the Ma5 Fm. is constrained to the Dapingian-
Darriwilian by the correlation of regional biostratigraphy (Wang
et al., 2015; Zhao et al., 2015; Zhang et al., 2019). The biostratig-
raphy (L. variabilis and E. suecicus) corresponds to the Dw2 (An and
Zheng, 1990). During the end of Darriwilian and Sandbian, the
largest volcanic activity was recorded by an approximately 50 cm
thick volcanic tuff, whichwaswidely distributed in thewestern and
southern basin (e.g., Zhao et al., 2015).

There are two sets of source rocks developed in the basin: coal-
bearing source rocks in the upper Paleozoic and carbonate rocks in
the lower Paleozoic. The former exhibits relatively high total organic
carbon (TOC), maturity, and natural gas generation intensity
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compared with the carbonate rocks (Tu et al., 2016; Li et al., 2017).
The lower Paleozoic carbonate rocks can only provide natural gas as
supplemental source rocks (Qi and Guo, 2017; Xu et al., 2021). Many
types of reservoirs are developed in the Majiagou Formation,
including karst (Xiong et al., 2016), subsalt dolomite (Fu et al., 2019),
and limestone fracture reservoirs (Shu et al., 2021). Mudstone
developed in the Benxi and Taiyuan Formations, as direct caps, cover
the karst reservoir of Ma5 Fm., which plays a significant role in
protecting the underlying reservoirs. The deposited gypsum strata
can also promote natural gas sealing (Qi and Guo, 2017).

3. Methods

The petrological characteristics of samples were observed and
described using a microscope at the SINOPEC's Key Laboratory for
Petroleum Reservoir, China. The compositions of major and trace
elements; REEs and C, O and Sr isotopes were analyzed at the
Beijing Research Institute of Uranium Geology, China. Relatively
pure carbonate rock samples were obtained using a drilling bit with
a diameter of approximately 0.5 mm. Micro drilling samples were
obtained for portions without non-carbonate minerals before
conducting various experimental pretreatments.

A PerkinElmer 5300DV ICPeOES was used for the analysis of
major elements. After the bulk samples were ground into powder,
samples were heated at 1000 �C for 1 h, the excess materials were
dissolved by HNO3, HCl, and HF, and the contents of major elements
(including Ca, Mg, Fe, Mn, and Si) were determined. The trace el-
ements were conducted on a PerkinElmer Nexion300D ICP-MS
instrument, samples were digested in a mixture of nitric acid and
hydrofluoric acid at 185 �C for 24 h. And measured Sr, Zr, Hf, Ti, Sc,
Th, and other trace elements (the specific elements are shown in
Table 1). We analyzed the REEs using the dissolution methods of
Chen et al. (2013) to avoid the influence of non-carbonate minerals
components. The samples were ground into a 200-mesh powder,
before dissolving them with a mixture of nitric acid and hydroflu-
oric acid and testing the composition of REE þ Y.

The stable C and O isotopic compositions of carbonate samples
were also analyzed. The mentioned above samples were analyzed
using a Finnigan MAT253 mass spectrometer. The treatment
method was the same as that introduced in Lash (2018). The values
of d13C and d18O are reported in d per unit (‰) relative to the
ViennaePee$Dee$Belemnite (VePDB) standard and the Vienna
Standard Mean OceanWater (VeSMOW), respectively. The Chinese
standards GBW04416 (d13C ¼ þ 1.61 ± 0.03‰, VePDB and
d18O ¼ �11.59 ± 0.11‰, VePDB) and GBW04417
(d13C¼�6.06 ± 0.06‰, VePDB and d18O¼�24.12± 0.19‰, VePDB)
were used as standard samples, and the calibration of these stan-
dard samples was performed by testing every five samples to
ensure that the accuracy was better than 0.2‰.

Sr isotope tests were conducted on a Finnigan MAT Triton TI.
Approximately 100 mg of carbonate rock materials were weighed
(to 0.1 mg precision) into Savillex 7.5 mL Teflon-PFA vials. The
samples were dissolved on a hotplate at 80 �C using 2.0 mL of 0.2 M
HCl for 4 h. The sample solution is cooled to room temperature for
1 h before centrifugation for 8 min at 5000 rpm. Then, the super-
natant is picked up from a centrifugation tube and dried on a
hotplate. Next, the samples were re-dissolved with 1.0 mL of 2.5 M
HCl. Then, the sample solution was loaded onto the pre-
conditioned resin column with 2 mL of AG50W � 12 (200e400
mesh) for the separation of Sr from the sample matrix. After rinsing
four times with 0.5 mL of 2.5 M HCl, the column was washed with
7mL of 5MHCl. Afterward, the Sr fractionwas strippedwith 3.5mL
of 5 M HCl (Li et al., 2019). The obtained 87Sr/86Sr ratio was
compared to that of the NBS-987 standard sample
(87Sr/86Sr ¼ 0.710273 ± 0.000012).



Fig. 1. Map showing the structural location and strata development of the Dingbei area in the Ordos Basin (the geochronological frame is from Zhao et al., 2015, An and Zheng, 1990;
the red C isotope data were measured using samples in this study, and points shown in black are collected from He et al., 2014, Zhang et al., 2016, Cao et al., 2018, Yu and Cui, 2019,
He et al., 2021).

Table 1
Major and trace element composition.

Sample Depth, m Major elements composition, % Trace elements composition, ppm

CaO MgO FeO MnO Al Ti Ba Zr Hf Sc Th

DB18-4 4009.50 50.91 3.10 0.28 0.011 0.359 0.015 13.0 2.94 0.08 1.10 0.54
DB18-5 4008.52 29.72 21.67 0.29 0.015 0.431 0.015 13.2 3.26 0.12 0.87 0.49
DB5-10 3834.70 29.33 21.92 0.35 0.008 0.308 0.006 9.8 1.96 0.06 0.78 0.37
DB5-12 3830.85 28.77 22.62 0.10 0.012 0.309 0.011 5.6 1.68 0.06 0.49 0.29
DB8-8 4269.28 28.94 22.70 0.13 0.011 0.247 0.006 4.6 1.78 0.07 0.51 0.33
DB8-11 4270.49 38.46 13.73 0.10 0.006 0.435 0.012 11.7 2.26 0.08 0.67 0.49
DB10-4 3904.40 49.36 4.78 0.05 0.007 0.398 0.013 12.0 2.34 0.08 0.87 0.48

Sample Depth, m Trace elements composition, ppm

Rb Ni Cu Pb P V Cr Co U Sr

DB18-4 4009.50 2.59 20.10 1.97 1.48 0.006 8.19 3.39 2.10 1.40 235.0
DB18-5 4008.52 3.56 12.20 2.68 5.09 0.035 13.60 3.55 1.51 1.04 90.4
DB5-10 3834.70 2.49 13.50 2.21 4.54 0.024 11.60 2.76 1.60 0.95 86.0
DB5-12 3830.85 1.76 11.00 1.38 0.74 0.006 13.50 2.99 0.99 0.54 60.8
DB8-8 4269.28 1.50 10.30 1.46 0.80 0.006 7.78 2.12 0.94 0.57 61.0
DB8-11 4270.49 3.35 15.00 2.20 1.33 0.008 9.46 3.51 1.47 0.54 146.0
DB10-4 3904.40 2.16 20.00 2.31 2.07 0.007 8.17 2.93 1.77 2.12 206.0
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4. Results

4.1. Petrological characteristics

The lithology of the Ma5 Fm. in the Dingbei area are carbonate
and gypsum rocks. Intraclast biomicritic micritic limestone (L1),
silty dolomite (RD1), and fine crystalline dolomite (RD2) have been
50
observed in the study area according to the standard established by
Folk (1962) (Fig. 2).

Particles of L1 were relatively small, at only several microns. A
large number of intraclasts and foraminifera were observed
(Fig. 2a). Many mold pores, solution pores, and cracks were
observed. The cracks were filled with secondary calcite and dolo-
mite, and the filling crystals were large, typically greater than 200



Fig. 2. Petrographic characteristics in the Dingbei area (a. intraclast biological micritic limestone, visible intraclast, and foraminifera, DB10-3; b. silty dolomite, secondary dolomite
filled in the dissolution pore, DB5-11; c. silty dolomite, fracture filled with secondary calcite and dolomite, DB18-4; d. silty dolomite, secondary dolomite filled in the gypsum mold
pore, DB9-2; e. fine crystalline dolomite, dissolution pore, DB5-12; f. fine crystalline dolomite, secondary cement filled in the dissolution pore, DB5-10).
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mm in diameter (Fig. 2b and c). Some bioclasts contained cavities
but is relatively low. Dolomite crystals in RD1 are small, and mainly
distributed within several microns to dozens of microns (Fig. 2d).
Therewere few secondary cements filled in themold pores, and the
crystals were small (Fig. 2d). The particles in RD2 were coarse and
generally distributed within 100e200 mm, and dolomite enlarge-
ment was observed (Fig. 2eef). Some fractures and dissolved pores
were developed. The fractures were mostly filled with secondary
dolomite cement, and the cement crystal was larger than the ma-
trix at up to hundreds of microns.

4.2. Major and trace elements composition

The result of element analysis is shown in Table 1. The average
content of Ca was 36.50%, and that of Mg was 15.79%. The contents
of Fe and Mn were relatively low, with Fe less than 0.50%, Mn less
than 0.02%, and Al less than 0.5%.

The content of Sr ranges from 61 to 235 ppm, with an average of
126 ppm. The contents of Th, Sc, and Zr were low. The contents of
Th and Sc were basically lower than 1.0 ppm, with averages of 0.43
and 0.76 ppm, while the content of Zr was relatively high, with an
average of 2.32 ppm.

4.3. Rare earth elements composition

REEs can generally be well preserved over a long geological
history period, and the characteristics of REEs and Y can be used to
analyze the original sedimentary environment. The anomalies of
REEs are calculated using the following formula:

La=YbðPAASÞ ¼ La*=Yb*; dCe ¼ Ce*=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
La*� Pr*

p
; dEu ¼

Eu*=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sm*� Gd*

p
;
P

REE ¼ SUMðLa;Ce;Pr;Nd;Sm;Eu;Gd;Tb;Dy;Ho;
Er;Tm;Yb;LuÞ; *: value is standardizedwith Post-Archean Australian
Shale (PAAS).

As shown in Table 2, the REEþ Ypatterns were generally of a flat
shale type (Fig. 3). The total amount of REEs in the samples was low,
generally lower than 12 ppm, with an average of 11.58 ppm. There
was a certain degree of light REE enrichment, overall showing a
certain degree of negative Ce anomaly and no anomaly of Eu. The Y/
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Ho ratio was generally greater than 30, with an average of 32.44.

4.4. Isotopic characteristics

Seven samples were selected for the determination of C and O
isotopes (Table 3). The d13C value was distributed between �0.1
and þ 1.0‰, and d18O was distributed between �9.2 and �2.4‰. C
isotopes are distributed in the range of normal seawater; however,
O isotopes show a certain degree of negative bias, and C and O
isotopes show a certain correlation (Fig. 4).

The 87Sr/86Sr ratio is generally used to determine the change in
the global sea level because of its long-term stability in geological
history. Five samples were selected for Sr isotope tests, and the
results fluctuated between 0.7089 and 0.7095, with an average of
0.708939 (Table 3), which was similar to the Sr isotopes value of
global seawater during the Middle Ordovician (0.7084e0.7090,
Vollstaedt et al., 2014; Jiang et al., 2019).

5. Discussion

5.1. Sample contamination assessment

5.1.1. Evaluation of detrital contamination
The REE composition of carbonate rocks is easily affected by

non-carbonate components, such as detrital inputs, whether in the
early or late diagenesis (Banner et al., 1988; Ren et al., 2019;
Prasanta and Sarada, 2021). To prevent these impurities from
changing the results, it was necessary to assess the degree of
detrital contamination in our samples.

The REE þ Y distribution of carbonate samples represents the
original sedimentary environment, which is established when the
REE content is low. The following parameters can be used to eval-
uate whether the samples were polluted by detrital components.
P

REEs is less than 12 ppm, Y/Ho is greater than 26, Ti is less than
0.5%, Al is less than 1%, Th, Zr, and Hf are less than 20 ppm, these
parameters indicate samples free of terrigenous debris (Bolhar
et al., 2004; Sarangi et al., 2017; Jiu et al., 2021; Prasanta and
Sarada, 2021). There will not be much Sc in the chemical



Table 2
Rare earth elements and Y element composition.

Sample Depth, m Rare earth elements composition, ppm

La Ce Pr Nd Sm Eu Gd Tb Dy Ho

DB18-4 4009.50 2.70 5.23 0.62 2.64 0.72 0.17 0.77 0.12 0.69 0.14
DB18-5 4008.52 2.00 3.91 0.47 2.00 0.46 0.10 0.45 0.07 0.44 0.08
DB5-10 3834.7 1.18 2.21 0.25 0.99 0.20 0.05 0.22 0.04 0.21 0.04
DB5-12 3830.85 1.03 1.89 0.22 0.97 0.21 0.05 0.21 0.04 0.23 0.04
DB8-8 4269.28 1.48 2.89 0.33 1.31 0.24 0.05 0.26 0.03 0.16 0.03
DB8-11 4270.49 1.82 3.41 0.39 1.69 0.36 0.08 0.35 0.07 0.38 0.08
DB10-4 3904.40 2.13 4.15 0.49 2.23 0.64 0.18 0.77 0.11 0.58 0.12

Sample Depth, m Rare earth elements composition, ppm Y, ppm
P

REE dCe dEu Y/Ho

Er Tm Yb Lu

DB18-4 4009.50 0.35 0.05 0.32 0.05 4.21 18.76 0.88 0.99 30.07
DB18-5 4008.52 0.21 0.03 0.18 0.02 2.54 12.97 0.87 0.95 32.15
DB5-10 3834.7 0.12 0.02 0.12 0.02 1.29 6.94 0.89 0.94 34.86
DB5-12 3830.85 0.13 0.02 0.10 0.02 1.28 6.42 0.87 1.01 33.68
DB8-8 4269.28 0.11 0.02 0.10 0.01 0.94 7.97 0.90 0.94 27.65
DB8-11 4270.49 0.24 0.04 0.21 0.03 2.65 11.79 0.88 0.92 33.13
DB10-4 3904.40 0.37 0.05 0.29 0.04 4.09 16.23 0.88 1.14 35.57

Fig. 3. REE þ Y characteristics in the Dingbei area. Standardization is based on the REE
composition of PAAS. Since the atomic radius of Y is similar to that of Dy and Ho, Y was
placed between Dy and Ho.
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deposition process compared with the clastic rock. If the Sc content
is greater than 2 ppm, the sample might be strongly contaminated.
In this study, the average

P
REEs content was 11.58 ppm, Ti was less

than 0.02%, Al was less than 0.5%, Y/Ho was greater than 27, Zr, Hf,
and Th were less than 20 ppm and Sc was less than 2 ppm (Table 2),
the overall sample data were within the specified “no pollution”
range. Therefore, REE þ Y contents can represent the original
sedimentary paleoenvironment.

The Y/Ho parameter of terrigenous clasts remains ~26. The
characteristic ratio of detrital components would cover the original
seawater, although the amount of terrigenous detritus is small; a
Table 3
C/O and Sr isotope composition.

Sample Depth, m C/O isotope composition, ‰

d13CV-PDB d18OV-PDB

DB18-4 4009.50 þ0.6 �3.3
DB18-5 4008.52 þ1.0 �2.4
DB5-10 3834.70 þ0.9 �4.9
DB5-11 3832.50 þ0.9 �4.9
DB5-12 3830.85 þ0.9 �5.4
DB8-11 4270.49 þ0.2 �8.3
DB10-4 3904.40 �0.1 �9.2
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good correlation between Y/HoedCe and Zr can be observed; and
Al, Th, Sc, and Zr are enriched in detrital components. When a
certain number of detrital components are observed, an obvious
negative correlation between Al, Th, Zr, Sc, and Y/Ho exists (Duda
et al., 2014; Sarangi et al., 2017); however, this good correlation
has not been presented in the scatter diagram (Fig. 5aed).
Furthermore, dCe has a poor negative correlationwith Al, Th, and Zr
(Fig. 5eeg), but no correlationwith Sc (Fig. 5h). The scatter diagram
of Y/Ho and Nd concentrations can characterize the changing trend
affected by pure chemical deposition and detritus. As shown below,
the samples fell into the pure chemical deposition area (Fig. 6).
Similarly, the content of Rb in seawater is very low, generally less
than 30 ppm (Krabbenh€oft et al., 2010), but it is rich in feldspar,
mica and clay minerals. The Rb content of the samples from the
study areawas less than 5 ppm (Table 1). In conclusion, the samples
from the Dingbei area indicated a chemical deposition process, and
the possibility of detrital components affecting REEs distribution
can be ruled out.

The influence of oxides and sulfides cannot be ignored in the
process of carbonate deposition. Cu and Ni were selected as rep-
resentatives to monitor oxides, and Sc and Pb were used to char-
acterize the effects of sulfides (Bolhar and Van Kranendonk, 2007;
Prasanta and Sarada, 2021). The lower contents of Cu and Ni and
their weak or lack of correlation with Y/Ho indicated that oxides
had no effect on the samples (figure not provided). Furthermore, as
shown in Fig. 5d and i, there were no correlation between Sc or Pb
and Y/Ho, indicating that no sulfide influences were possible.

The retention time of Sr isotopes in seawater (about 106 a) far
exceeds the mixing time (approximately 103 a), and it will not be
fractionated under the influence of temperature, pressure, and
microorganisms. The 87Sr/86Sr ratio in the study area is within the
Sr isotope composition

d18OV-SMOW
87Sr/86Sr Standard Error

27.0 0.709512 0.000018
27.9 / /
25.5 0.709043 0.000021
25.4 / /
25.0 0.709278 0.000022
22.2 0.708939 0.000016
21.3 0.708974 0.000018



Fig. 4. C and O isotope distribution in Ma5 Fm. from various published sources (The
collected isotopic data of carbonate matrix do not show correlation, but the C and O
isotopes in the study area showed a certain positive correlation).

Fig. 5. Cross-plots of geochemical data of carbonates for

J.-Q. Yang, J.-T. Zhang, Z.-L. He et al. Petroleum Science 20 (2023) 48e59

53
range of the Middle Ordovician seawater (Table 3) (Henderson
et al., 2018). If affected by terrigenous debris, this 87Sr/86Sr ratio
should be much higher than that of seawater in the same period.
5.1.2. Evaluation of metamorphic and diagenetic alterations
Fe and Mn in carbonate rocks are very sensitive to meta-

morphism and post diagenesis, and they generally show enrich-
ment (Sarkar et al., 2003). Although REEs can generally maintain
their characteristics under metamorphism, heavy REEs loss, Ce loss,
and Eu enrichment usually occur under the conditions of high
temperatures and watererock ratio. Therefore, a negative correla-
tion will exist between Fe, Mn, dCe, and

P
REEs, however, this

correlation was not found in this study (Fig. 7). The ratio of La/
Yb(PAAS) in the study area was generally less than 1.0 (expect DB8-
8 ¼ 1.45), indicating the elements’ components represented the
original seawater and that the influence of metamorphism was
excluded (Ren et al., 2019).

There are Sabkha and brine-reflex dolomitization models in the
study area (e.g., Zhang et al., 2017). The dolomite associated with
gypsum was developed in the Sabkha dolomitization model, and
the crystal size is generally small (Allan and Wiggins, 1993), about
assessing detrital contamination in the Dingbei area.



Fig. 6. Y/Ho vs. Nd concentration for the Dingbei carbonates. A low concentration of
Nd indicates that samples are pure chemical precipitates without detrital contami-
nations (detritus and chondrite trends are adopted from Viehmann et al., 2015).
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tens of microns (Fig. 2b, d). And the brine-reflex dolomitization led
to the increased size of crystals, brighter enlarged edges than cores
can be observed, and the crystal is generally several hundred mi-
crons (Fig. 2c, e-f). However, neither dolomitization nor the late
diagenetic alteration process has little or no influence on the
REE þ Y distribution (i.e., Banner et al., 1988; Prasanta and Sarada,
2021). When dolomite is affected by early meteoric water, the Mn
content is generally distributed in the range of 100e600 ppm, and
Fe content is widely distributed in the range of 2000e10000 ppm in
the Ordos Basin (Li, 2020), which is completely consistent with the
data obtained (Table 1). It is generally believed that d18Owill showa
low isotopic composition after experiencing the influence of
meteoric water, but when d18O is lower than �10.0‰, carbonate
samples are generally considered to have been affected by hydro-
thermal fluids (He et al., 2014). The d18O in the study area was
generally low but was greater than �10.0‰. The weak correlation
between the C and O isotopes (Fig. 4), combined with the elements’
information of Fe andMn, all indicate the dolomite in the study had
experienced early meteoric water dissolution. However as shown
in Fig. 8a and b, there was no correlation between dCe and Dy/Sm
(PAAS) and a weak negative correlation between dEu and Pr/Sm
(PAAS) indicated that Eu was not involved in late diagenesis
(Konhauser et al., 2017), which was consistent with the conclusion
that there was no Eu anomaly in the samples we obtained. In the
Fig. 7. Cross-plots of geochemical data of carbonates for assessing metamorphism in the Din
P

REEs, indicating that the samples' geochemical characteristics were not affected by meta
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diagenetic process, carbonate rocks will show the enrichment of
Mn and Fe and the loss of Sr (Huang et al., 2006). Therefore, if
affected by diagenesis, there should be an obvious positive corre-
lation between Fe and Mn, however, there was no correlation be-
tween Fe and Mn in the samples (Fig. 8c). In conclusion, diagenesis
had an extremely weak impact on the samples.

5.2. Paleoenvironment restoration

In light of the little evidence for later diagenetic alteration,
marine carbonate rocks may well inherit the REE distribution from
the original marine environment (i.e., Lottermoser, 1992;Webb and
Kamber, 2000; Nothdurft et al., 2004).

5.2.1. Characteristics of paleoredox conditions
The ratios of trace elements V/Cr, U/Th, Ni/Co, and V/(Vþ Ni) are

widely used to analyze the evolution of paleoredox conditions
(Hatch and Leventhal, 1992; Jones andManning,1994; Prasanta and
Sarada, 2021). A Ni/Co ratio <5 develops in oxic conditions, be-
tween 5 and 7 develops in dysoxic conditions, and that >7 develops
in suboxic to anoxic conditions, whereas V/Cr is bounded by 2 and
4.25, representing oxic, dysoxic, and suboxiceanoxic conditions,
respectively (Jones and Manning, 1994). An anoxic environment in
sedimentary strata is rich in U, so the Th/U ratio is low, ~2 is
generally found inmarine anoxic conditions, and that>2 is found in
oxic environments, moreover, the higher the ratio, the higher the
oxic degree (Rimmer, 2004). The above thresholds were obtained
from a large number of clastic rock studies. In carbonate rocks,
owing to the relatively low content of trace elements, the thresh-
olds should be modified accordingly, but the overall trend indicates
that an oxic or anoxic environment is certain. Prasanta and Sarada
(2021) believed that V/(V þ Ni) ratios of 0.3 and 0.5 in carbonate
rocks and U/Th ratios of 0.2 and 0.5 are the boundaries of oxic,
dysoxic, and suboxic conditions. As shown in Fig. 9, the obtained
trace element ratios were in the suboxiceanoxic range.

Ce is sensitive to the redox conditions of a diagenetic environ-
ment. Under oxic conditions, Ce3þ tends to change its valence state
to form tetravalent ions in sediments, resulting in an obvious
negative Ce anomaly in diagenetic fluid (Sverjensky,1984; Frimmel,
2009), hence, it will show a positive Ce anomaly in minerals.
However, the samples obviously showed a negative Ce anomaly,
with an average dCe of 0.88, which also proved that the carbonate
rocks in the Dingbei area were precipitated in suboxiceanoxic
conditions.

5.2.2. Paleotemperature recovery
The Sr/Ba ratio is extremely sensitive to the evaporation envi-

ronment and can be used to reflect the change in temperature in
the original sedimentary environment (Jiu et al., 2021). There
gbei area. There is no correlation between the metamorphism proxy and the content of
morphism.



Fig. 8. Cross-plots of geochemical data of carbonates for assessing diagenesis in the Dingbei area.

Fig. 9. Analysis diagram of paleoredox conditions of carbonate rock. The data of this study show that the paleoredox of Ma5 Fm. is suboxic-anoxic (plate from Prasanta and Sarada,
2021).

J.-Q. Yang, J.-T. Zhang, Z.-L. He et al. Petroleum Science 20 (2023) 48e59
seems to be some relationship between Sr and Ba (Fig. 10a), and the
obtained Sr/Ba ratio was high, up to 18.08, indicating that the
original sedimentary environment was arid, which was consistent
with the previous conclusion that the dolomitization mode in Ma5
Fm. in other areas of the Ordos Basin, like the Daniudi gas field, was
the Sabkha (e.g., Zhang et al., 2017; He et al., 2020). This also pro-
vided geochemical evidence for an original sedimentary source of
much gypsum (later dissolved into mold pores) in the samples
(Fig. 2d). It is worth noting that there was a certain positive cor-
relation between Sr/Ba and SREEs (Fig. 10b), which may indicate
that there was a certain coupling relationship between the pres-
ervation of REEs and the production of evaporated minerals with
the increase in the paleotemperature. This may also lead to the
increase in the FeO/MnO ratio with the increase in the SREEs
(Fig. 10c). Conversely, the correlation between the Sr and CaO
content was more obvious in the study area (Fig. 10d). The Sr/Ca
ratio is very sensitive to weathering and evaporation (Fairchild
et al., 2000), but the change in this ratio in the study area was
minimal, which proved the samples were not affected by strong
weathering in the later stage, and the arid environment in this area
was relatively stable. Therefore, it was possible to develop thick
dolomites in an evaporation environment in Ma5 Fm. of the Ordos
Basin.

The d18O value of carbonate rocks is widely used as a proxy to
reconstruct paleotemperature during the sedimentary period (e.g.,
Vasconcelos et al., 2005; Ren et al., 2019), and the calculated tem-
perature is generally that of carbonate precipitation fluid. The d18O
of the Middle Ordovician ancient seawater is approximately
from �6.6 to �4.0‰, and �5.3‰ is selected as the average d18O of
seawater proxy (Li, 2020; Albanesi et al., 2020). The average d18O
obtained was �5.47‰. We used the formula below (Land, 1983) to
calculate the temperature:
55
1000 ln adolomite�seawater ¼ 3:2� 106T�2 � 3:3

where a is the O isotope fractionation coefficient between dolomite
and seawater, and T is the thermodynamic temperature.

The calculated results showed the average temperature during
dolomite deposition was 29 �C. Considering that the sample is
affected by early meteoric water to a certain extent and analytical
(~3 �C range) uncertainties, the real paleotemperature should be
higher, and it is still similar to the seawater temperature at that
time (about 30 �C, Trotter et al., 2008).

5.2.3. Paleosalinity reconstruction
Na content was used to reflect the salinity of the fluid (Marriott

et al., 2004; Geerken et al., 2018). The Na content of the carbonate
samples ranged from 100 to 880 ppm, with an average of 364 ppm
(Table 1). According to a previous elemental analysis of pure do-
lomites deposited in a limited lagoon of the Longwangmiao For-
mation in the Sichuan Basin, the Na content was only 218 ppm
(Wang et al., 2021), indicating that the salinity in the study area
during the Dw2-Dw3 was significantly higher than that in the
limited environment. In particular, the discovery of a large number
of gypsum rocks and gypsum mold pores further confirms the
development of higher paleosalinity (Fig. 2d) (e.g., Zhang et al.,
2016).

As discussed above, the sea temperature was high and the sea
level was at the cycle stage of regression. The dolomitization fluid
comes from seawater, with high seawater temperature and arid
environment, these characteristics are completely consistent with
the Sabkha dolomitization. Therefore, it is reasonable to believe
that the dolomitizationmodel in the Dingbei area is consistent with
that in other areas of the Ordos Basin, which is the Sabkha model,



Fig. 10. Cross-plots of geochemical data of carbonates showing an evaporation environment of Ma5 Fm. in the Dingbei area.
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furthermore, the sedimentary environment of the study area
should be limited tidal flat. An increase in the evaporation intensity
led to a gradual increase in seawater salinity. High seawater salinity
is more conducive to the Sabkha dolomitization and gypsum pre-
cipitation (e.g., Warren, 2000; Allan andWiggins, 1993), whichmay
provide a material basis for the subsequent dissolution of meteoric
water, to form a high-quality reservoir (Xiong et al., 2016).
5.3. Response of isotope carbon excursion to paleoenvironment

The d13C excursion is influenced by many factors. A positive
excursion may be affected by an increase in marine reservoir pro-
ductivity (Kump et al., 1999) and the weathering intensity of the
carbonate platform (Hu et al., 2017). The fundamental principle is a
large amount of light carbon was consumed in seawater dissolved
inorganic carbon (DIC) reservoir (Saltzman and Edwards, 2017).
This is consistent with our experimental results, the C isotope
excursion may be caused by much plankton in this biological ex-
plosion carrying out photosynthesis (e.g., Schmitz et al., 2010;
Chen, 2019; Danelian and Monnet, 2021).

The seawater paleotemperature in the Dw2-Dw3 is high, about
29 �C. Compared with the seawater temperature in the Early
Ordovician (up to 45 �C, Trotter et al., 2008; Albanesi et al., 2020), it
shows a gradual downward trend, which is consistent with the
previous Ordovician temperature change trend (e.g., Henderson
et al., 2018; Chen, 2019). During this process, the temperature
gradually became appropriate for organisms, resulting in multiple
biological blooms (Chen, 2019). The seawater temperature of Dw2-
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Dw3 is more suitable for organisms, leading to a large-scale bio-
logical explosion, which eventually presents a C isotope excursion
(MDICE) around the world (Albanesi et al., 2020). And the peak of
the excursion occurs well within the Eoplacognathus suecicus Zone
(Saltzman and Edwards, 2017; Bergstr€om et al., 2009, 2020).

The light carbon isotope (12C) preferentially enters the photo-
synthesis products, enriching 13C in the DIC reservoir (Hayes et al.,
1999), and resulting in the increase in buried organic matter and
shape decrease in CO2 in the atmosphere. The MDICE may be
related to the biological explosion caused by the temperature fall-
ing to an environment suitable for biological survival. However, the
Ordovician marine redox interface fluctuated sharply and
suboxiceanoxic conditions were widespread (Fig. 9) (Marenco
et al., 2013; D'Arcy et al., 2017), which is not consistent with the
results of biological explosion. This is possibly due to the extremely
high concentration of atmospheric CO2 (about 14e18 times that of
the present time) reducing the temperature gradient from the
equator to the poles, which slowed down the global thermohaline
circulation, and finallymade it difficult for surface dissolved oxygen
to migrate downward (Marenco et al., 2013; Kah et al., 2016; D'Arcy
et al., 2017). High paleotemperature (might more than 29 �C)
slowed the oxygen cycle in water volume, and the biological
prosperity (Fig. 2a) promoted further consumption of seawater
dissolved oxygen, leading to reducing conditions (Pan et al., 2020).
5.4. Impact of paleoenvironment on natural gas exploration

High seawater paleotemperature and paleosalinity not only
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provide conditions for dolomitization but also make large-scale
gypsum precipitation possible. Gypsum rock is more prone to
dissolution compared with dolomite. Under the influence of
meteoric water, many gypsum rocks in the sedimentary period
dissolved and produced a large number of secondary dissolution
pores. Later, affected by weathering, the fillings did not block the
dissolution pores during burial, which guaranteed the formation of
high-quality reservoirs (He et al., 2013; Qi and Guo, 2017; Zhang
et al., 2017; Jiu et al., 2021). The biogenic framework pores are
also a reservoir space that cannot be ignored, although these pores
in L1 were basically filled by later recrystallization; furthermore, if
there was oil and/or gas filling in the early stage, it inhibited the
progress of recrystallization and preserved the pores.

Even under the influence of meteoric water, when a certain
thickness is developed, the layered gypsum rock will not be
completely dissolved and can be used as a direct cover or floor to
protect the reservoir from damage in the later stage. Because of its
own toughness, it can protect the reservoir to a certain extent, even
after a strong tectonic movement.

Meanwhile, during theMDICE event, a large number of plankton
propagated under the seawater surface, and the biological yield and
buried organic matter increased, resulting in further anoxia in the
seawater column, which in turn promoted the burial and preser-
vation of organic matter, resulted in the rapid increase in TOC (Pan
et al., 2020). The TOC of loads of argillaceous dolomites and dolo-
mitic mudstones could exceed 1%, even some reached 5%, which
could be used as effective source rocks to supply hydrocarbon to
nearby high-quality reservoirs (i.e., Tu et al., 2016; Li et al., 2017; Xu
et al., 2021) In the subsequent burial process, after reaching a
certain temperature, the organic content could generate hydro-
carbons in large numbers, which could be used as a supplement to
the main source rock to provide natural gas.

6. Conclusions

Based on the analyses of elements, isotopic compositions, and
lithological characteristics, the Ma5 Fm. in the Dingbei area mainly
developed intraclast biological micritic limestone, silty dolomite,
and fine crystalline dolomite. The d13C of the carbonate samples
showed significant positive excursion, corresponding to the MDICE
event. The paleotemperature during the deposition period was
about 29 �C, furthermore, the seawater salinity was high, corre-
sponding to suboxiceanoxic conditions.

Due to the prosperity of plankton, photosynthesis under the
seawater surface and significantly suboxiceanoxic conditions, the
burial and preservation of organic matter were promoted. The
Middle Ordovician carbonate rock can be used as a supplement to
the main source rock to provide natural gas. Affected by the pale-
oenvironment, the development of gypsum rock strata provided a
material basis for early meteoric water dissolution, and guaranteed
the formation of high-quality reservoirs in Ma5 Fm. At the same
time, the residual gypsum played a sealing role to a certain extent
to protect the reservoir from damage. A good source-reservoir-cap
configuration provided the conditions for the preservation of
reservoirs.
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