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Paleoenvironmental reconstruction
of the Middle Ordovician Majiagou
Formation in the northeastern
Ordos Basin and its effect on
organic matter enrichment

Yiran Wang?, Xiaofeng Wang'**, Wenhui Liu'?, Tao Zhang? & Dongdong Zhang*

The alteration of paleoenvironment is a crucial factor influencing the variations in hydrocarbon-
forming organisms and the preservation of organic matter. This study focuses on the marine carbonate
rocks of the Middle Ordovician Majiagou Formation located in the Daniudi area of the northeastern
Ordos Basin. By analyzing major, trace, and rare earth element concentrations alongside carbon

and oxygen isotope composition characteristics, we reconstructed the paleoenvironment and
examined its impact on organic matter enrichment. The findings indicate that carbonate minerals

are predominantly developed within the Majiagou Formation, which exists primarily in a suboxic-
anoxic environment. Furthermore, paleotemperature data for seawater reveals a gradual upward
trend that aligns with global seawater temperature changes from the Darriwilian to Dapingian stages
of the Middle Ordovician. There are differences in the paleoenvironment of the Majiagou Formation

in the northeastern part of the basin in different periods, which is an important factor affecting the
enrichment of organic matter. The paleoenvironment during the deposition of the first member of the
Majiagou Formation is more conducive to the enrichment of organic matter and is an effective source
rock development interval.

Keywords Marine carbonate, Paleoenvironmental reconstruction, Organic matter enrichment, Majiagou
Formation, Ordos Basin

With the deepening of oil and gas exploration, deep marine oil and gas has become one of the important
exploration areas. The Ordos Basin is the second largest sedimentary basin on land in China, and the Paleozoic
marine strata contain abundant oil and gas resources, making it an important layer for natural gas exploration
in the Ordos Basin. After more than 30 years of exploration and development, important breakthroughs have
been made in the exploration of natural gas in subsalt carbonate rocks of the Ordovician Majiagou Formation.
Subsalt dolomite gas reservoirs have been discovered, forming natural gas enrichment areas such as Daniudi
and Shenmu!~3. However, the effective source rocks of Ordovician subsalt natural gas reservoirs are still unclear.
The Ordovician Pingliang Formation calcareous shale has a certain hydrocarbon generation capacity, but the
distribution and scale are relatively limited. Although the Upper Paleozoic coal-bearing strata have considerable
hydrocarbon generation capacity, it is difficult for hydrocarbons to migrate to the subsalt strata due to the barrier
of the thick gypsum strata of the Majiagou Formation. The subsalt carbonate strata of the Ordovician Majiagou
Formation in the Ordos Basin have the characteristics of high evolution degree and low TOC. It is controversial
whether it can become an effective source rock and contribute to the Ordovician natural gas reservoir. Liu et al.*
found fluorescent asphalt and fluorescent organic inclusions in carbonate rocks of Majiagou Formation by laser-
fluorescence microscopy system. Sun et al.® used the methods of source rock desorption gas carbon isotope-
natural gas carbon isotope to clarify that the Paleozoic oil-type gas in Daniu underground is mainly derived
from the source rock of the Lower Paleozoic Majiagou Formation. Liu et al.’ pointed out that the contribution
of Lower Paleozoic hydrocarbon sources in different regions of Ordos Basin is different, and the contribution
of Lower Paleozoic hydrocarbon sources of pre-salt natural gas reservoirs in the central and eastern parts of the
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basin cannot be ignored, and there are effective hydrocarbon sources in Lower Paleozoic. Wang et al.” pointed
out that the process and amount of hydrocarbon generation experienced by highly evolved carbonate source
rocks cannot be negated by low TOC, and factors such as the type and number of hydrocarbon generating
organisms, the composition of organic carbon isotopes and the negative drift of inorganic carbon isotopes
should be comprehensively considered. These studies show that the marine carbonate rocks of the Ordovician
Majiagou Formation in the Ordos Basin are one of the effective source rocks in the basin and have important
exploration value.

The Ordovician is one of the key periods of biological macroevolution since the Phanerozoic. The marine
biodiversity has increased dramatically and the ecosystem is more complex, which is the '‘Ordovician biological
radiation’®. At the same time, the biological radiation event was accompanied by strong paleoenvironmental
changes®. The change of paleoenvironment and climate may be an important factor affecting biological
evolution®!!, which in turn affects the abundance and preservation conditions of buried organic matter during
the sedimentary period. Therefore, the study of Ordovician paleoenvironment is particularly important.

The large natural gas fields discovered in the Ordos Basin are mainly distributed in the northern part of
the basin. Previous studies have systematically studied the oil and gas geology in this area!>-!°, but there are
relatively few studies on the paleoenvironmental evolution of the Ordovician Majiagou Formation. Therefore,
strengthening the study of paleoenvironmental reconstruction in the northern Ordos Basin has important
guiding significance for clarifying the enrichment law of organic matter in the Ordovician strata. This paper
selects the Daniudi gas field in the northeastern Ordos Basin as the research area, and conducts a comprehensive
study of petrology and geochemistry of the Majiagou Formation, including mineral and maceral content
analysis, major and trace element analysis, TOC and inorganic carbon and oxygen isotope analysis. From the
aspects of redox conditions, basin properties, paleoclimate and paleotemperature, and compared with the global
Ordovician seawater paleotemperature changes, the paleoenvironmental changes during the sedimentary period
of the Ordovician Majiagou Formation in the northeastern part of the basin and their effects on organic matter
enrichment were discussed in detail.

Geological setting

The Ordos Basin is located in the central and western regions of China and is a multi-cycle composite
superimposed craton basin. It belongs to the secondary tectonic unit of the North China platform. Its tectonic
and sedimentary evolution is controlled by the Xingmeng Trough in the north and the Qinqi Trough in the
southwest. It has the characteristics of internal relative stability and peripheral activity, and is one of the
most stable tectonic units in China, containing abundant oil and gas resources'®!” (Fig. 1). The sedimentary
environment is mainly controlled by the L-type central paleo-uplift, and the craton on the eastern side of the
paleo-uplift is in the epicontinental sea environment'®1°,
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Fig. 1. Map showing the structural location and strata development of the research area in the Ordos Basin.

D37 is the well for collecting core samples in this article (the geochronological frame modified from Re

The international standard Ordovician profile on the right is from Ref.25).
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In the Ordovician, the central paleo-uplift located in the Etuokeqi-Dingbian-Qingyang area divided the
Ordos Basin into Qilian Sea area, Qinling Sea area and North China Sea area, and controlled the sedimentary
differentiation of the Ordovician in the west, south and east. The Lower Ordovician Yeli, Liangjiashan and
Majiagou Formations are developed in the central and eastern part of the basin. The paleotectonic framework
of ' alternating uplift and depression ' in the eastern part of the central paleo-uplift controls the Ordovician
Majiagou Formation to develop a set of carbonate rocks and gypsum-salt rocks. The lithologic association has
obvious cyclicity in the vertical direction and can be divided into six lithologic sections from the first member
of the Majiakou Formation to the sixth member of the Majiakou Formation (abbreviated as Mal to Ma 6) from
bottom to top'>?*2. The sedimentary period of Ma 1, Ma 3 and Ma5 is a regressive period, which is dominated
by salt rock and gypsum rock, with carbonate rock interlayers. The sedimentary period of Ma2, Ma4 and Ma6 is
transgression period, and the lithology is mainly limestone and dolomite. The Majiagou Formation is generally
a gypsum-salt-carbonate rock series?’.

The Majiagou Formation in the Ordos Basin belongs to the Middle Ordovician of the Lower Paleozoic.
According to the standardized sequence stratigraphic division scheme and the lithofacies paleogeographic
characteristics of the Majiagou Formation, combined with previous studies on the Ordovician sequence
stratigraphy and biostratigraphy of the Ordos Basin?*-?>, this paper corresponds the sedimentary period of the
Majiagou Formation to the Middle Ordovician Daruiweier Stage and the Daping Stage (Fig. 1).

Materials and methods

Sample information

The samples analyzed in this paper are from the drilling core of D37 well in Wulanchabu area, northeastern Ordos
Basin. The samples are distributed in Mal and Ma 3 to Ma 5. According to different depth intervals, a total of 62
core samples were sampled. Among them, the lithologies of Ma 5 samples are limestone, limestone dolomite and
gypsum dolomite, the lithologies of Ma 4 samples are limestone and gypsum dolomite, and the lithologies of Ma
3 and Ma 1 samples are gypsum dolomite and gypsum bearing argillaceous dolomite. Microscopic identification
shows calcite is generally anhedral and dolomite euhedral, which, together with hand-sample observation
and 5% HCI testing (calcite reacts vigorously), provides diagnostic criteria for distinguishing these carbonate
minerals. According to the experimental requirements, the samples were crushed and ground to 80-120 mesh
and 200 mesh sizes under non-polluting conditions for major and trace element analysis, TOC analysis, carbon
and oxygen isotope analysis, and X-ray diffraction analysis. In order to study the petrological characteristics of
the samples, the cores of different layers were observed by optical microscope.

Methods

Microscopic observation

Twenty-four samples were selected for microscopic observation by Nikon Eclipse LV100N POL microscope.
All samples were made into polarized light slices from vertical slices according to China’s oil and gas industry
standard SY/T 5913-2004. All observations are carried out under plane polarized light (PPL). Minerals and
biological components are identified according to the SY/T 5368-201X standard. Microscopic observations were
performed at the State Key Laboratory of Continental Dynamics at Northwest University.

Major and trace earth element analyses

Under non-polluting conditions, the fresh samples were ground to 200 meshes. The main elements were
analyzed by X-ray fluorescence spectrometry on the RIX2100 system, and the concentration of the main
elements was analyzed with an accuracy of more than 5%. The operation steps met the Chinese national standard
GB/T 14506.28-2010. The trace elements and rare earth elements were analyzed by Thermo Fisher ELEMENT
XR inductively coupled plasma mass spectrometry (ICP-MS). The analysis of trace elements conforms to the
national standard GB/T 14506.30-2010, and the precision is higher than 5%. Major and trace earth element
analyses were performed at ALS Testing (Guangzhou) Co., Ltd.

Inorganic carbon and oxygen isotope analysis

The carbon and oxygen isotope test of the sample was analyzed by GasBench I multi-purpose sample preparation
device and Thermo Finnigan MAT253 Plus isotope ratio mass spectrometer. After all the samples were ground to
200 mesh powder, about 0.3 mg of the sample was reacted with phosphoric acid at 70 °C for 2 h, and helium was
used as the carrier gas. The CO, gas was continuously flowed through the CombiPAL automatic sampler into the
isotope ratio mass spectrometer for analysis. The chromatographic column was a PoraPbtQ chromatographic
column of 25 mx0.32 mm produced by Agilent, USA. During the experiment, two standard samples were
placed for each 12 samples. The sample analysis results were calibrated by the Chinese national standard sample
GBWO04405, and the standard deviations were less than 0.08%o (using VPDB as the standard), and the data
repeatability was good. Carbon and oxygen isotope analyses were performed at the Stable Isotope Geochemistry
Laboratory of the State Key Laboratory of Continental Dynamics at Northwest University.

X-ray diffraction analysis

X-ray diffraction analysis was performed using an Ultima IV X-ray diffractometer. The sample with a size of
200 mesh was placed in a sample holder and the surface of the powder sample was smoothed and tested by an
X-ray diffractometer. The resolution of the X-ray diffractometer is higher than 60%, and the comprehensive
adjustment is better than + 1%. The analysis procedure followed the Chinese oil and gas industry standard SY/T
5163-2010. X-ray diffraction analysis were performed at the Conventional Rock and Mineral Properties Analysis
Laboratory at Northwest Institute of Eco-Environment and Resources (NIEER), Chinese Academy of Sciences
(CAS).
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Total organic carbon determination

For carbonate rock samples, total organic carbon analysis needs to remove the carbonate components in the
sample first. The specific operation is as follows: take 100-200 mg sample powder (particle size is 200 mesh), add
it to the permeable crucible and weigh it accurately, and then add sufficient dilute hydrochloric acid (volume
ratio of concentrated hydrochloric acid to deionized water is 1:7) to dissolve carbonate minerals. After standing
at room temperature for 12 h, the crucible is heated in a water bath at 80 °C for 3 h to ensure the complete
removal of carbonate minerals. The crucible is then thoroughly washed with deionized water and the sample is
dried in an oven at 100 °C. After that, ELTRA CS800 carbon and sulfur analyzer was used for determination.
Total organic carbon determinations were performed at the Carbon and Sulfur Analysis Laboratory of the State
Key Laboratory of Continental Dynamics at Northwest University.

Results

Petrological characteristics

The results of thin section identification show that the Majiagou Formation in the study area is mainly carbonate
rock and evaporite. The clastic rock is mainly developed in Ma 1. Carbonate minerals are mainly calcite and
dolomite and limestone with different grains (mainly micrite and powder crystal) (Fig. 2a, b). Calcite or quartz
are filled in dissolution pores (Fig. 2¢, d), and bioclastic and quartz nodules are distributed in micrite dolomite
(Fig. 2e). The clastic particles are mainly quartz and a small amount of feldspar, which are scattered in the mud
in an angular shape (Fig. 2f).

A total of 15 core samples from Ma 1 and Ma 3 to Ma 5 in well D37 were selected for XRD analysis. The
results show that the main minerals of marine carbonate rocks in Majiagou Formation are calcite and dolomite.
The average contents of calcite and dolomite (carbonate minerals) are 28.9% and 46.8%, respectively. Detrital
minerals, including clay minerals, quartz, orthoclase and plagioclase, are mainly distributed in Ma 1, and only a
small amount is distributed in other layers. Anhydrite and pyrite are present in Ma 1 carbonate, with an average
content of 27% and 2.47%, respectively. The mineral content of carbonate samples is shown in Fig. 3.

Characteristics of major and trace elements

The elements analyzed in this study include major oxides (Al,O,, CaO, etc.; Table 1) and trace elements (Ba,
Co, Ce, etc.; Table 2). Compared with the upper continental crust (UCC)%, there are obvious losses of Alzos’
Fe,0,, K,O and obvious enrichment of CaO and MgO in Ma 3 to Ma 5. The obvious losses of Al, Fe and other
elements indicate that there are less terrigenous clastic materials in Ma 3 to Ma 5, which are mainly dominated
by the chemical deposition of carbonate rocks. In contrast, there are relatively more terrigenous clastic materials
in Ma 1 (Fig. 4a). Compared with the post-Paleozoic Australian shale (PAAS)?”?, the Mo and U of the Majiagou
Formation are relatively depleted. At the same time, Ma 1 is more enriched in lithophile elements such as Sc and
Th and rare earth elements such as Ce, La and Co compared with Ma 3 to Ma 5 (Fig. 4b). It also shows that there
are more terrestrial materials during the deposition of Ma 1.

Fig. 2. Core petrological characteristics of D37 well in the northeastern margin of the basin [(a) pelitic
dolomite containing pyrite, Ma 5, 2901.9 m; (b) Mud crystal limestone, dissolved pore filling calcite, Ma 5,
2955.3 m; (¢) Microfractured micritic limestone, dissolved pore filling calcite, Ma 4, 3049.6 m; (d) bioclastic
argillaceous dolomite containing quartz nodules, Ma 3, 3218.2 m; (e) salty gypsiferous argillaceous dolomite,
dissolved pore filling quartz, Ma 3, 3220.34 m; (f) Detrital micritic anhydrite, Ma 1, 3374.7 m)].
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Fig. 3. Mineral contents of the marine carbonate rocks from the Majiagou Formation [(A) Mineral
compositions are divided into three categories: detrital minerals, carbonate minerals and evaporite minerals &
others; (B) Mineral compositions are displayed as the XRD analysis result].

ALO, Ca0 TFe,0, |K,0 MgO MnO  |[Na,0 [P,0, Sio, TiO, LOI 1000
Ma 5(20) | 0.06-23.24 | 3.06-543 | 0.07-3.17 | 0.02-7.01 | 0.98-18.85 | - 0-0.16  |0-0.21 |0.28-49.87 | 0.01-124 | 7-45.24
Ma5,, | 264 3748 | 077 0.78 9.74 - 0.03 0.02 7.52 0.13 39.67
Ma4(13) | 0.1-0.48 | 44.1-55.1 | 0.03-0.19 | 0.08-0.26 | 0.27-8.53 |- - - 0.78-19 |- 42.9-43.96
Ma4,, |025 5227 | 0.09 0.16 231 - - - 141 - 43.42
Ma3(12) | 0.04-517 |19.8-51.8 | 0.11-1.27 | 0.08-3.21 | 2.93-21 |- 0.01-2.08 | 0-0.06 | 0.67-212 | 0.01-021 |31.8-46.85
Ma?aavg 1.85 27.86 0.68 1.17 17.39 - 0.24 0.02 7.74 0.07 40.35
Ma1(17) | 029-17.3 | 0.85-345 | 0.34-5.44 | 0.19-9.9 |2.75-9.51 | 0.01-0.03 | 0.15-4.47 | 0.01-0.17 | 1.06-57.6 | 0.02-0.79 | 4.46-16.66
Mal,, |11.09 1234|336 6.55 5.80 0.02 0.57 0.09 39.00 0.47 9.84

UCcC | 15.17 419 449 3.39 22 0.07 3.89 0.2 65.89 0.5

Table 1. Major oxides content interval and average value (%). The value in brackets is the number of samples,
and this line of data represents the range from the minimum value to the maximum value; The avg represents
the average value; the symbol '-' indicates that the content is less than 0.01; the UCC value is quoted from
Ref?’.

TOC and inorganic carbon and oxygen isotope composition

The TOC and carbon and oxygen isotope compositions of the Majiagou samples from Well D37 were tested
(Table 3). The results show that the §'3C value is distributed in — 8.3%o ~ 0.1%o, and the §'80 value is distributed
in—10 to—4.5%o. TOC has the characteristics of marine carbonate rocks and is generally low, distributed in
0.007 to 0.6%. The 8'3C values of the Ma 3 to Ma 5 are distributed in the range of —4.7%o ~ 0.1%o, which is
basically consistent with the 8'3C value distribution of the international standard Ordovician profile. The §'3C
value of the Mal is distributed in the range of —8.3 to 4.7%o, which is significantly negative compared with the
813C value (-1%o ~ 0%o) of the Daping stage of the international standard Ordovician profile (Fig. 1). The average
8180 values of Ma 1, Ma 3 to Ma 5 are —5.49%o — 5.53%o — 7.3%o0 and —9%o, respectively, showing a gradually
decreasing trend. The samples with higher TOC values are mainly concentrated in the first member of Ma, and
the highest value can reach 0.6%.

Discussion

Redox-sensitive elements refer to the fact that the solubility of elements in water is obviously controlled by
the oxidative environmental conditions of water, mainly including Mo, U, V, Ni, Co and other elements. In
the process of changing redox conditions, the occurrence state of these elements will change®. The elements
of sedimentary rocks are mainly derived from four aspects, including terrestrial input, seawater deposition,
biological deposition and hydrothermal sources. It is generally believed that only the element content of
seawater deposition and biological deposition can indicate redox conditions. On the other hand, diagenesis and
metamorphism also have a great influence on redox analysis. Therefore, it is necessary to exclude the influence
of terrestrial input, hydrothermal fluid, diagenesis and metamorphism before using element index to distinguish
redox conditions®*~33.

During the deposition process, the elemental composition of carbonate rocks is easily affected by non-
carbonate components (such as clastic materials). In order to remove the interference of these factors in the
analysis process, it is necessary to evaluate the degree of influence of the debris in the sample. Th and Sc are
used to track terrestrial inputs, as terrestrial detrital minerals often contain concentrations of Th and Sc that are
tens of times higher than those of pure carbonates*3¢. In addition, the composition of rare earth elements in
carbonate rocks is easily affected by non-carbonate components such as clastic input®”-*. Therefore, parameters
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Ce Co Cr La Mo Ni Sc Sr Th
Ma5(20) | 221335 | 0.5-16.1 | 0.2-140 | 1.1-76.2 | 0.05-1.4 | 0.1-37.7 | 0.2-14.1 | 67.7-1405 | 0.21-38.6
Mas, 18417 [2415 [1093 10065 |032 4457|2035 | 111985 | 4.2245
Mad(13) | 15-298 | 06-1 |- 07-15 |02-073 |0.12-15 |02-05 |150.5-347 |0.21-0.6
Mad, |210 0.75 - 1.02 0.42 0.70 0.36 231.96 0.39
Ma3(12) | 24-20.3 | 0.6-48 |02-20 | 1.1-10.8 | 0.17-1.65 | 0.8-10.7 | 0.2-5 | 88.8-9740 | 0.16-6.38
Ma3_ 1014 2020|608 |478 0.85 440 183 180692 | 222
Ma1(17) | 65-1205 | 0.9-21.1 | 02-90 | 2.3-61.6 | 0.14-2.59 | 0.6-47.9 | 0.4-17.7 | 96.7-1975 | 0.37-20.6
Mal = | 6936 1142|5878 |3536 | 071 2559 |9.36 603.60 10.72
PAAS |80 10 110 35 1 55 16 200 1456

U A\ Hf Zr Ba Mn P Pb Mn/Sr
Ma5(20) | 027-14 |0.5-144 |0.1-69 |1-33 | 1.4-291 |23-99 | 20-1060 | 0.4-16.2
Mas,~ |20985 | 16825 |09 286 | 4351 582 1535 | 4063636 | 0.52
Ma4(13) | 029-0.97 | 1-3 - 25 21275 |9-20 |10-30 |05-25
Mad, |05 2.08 - 3.00 9.07 1269 | 1545 | 147 0.05
Ma3(12) | 057-2.16 | 3-42 | 0.1-1 |2-43 | 7.5-493 |15-81 |10-310 |1.7-82
Ma3, | 143 1467 |040 | 1483 | 12598 |5433 |9667 |30 0.03
Ma1(17) |016-55 |3-122 |90 2381 | 89572 |37-184 |30-760 |09-231
Mal, |274 7765 |310 | 11470 |311.30 |107.59 |41294 |9.84 0.18
PAAS |31 150

Table 2. Trace element content range and average (107°) and related parameters. The value in brackets is the
number of samples, and this line of data represents the range from the minimum value to the maximum value;
The avg represents the average value; the symbol '-' indicates that the content is less than 0.01; the PAAS value
is quoted from Ref.?”-?5,

such as ZREEs less than 12 ppm, Y / Ho greater than 26, Ti less than 0.5%, Al less than 1%, Th, Zr and Hf less than
20 ppm can be used to evaluate whether the sample is contaminated by detrital components*®-4. In addition, the
formation of carbonate rocks mainly undergoes a chemical deposition process, and the Sc content is less (less
than 2 ppm) than that of clastic rocks. As shown in Tables 1, 2 and 3, the samples in this study (Al ,=2.27%,
Ti, ,=0.11%, Th,,=4.81 ppm, Sc =3.7 ppm, Zr,  =44.17 ppm, Hfavg: 1.3 ppm) are only slightly affected
by terrestrial input of detrital materials. The sample data can be used to indicate the paleoenvironment of the
Majiagou Formation in the study area.

In addition, in order to reduce the influence of carbonate on the different dilution degree of sediments*!, the
enrichment coeflicient EF is usually used to indicate the enrichment degree of trace elements in sedimentary
water®!. The formula is as follows (Table 4):

element /Al
EFelement = ( / )Sample (1)
(element/Al)pa 4 g

where Element and Al represent the content of a certain element and Al in the sample. The samples were
normalized by PAAS (post-Archean Australian shale)®. If X, >1, it indicates that the element is enriched
relative to the average marine shale, X > 3 is obviously enriched, X > 10 is moderately-strongly enriched, and
on the contrary, X, <1 indicates relative loss*>*>7®,

The Fe and Mn in carbonate rocks are very sensitive to metamorphism and post-diagenesis, and are generally
enriched*. Although rare earth elements can generally maintain their characteristics under metamorphism,
under high temperature and high water-rock ratio conditions, a large amount of loss of rare earth elements, loss
of Ce and enrichment of Eu often occur®®. Therefore, if there is a negative correlation between Fe and Ce and
between Mn and Ce, it indicates that the samples are affected by metamorphism and post-diagenesis. However,
this correlation was not found in this study (Fig. 5), and the effects of metamorphism and post-diagenesis were
excluded.

Strong diagenesis may cause changes in the elemental composition of rocks, which in turn affects the
paleoenvironmental information reflected by the elemental composition. Elements such as Mn and Sr can
be used as empirical reference values to indicate the degree of influence of diagenesis on carbonate rocks
and evaporites. Studies have shown that when w(Mn)/w(Sr)<0.6, rock samples are not or less affected by
diagenesis. The element information in the sample can be used as a geochemical indicator to indicate the ancient
sedimentary environment*®*’. The w(Mn)/w(Sr) of the rock samples of the Majiagou Formation used in this
study is generally less than 0.6 (Table 2), indicating that the samples have not been or have been less affected by
diagenesis. The results of elemental analysis can be used to reflect the paleoenvironmental characteristics of the
Majiagou Formation in the study area.

The redox environment is a comprehensive reflection of the deposition rate and hydrodynamic conditions.
Generally, the anoxic environment is more conducive to the preservation of organic matter and is closely
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Fig. 4. (a) Major oxides spider diagram normalized to upper continental crust (UCC); (b) Trace elements
spider diagram normalized to the post-Paleozoic Australian shale (PAAS).

related to the formation of source rocks*®*’. Redox sensitive elements refer to the fact that the solubility of
elements in water is obviously controlled by the oxidation environment of water, including Mo, U, V, Ni, Co
and rare earth elements (REE), which have been widely used in the study of the evolution and reduction state
of formation water during the sedimentary period®’. However, the changes in these elements are influenced by
various geological factors, and when conducting research on redox conditions, multiple discriminant indicators
should be comprehensively considered. Based on the applicability of various parameters, this study selected
seven relatively stable and accurate ratio parameters of Mo, U, V, Ni, Th, La and Ce to compare the changes of
paleoenvironment?$°1:5254,
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Al(%) |Ti(%) |CIA Cvalue TOC (%) | 8°C_, (%0) | 8'0_, (%o)
Ma 5(20) | 0.03-12.3 | 0.04-0.77 | 60-78.34 0.001-0.23 0.007-0.29 | —4.7to —0.6 | —10to —8.3
Ma Savg 1.40 0.08 73.39 - 0.12 -1.78 -9
Ma 4(13) | 0.05-0.25 | - 50-63.16 - 0.13-0.2 -0.5t00.1 -7.8t0 —6.8
Ma 4an 0.13 - 56.77 - 0.16 -0.12 -7.3
Ma 3(12) | 0.02-2.43 | 0.01-0.14 | 46.03-62.01 | 0.002 to 0.03 | 0.1-0.39 -2.6t00 -7.6to -5
Ma 3(wg 0.98 0.04 51.68 - 0.20 -0.73 —5.53
Ma 1(17) | 0.15-9.16 | 0.01-0.47 | 37.18-64.15 | 0.02 to 0.3 0.11-0.63 —-83to —4.7 | —6.6t0 —4.5
Ma lwg 5.87 0.28 58.33 - 0.24 —-6.38 —-5.49

Fe,04(%)

Table 3. The range and average value of Al content, Ti content, TOC, §!3C value and §'30 carb value and
related parameters. The value in brackets is the number of samples, and this line of data represents the range
from the minimum value to the maximum value; The avg represents the average value; the symbol ' -
indicates that the content is less than 0.01.

Cog Crp Nigg Ve Moy Ugp
02m5(20) | 0.94-25.19 | 0.1-1.03 | 0.13-3.71 | 0.48-2.01 | 0.36-34.63 3.52-27.42
OZmSaVg 5.8 0.35 0.67 0.93 7.69 10.15
02m4(13) | 3.94-13.22 | - 0.14-2.45 | 0.79-1.33 | 11.81-124.67 | 9.52-18.89
02m4a\'g 6.49 - 1.09 1.11 37.32 13.90
0O2m3(12) | 1.48-28.33 | 0.04-0.86 | 0.59-6.87 | 0.83-9.44 | 2.01-495.83 | 2.27-121.86
02m3avg 5.00 0.43 1.47 1.81 61.54 19.41
O2m1(17) | 1.46-5.86 | 0.12-1.01 | 0.64-1.13 | 0.78-1.3 | 0.21-35.17 1.08-3.36
OZmlavg 2.28 0.84 0.80 0.92 3.72 1.73

Table 4. Enrichment factors of Co, Cr, Ni, V, Mo and U in the study area. The value in brackets is the number
of samples, and this line of data represents the range from the minimum value to the maximum value; The avg
represents the average value; the symbol '-' indicates that the content is less than 0.01.
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Fig. 5. Fe,0,-Ce correlation diagram and Mn-Ce correlation diagram.

It is not accurate to simply use the absolute content of trace elements to judge the redox conditions of water
bodies. Therefore, the ratio of trace elements is often used as an indicator of the redox environment. The U/Th
and V/(V/Ni) values of trace elements are widely used to analyze the evolution of paleoredox conditions®*>1-32,
The study of element ratio for redox conditions is mostly obtained from the study of clastic rocks. In carbonate
rocks, due to the dilution effect, the content of trace elements is relatively low, and the boundary value of redox
should be adjusted accordingly. Prasanta and Sarada® believed that the V/(V/Ni) values in carbonate rocks
are 0.3 and 0.5, and the U/Th ratios are 0.2 and 0.5, which are the boundary values of oxidation, dysoxic and
anoxic conditions. Ce is a variable valence element in rare earth elements. Ce anomaly will occur under different
redox conditions, so it can be used as a tracer for redox conditions in ancient oceans®. Bai et al.>** studied
the geochemical characteristics of rare earth elements in the Devonian anoxic sediments of South China and
pointed out that the Ce anomaly can be replaced by the Ce/La ratio. The Ce/La ratios of 1.8 and 2 are equivalent
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Fig. 6. The paleo-redox environment indicator map of the study area.
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Fig. 7. U-Mo covariation diagram of Majiagou Formation samples in D37 well.

to the Ce anomaly values of —0.1 and 0, respectively. When Ce/La < 1.5, it is an oxygen-rich environment; when
1.5-1.8, it is a dysoxic environment; when it is greater than 2.0, it is a suboxic-anoxic environment. As shown in
Fig. 6, except for a few samples of the Majiagou Formation in the study area are distributed in the dysoxic region,
other data points are basically in the weak oxygen-anoxic region.

Geochemical analysis of Majiagou Formation samples reveals significant enrichment of Mo, U and Co, with
Ni and V showing comparable enrichment levels to the Post-Archean Australian Shale (PAAS). The enrichment
factors (EF) of Mo, U, Co, Ni and V display a bell-shaped trend from Ma 1 to Ma 5, peaking at intermediate
stratigraphic levels. In contrast, Cr exhibits consistent depletion with progressively lower EF values upward
through the section (Table 4). Mo and U are two relatively abundant valence elements in marine water. Piper and
Perkins?® found that the seawater contribution of Mo and U is 22 and 54 times that of biological contribution,
respectively. The difference of their enrichment in sediments can be used to establish a U-Mo covariant model
map to reflect the degree of redox in water and to reconstruct the basin?®4%, From the U~Mo covariant model
diagram (Fig. 7), it can be seen that Ma 1 is in a weak oxidation-anoxic weak retention environment, and Ma
4 is an open sea environment with deep anoxic water. The distribution of sample points in Ma 3 and Ma 5 is
not concentrated. The reason for this distribution is that these two periods have experienced frequent sea level
changes, resulting in changes in oxygen content in seawater.

In summary, the redox conditions of the Majiagou Formation in the northeastern part of the basin have
not changed much during the sedimentary history, mainly in a suboxic-anoxic environment. The Ma 1 is in a
suboxic-anoxic weak restricted environment. The Ma 4 is an open marine environment with deep anoxic water.
The redox conditions of Ma 3 and Ma 5 have fluctuating changes, and the degree of environmental oxidation is
relatively high.
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The geochemical composition of sedimentary rocks will be affected by chemical weathering and sedimentary
recycling. There are significant differences in the chemical alteration index (CIA) of clastic rocks under different
climatic conditions. As the degree of chemical weathering increases and the climate becomes warm and humid,
the reduction of free cation reaction will produce higher CIA values, the calculation formula is:

CIA =100 x Aleg/ (A1203 + NaO + CaO™ + K20) (2)
where CaO* only refers to CaO in silicate, according to the correction method adopted by Mclennan® :
Ca0’=Ca0- %2 P,0,, CaO* =Min(CaO} Na,0).

The CIA value of unaltered rock is generally lower than 50, and the CIA value is between 50 and 65, reflecting
weak chemical weathering under dry conditions. The CIA value is between 65 and 85, reflecting moderate
chemical weathering under warm and humid conditions. The CIA value is between 85 and 100, indicating
strong chemical weathering under humid conditions, and the CIA value of completely altered rock is 100°7%,
However, metasomatism can change the content of unstable ions such as K* and Ca?* in rocks and affect the
accuracy of CIA. The AL,O,~(CaO* + Na,0)-K,0(A-CN-K) diagram is usually used to characterize the effect of
metasomatism®®. The rock is not affected by metasomatism or only weak metasomatism, and the weathering line
of the sample will be parallel to the direction of A-CN or A-K>®°. In the A-CN-K diagram, the sample points of
Mal, Ma 3 and Ma 5 are distributed along the A-CN direction, indicating that the metasomatism of the samples
is weak after the sedimentary period, and the CIA value can be used to determine the chemical weathering and
paleoenvironment (Fig. 8). In the arid environment, strong evaporation and high alkalinity of water easily promote
the precipitation of salt minerals, and Ca, Mg, Sr, Ba, K and Na are relatively enriched, while Fe, Mn, Cr, Ni, V
and Co are relatively enriched in the humid environment. Therefore, the C value [X(Fe+Mn+ Cr+Ni+V + Co)
/¥(Ca+Mg+Sr+Ba+K+Na)] can be used as an indicator to reflect the paleoclimate conditions®>¢!. This study
comprehensively considers the common influence of C value and CIA, and reflects the paleoenvironment
through the relationship between the above two. As shown in Fig. 9, the CIA value of the sample of Ma 1 in
Da 37 well is 50.1-62.6, and the C value is between 0.02 and 0.3, indicating that Ma 1 was weakly chemically
weathered during the deposition period, reflecting the arid to semi-arid and semi-humid climate; the CIA value
of the samples in Ma 3 is 46-61.2, and the C value is between 0.002and 0.03, indicating that Ma 3 was weakly
chemically weathered during the deposition period, reflecting the arid climate; the CIA value of Ma5 samples is
60-78.1, and the C value is between 0.001 and 0.23, indicating that t Ma 5 samples suffered moderate chemical
weathering during the sedimentary period, reflecting the semi-arid and semi-humid climate.

The 8'%0 value of carbonate rock is an important index to reflect the oxygen isotope of water body during
the sedimentary period. It is widely used in the reconstruction of paleotemperature during the sedimentary
period, which is usually affected by the water temperature and diagenesis during the sedimentary period®*-%4,
For the ancient marine carbonate rocks, the oxygen isotope index is greatly influenced by the later diagenesis.
In general, oxygen isotope composition lighter than —10%o is considered to be affected by diagenesis®. In this
study, the 880 _ , of all samples is more than —10%o, which can be used to reflect the paleotemperature during
the sedimentary period. According to Hays and Grossman® sea surface temperature formula:

2

T =15.7 — 4.36 (6"*Ocarb — 6"*Oaw) 4+ 0.12 (6"*Ocars, — 6*Oavv) 3)

K1, Chl, GiA = Ma$
Ma 3
Ma 1
Sme | v Ma
/
L4 A4
v Y Kfs

Fig. 8. A-CN-K ternary graph. (A) andesite; (B) basalt; Chl. chlorite; Ill. illite; Gi. gibbsite; Kfs. K-feldspar;
Kl. kaolinite; P1. plagioclase; Sme. Smectite; UCC. upper crust rocks. The dotted line is a trend line parallel to
A-CN.
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Fig. 9. The intersection diagram of CIA value and C value of D37 well in the northeastern part of the basin. I:
arid climate; II: semi-arid and semi-humid climate; ITI: humid climate.

Age(Ma) '
g 3.
< .S
v o
460 3 s |
E
= |
BEL |
= i U N |
(]
4704 S
S
Ol =
[}
3
=
e B EE
o O
il
e

TEMP(°C) 25 30 35 40 45

Fig. 10. Surface temperature of Ordovician seawater (Modified from Ref.%°) The temperature rise from
Darriwilian Stage to Dapingian Stage in the red dotted line frame is consistent with the conclusion of this
study.

among them, the §'%0 value of the Middle Ordovician paleoseawater is about—6.6 to—4.0%o, and the average
oxygen isotope composition of the sea water is set to 4.0%0°”%. Through the calculation of the oxygen isotope
composition of the sample carbonate rock, this study shows that the seawater temperature of Ma 1, Ma 3 to Ma
5 is about 22.6 °C, 22.7 °C, 31.5 °C and 40.6 °C, respectively, and the seawater paleotemperature shows a gradual
upward trend. This is consistent with the global change trend of seawater paleotemperature from Darriwilian
Stage to Dapingian Stage of Middle Ordovician (Fig. 10)*°, and has a comparative significance with the Majiagou
Formation in the northeastern Ordos Basin.

First of all, compared with other layers (Table 3, Fig. 11), the TOC value of Ma 1 member is higher, the
average value of TOC is 0.24%, up to 0.63%, reaching the lower limit of TOC value (0.3% ~ 0.5%) of argillaceous
effective source rock’®’! and exceeding the lower limit of TOC value (0.1%) of marine carbonate hydrocarbon
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Fig. 11. Whole rock carbon and oxygen isotope signatures, paleotemperature signature and TOC contents of
carbonate rocks in the different members of the Majiagou Formation in Well D37.

source’?. In addition, the §!*C value (—8.3%o ~ 4.7%o) (Fig. 10) is significantly negative compared with the §13C
value (—1%o~0%o) of the same period of the international standard Ordovician section. The factors causing
the negative carbon isotope value of marine carbonate rocks in the Ordovician Majiagou Formation mainly
include: (1) atmospheric freshwater leaching’?; (2) Bacterial sulfate reduction (BSR)”%; (3) Organic-inorganic
interaction®”. The formation of Ma 1 in the study area is deeply buried and located under the thick gypsum rock
layer, and the formation temperature is higher in the higher mature stage’®, which is less affected by freshwater
leaching and BSR. Therefore, the main reason for the negative shift of carbon isotope value of carbonate rocks
in Ma 1 is organic-inorganic interaction, namely organic acid salt hydrocarbon generation and thermochemical
sulfate reduction reaction (TSR)®’>. The TOC value and carbon isotope composition data have indicated that
the carbonate strata of Ma 1 have higher paleoproductivity than other strata of the Majiagou Formation, and are
favorable strata for organic matter enrichment.

The difference of paleoenvironment in each sedimentary period of Majiagou Formation is the main factor
causing the differential accumulation of organic matter and the higher paleoproductivity of Ma 1. Suitable
seawater temperature is conducive to the growth of marine organisms, while high temperature is not conducive
to or even inhibits the reproduction and survival of marine organisms®”””. Ma 1 has a lower seawater temperature
(22.6 °C), which is more conducive to the growth and prosperity of hydrocarbon generating organisms. At the
same time, the sedimentation period of Ma 1 was in a weak restricted environment of weak oxidation and
hypoxia, and the later stage was less affected by chemical weathering, which is conducive to the preservation of
organic matter In summary, this paper believes that the carbonate rocks in the northeastern part of the basin are
a favorable layer for organic matter enrichment compared with other layers, and have the potential to become
an effective source rock.

Conclusion

From a petroleum geochemistry perspective, when employing elemental geochemical proxies to reconstruct
paleoenvironmental conditions of deep marine carbonate source rocks, it is imperative to comprehensively
evaluate potential interfering factors including detrital input, dilution effects, and diagenetic alterations. Current
consensus holds that only those elements predominantly derived from seawater and biogenic sedimentation, with
minimal post-depositional modifications, can serve as reliable paleoenvironmental indicators. Furthermore,
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in assessing paleoproductivity of deep marine carbonate source rocks, the evaluation should incorporate not
only residual total organic carbon (TOC) content but also account for hydrocarbon generation contributions
from both organic-inorganic interactions such as organometallic complex catalysis and thermochemical sulfate
reduction (TSR).

There are obvious differences in the paleoenvironment of Majiagou Formation in different periods in the
northeast of the basin. Among them, Ma 1 is a suboxic-anoxic weak restricted environment, the seawater
temperature is about 22.6 °C, and the degree of chemical weathering is weak, reflecting the arid to semi-arid and
semi-humid climate ; Ma 3 and Ma 5 are suboxic-anoxic environment, and the seawater temperature is about
22.7 °C and 40.6 °C, respectively, which are subjected to weak and moderate chemical weathering, reflecting the
arid to semi-arid and semi-humid climate. Ma 4 is an anoxic open sea environment with a sea temperature of
about 31.5 °C. The seawater temperature during the deposition of the Majiagou Formation has a gradual upward
trend, which corresponds to the trend of global seawater temperature change from the Darriwilian to Dapingian
of the Middle Ordovician. Paleoenvironmental factors have an important influence on the enrichment of organic
matter in the Majiagou Formation in the northeastern part of the basin. The lower seawater temperature in Ma
1 is more conducive to the prosperity of marine organisms. The suboxic-anoxic weak restricted environment
during the deposition period and the weak chemical weathering degree in the later period provide good
conditions for the preservation of organic matter. Therefore, the carbonate strata in Ma 1 have the potential to
become effective source rocks.
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All data used in this study are provided in the manuscript in the main files as well as in the supplementary ma-
terials. Wang Yiran, one of the authors, can be contacted to access the X-ray technology-based mineral content
data, his email is 427003112@qq.com.
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