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Abstract: Graptolite-rich shale is the main layer of shale gas resources in the southern marine
sedimentary basin. Recently, shale gas resources were discovered in the Ordovician marine graptolite-
rich strata in the Ordos Basin. The graptolite shale in the study area is different from the marine
graptolite shale in the Yangtze plate in southern China, and further exploration is needed. This paper
presents core samples of the graptolite-rich shale of the Pingliang Formation in the southwest Ordos
Basin as research objects. The graptolite genus and graptolite shale characteristics were studied using
core observation, electron microscopy, scanning electron microscopy, and geochemical analysis. We
determined the role of the sedimentary environment and thermal maturation of graptolite shale in
hydrocarbon formation and explored the possibility of hydrocarbon generation. Many graptolite
epidermises provide buried organic matter. The quiet sea and low-energy marine environment create
favorable conditions for preserving organic matter. The tectonic process resulted in the evolution stage
in the oil generation window. Different types of pores formed the spaces of hydrocarbons. Therefore,
the shale of the Pingliang Formation has shale oil exploration potential, which complements the
shale gas in the northwestern margin of the basin, and provides new venues for shale oil and gas

exploration in northern China.

Keywords: Pingliang formation; graptolite shale; biostratigraphy; shale oil and gas; geochemical
characteristics

1. Introduction

Decades after the North American shale gas revolution [1-3], shale oil and gas, as un-
conventional resources, have become an important part of global oil and gas resources [4-6].
During the transition period from the Ordovician to Silurian, organic shale was widely
deposited worldwide. For a long time, China’s marine shale gas has only been found in
the Sichuan Basin in the Yangtze plate, called the Wufeng Formation Longmaxi Formation
shale [7-9]. In recent years, natural gas reservoirs and low-yield gas wells have been found
continuously during exploration of the Changqing Oilfield in the Wulalike Formation on
the western margin of the Ordos Basin. Two exploration wells have obtained industrial
gas flows of 4 x 10* m3/d and 22 x 10* m3/d in the Wulalike Formation. The exploration
results assist in solving the dilemma of insufficient shale gas resources in the northern
marine basin. Later, shale oil was found in the exploration of the Pingliang Formation on
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the southern margin of the basin. The western margin of the basin presents a pattern of oil
in the south and gas in the north.

A good correlation exists between the sedimentary environment of graptolite-rich shale
and the formation environment of shale gas [10-13]. The fine division of biostratigraphy is
helpful for providing a more accurate stratigraphic division and correlation standard for
shale gas production. According to the distribution characteristics of graptolite biostratigra-
phy, paleontologists have divided six favorable shale gas blocks in the Yangtze area, which
have been proven by exploration [13]. Therefore, the identification of graptolite species
and the attribution of graptolite belts in graptolite shale are particularly important [14]. Pa-
leontologists use the method of graptolite biostratigraphy to study the Ordovician-Silurian
and establish a high-resolution graptolite zone sequence, which provides a basis for the
stratigraphic division and correlation of black graptolite-rich shale [13-19]. The grapto-
lite shale deposited in this period is comparable with the Wufeng Formation-Longmaxi
Formation graptolite shale in the Yangtze area where breakthroughs have been made in
shale gas exploration. The depositional environment will affect the living conditions of
graptolites and the preservation of remains, and the type of depositional environment is
closely related to the living environment of graptolite organisms [20]. Therefore, different
faunal assemblages have certain indications for the depositional environment.

Pyrite in sedimentary strata is mainly formed by two kinds of sulfate reduction:
thermochemical sulfate reduction (TSR) and bacterial sulfate reduction (BSR). BSR occurs
in relatively low temperature (from 0 °C to 60 °C to 80 °C) sedimentary water body and
shallow burial diagenetic environment, while TSR occurs in a relatively high temperature
(100 °C to 140 °C) hydrothermal environment of a deep burial diagenetic stage [21]. The
pyrite of BSR origin is of great significance to the restoration of the ancient sedimentary
environment [22]. With the participation of sulfate reducing bacteria, BSR can produce large
sulfur isotope fractionation, but due to the complex reaction process, the sulfur isotope
value of pyrite also has a large range distribution, usually negative [23,24]. However,
TSR occurred in the late diagenesis period with a higher reaction temperature [25]. TSR
refers to the reaction of sulfate with hydrocarbons, in which sulfate is reduced and gaseous
hydrocarbons are oxidized [21,26]. Therefore, TSR reaction also reflects the generation
of hydrocarbons. Pyrite of hydrothermal origin inherits the sulfur isotope composition
of sulfate radical in the hydrothermal source area, and these sulfate radicals are likely to
come from anhydrite in sediment or the re-oxidation of pyrite formed in a later closed
environment. Pyrites of TSR origin generally have positive sulfur isotope values [27].

The graptolite shale of the Wufeng Formation—Longmaxi Formation in the Sichuan
Basin has a high TOC and is of type I-II ‘kerogen’ [28]. The graptolite shale of the Pingliang
Formation is different from the shale of the Wufeng Formation-Longmaxi Formation of the
Upper Yangtze Platform in southern China and the Barnett shale of North America, and
it characterized by low organic matter abundance, variable maturity, and high carbonate
mineral content [13]. Whether the Pingliang Formation can be used as a hydrocarbon source
to supply shale gas with large reserves is still a concern. Predecessors have researched
the source rock characteristics and hydrocarbon generation potential of the Pingliang
Formation [29-33]. Previous studies have shown that the TOC of black shale in the lower
member of the Pingliang Formation (Wulalike Formation) is generally 0.3-1.1% (average of
0.59%), and the organic matter abundance in local depressions is relatively high, with an
average TOC of 0.86% [34-36]. The maturity is high, belonging to the mature/over mature
window, and it is in the stage of effective gas generation. Simultaneously, the southern
section of the western margin of the basin is shallowly buried due to thrust and nappe,
resulting in the existence of local low-maturity samples [34-36].

The maturity of the organic matter reflects the degree of the thermal evolution of an
area. The organic matter maturity of the Pingliang Formation as a whole is highly mature
to over mature, and it is in the stage of effective gas generation [15-17]. Due to the complex
structure of the southwest margin of the Ordos Basin, a large tectonic event occurred in
the Late Ordovician, and it is described in detail in the geological background. Due to the



Energies 2022, 15, 8238

30f19

development and evolution of the central palaeo-uplift, the uplift of the southwest margin
resulted in a lower degree of thermal evolution than that of the Pingliang Formation as a
whole [37]. As the Pingliang Formation in this area is now buried below 3500 m, no detailed
study on the degree of evolution has been conducted here. Recently, the Changging Oilfield
has drilled precious core samples; thus, the degree of geothermal evolution urgently needs
to be studied. Vitrinite reflectance is considered to be the most reliable index for evaluating
the maturity of organic matter. However, the Wulalike Formation lacks vitrinite, and the
determination of its maturity has always been difficult when evaluating hydrocarbon source
rocks. Previously, it was obtained by converting asphalt or vitrinite-like reflectivity into
equivalent vitrinite reflectance [38—40]. In recent years, an increasing number of scholars
have focused on the reflectivity of the graptolite epidermis [39,41-44]. The graptolite
epidermis has strong anisotropy, and the nongranular graptolite epidermis has stronger
anisotropy and higher random reflectivity than the granular graptolite epidermis. Previous
studies have confirmed that the reflectivity of nongranular graptolite epidermis increases
with increasing depth and has a logarithmic curve similar to the vitrinite reflectance-depth
curve [45]. This shows that the reflectance of the graptolite epidermis, such as vitrinite
reflectance, can reflect the response of organic matter to the effect of geothermal heating,
and can also be used to characterize the maturity of organic matter. Compared with
bitumen, the random reflectance of graptolite, as a thermal maturity pa-rameter, has the
advantages of being single origin, belonging to primary macerals, being large in quantity
and easy to identify [46].

The graptolite-rich shale in the Pingliang Formation, as a reservoir of shale oil and gas,
has been confirmed by exploration, and the microstructural characteristics of graptolite
shale have been studied extensively [47]. Through scanning electron microscope obser-
vation, the biological structure of graptolite contributes to the development of primary
pores in shale [28,48,49]. The characteristics of graptolite preserved along the plane lead
to the development of microcracks [50]. Therefore, the contribution of graptolite to hy-
drocarbon generation potential and the enrichment and preservation of shale gas are of
great significance.

In this paper, an organic geochemical analysis of the graptolite-rich shale in the
Pingliang Formation of Well YT2 was conducted, and it was focused particularly on the
maturity of organic matter. This study can supplement the geochemical study of source
rocks in the southwest margin of Ordos Basin, and provide a basis for the exploration of
shale oil and gas in the Pingliang Formation. Moreover, this study provides ideas for the
breakthrough of global low TOC shale oil and gas exploration.

2. Geological Setting

The Ordos Basin is divided into six first-level structural units, including the western
margin thrust belt, the Tianhuan depression, the Yishan slope, the Jinxi flexural fold belt,
the Yimeng uplift, and the Weibei uplift (Figure 1A) [51]. The western structure of the
Ordos Basin is complex, the tectonic activity of the western margin thrust belt is relatively
strong, and the fault belt is developed, but the Tianhuan depression is relatively stable.

During the depositional period of the Pingliang Formation, the basin interior was
uplifted, and differential subsidence occurred in the western region. Therefore, a set
of bordered terrigenous sediments was formed, and the deep-water slope -shelf -basin
facies sedimentary system developed from east to west [35]. Due to different stratigraphic
naming systems in different areas of the Ordos Basin (Table 1), the lower part of the
Pingliang Formation in the south of the western margin corresponds to the Wulalike
Formation in the north, and the upper part corresponds to the Lashizhong Formation
and Gongwusu Formation [52,53]. This study focuses on the lower part of the Pingliang
Formation (Wulalike Formation). The lower part of the Pingliang Formation belongs to
the strata deposited from the Middle Ordovician from the late Darrewell period to the
Sambi period. Its TOC is higher than that in the upper part of the Pingliang Formation
(Lashizhong Formation) [54-56]. The deep-water slope facies graptolite shale developed in
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this formation is the main layer for shale gas exploration and development [54-57]. The
Pingliang Formation shale is exposed at the surface in the Laoshidan section of Wuhai
city in the north (called the Wulalike Formation and the Lashizhong Formation) and
the Guanzhuang section of Pingliang in the south. The lithology is dominated by shale,
calcareous mudstone, and dolomitic mudstone. The thickness of the stratum is 20-1200 m,
and it gradually thickens from east to the west (Figure 1A) [34]. The southwest margin
of the Ordos Basin is close to the Qilian-Qinling orogenic belt. In the middle and late
Ordovician, due to the severe northward subduction of the Shangdan oceanic crust, the
convergent plate margin was transformed into a back-arc basin of an extensional nature [29].
Due to the thrust nappe, the main part of the North China Craton, including the Ordos
Basin, was uplifted and retreated, resulting in shallow burial of the strata, and even the
outcropping of the surface, resulting in the loss of local strata at the southwest edge [58] and
leading to the existence of local low-maturity samples. Research on shale of the Pingliang
Formation shale in this area is still limited.
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Figure 1. (A) Location and thickness map of the Wulalike Formation in the study area (according
to [4]) (NCC: North China Craton, SCC: South China Craton); (B) the strata histogram.
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Table 1. Stratigraphic correlation between the south and north of western Margins of Middle and
Upper Ordovician in the Ordos Basin [52,53].

System Series Stage South of Western Margin = North of Western Margin
Hirnantian - -
Katian Beiguoshan Formatiom -
Upper Gongwusu Formation
Ordovician Sandbian Pingliang Formation Lashizhong Formation
Waulalike Formation
Darriwilian Kelimoli Formation
i Maji F ti
Middle Dapingian aagot Tormation Zhuozishan Formation
3. Samples and Methods
3.1. Samples
The seven drill core samples collected in this paper are from the lower part of the
Pingliang Formation in Well YT2 in the southern segment of the western margin of the
Ordos Basin (Figure 1B). The samples are mainly grayish black shale, distributed at depths
of 3861-3871 m (Table 2), and graptolites are often found in core samples with bedding
development. A diamond wire saw was used to cut the core samples into cylinders
with a height of 4 cm and a diameter of approximately 10 cm. Part of the sample was
consolidated with epoxy resin. Three blocks with a length of 3 cm, width of 2 cm, and
height of approximately 0.5 cm were cut along the vertical and parallel bedding directions.
Then, the core debris was randomly consolidated with epoxy resin to make blocks with a
diameter of 2 cm and a height of 0.5 cm. All blocks were polished on an automatic lapping
and polishing machine into light sheets for reflectance measurement. Another part of the
sample was made into 1 x 0.5 x 0.5 cm cuboids and kept fresh for SEM analysis. The
remaining samples were crushed into 120-200 mesh powder for geochemical analysis.
Table 2. Major element contents.
Si02 TlOz A1203 TF8203 MnO MgO CaO NaZO KZO P205 LOI
1 Depth
Sample  Depth(m) (%) (%) (%) (%) (%) (%) (%) o) o) (%)
YT2-1 3861.63 56.47 0.35 8.21 3.80 0.05 3.82 11.00 0.58 2.03 0.06  13.63
YT2-2 3862.21 59.99 0.45 12.02 4.39 0.03 3.08 6.55 0.71 3.14 0.09 9.55
YT2-3 3863.08 64.71 0.53 12.49 4.84 0.03 3.44 2.35 0.81 3.28 0.06 7.46
YT2-4 3864.41 51.27 0.44 12.77 451 0.04 4.83 8.73 0.70 3.36 006  13.29
YT2-5 3865.19 55.59 0.43 11.45 4.64 0.04 4.08 8.05 0.70 2.97 0.06  11.99
YT2-6 3868.93 62.65 0.49 11.95 4.54 0.03 3.15 4.60 0.80 3.14 0.07 8.58
YT2-7 3871.20 63.73 0.50 11.60 4.87 0.03 3.27 4.05 0.73 2.95 0.06 8.21
3.2. Methods

3.2.1. TOC and Rock-Eval

The TOC was obtained by a LECO CS744 carbon—sulfur analyzer. First, ~200 mg of
the dried rock powder was accurately weighed into permeable crucibles. Second, excessive
hydrochloric acid solution (HCl; volume HCl/volume water = 1:7) was added to samples,
and the samples were kept at room temperature for 12 h and heated in a water bath at 80 °C
for 3 h to remove carbonate minerals. Third, residues were diluted with distilled water to
neutral pH and dried at 40 °C for 12 h for TOC measurement by a carbon—sulfur analyzer.
The analytical precision was better than 0.1%. A rock pyrolysis analysis was performed
at the Lanzhou Institute of Geology and Geophysics, Chinese Academy of Sciences. The
rock samples were placed in a pyrolysis furnace and heated from room temperature to
550 °C at a certain heating rate (20 °C/min). S; is the free hydrocarbon (mg HC/g Rock),
comprising the hydrocarbon products before heating to 300 °C in the heating process; S»
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is the cracked hydrocarbon (mg HC/g Rock), denoting the hydrocarbon products after
300 °C. Tyy is the maximum pyrolysis peak temperature, which is the temperature with
the highest hydrocarbon generation rate. The S; and S, precisions are better than 0.5 mg
HC/g rock. The data validity of Tyay is 2 °C.

3.2.2. GRyan

The reflectance measurement process was completed on an optical microscope
equipped with an optical microscope photometer. The reflectance of graptolite skin was
measured under an oil immersion 50 times the objective lens with reflected light, and the
measured reflectance of graptolite skin was random. The experiment was completed at the
Laboratory of thermochronology, Department of Geology, Northwest University.

3.2.3. Major Elements

Major elements were analyzed by X-ray fluorescence spectrometry on a RIX2100
system. The loss on ignition (LOI) is the percentage weight lost after heating at 1000 °C for
2 h and cooling to 400 °C. Concentrations of major elements were analyzed with greater
than 5% accuracy using a 1:5 ratio mixtures of dried sample powder and flux (Li;B4Oy7).
The above operating steps were in accordance with the China National Standard GB/T
14506.28-2010.

3.2.4. Sulfur Isotope Analysis of Pyrite

The pyrite sample was removed with a microsampler and weighed to a sulfur content
of 60 pg in the tin capsules. The analysis was performed using a Thermo Scientific 253 Plus
isotope ratio mass spectrometry (IRMS) system equipped with a Flash 2000HT Elemental
Analyzer at 1020 °C. The generated SO, adopted the Chinese reference standard GBW04414
and was calibrated with the standard silver sulfide (6%*S = —0.07%.). All (534Spy data are
reported relative to the VCDT scale, and the data accuracy was better than £0.5%..

3.2.5. Microscopic Observation

Samples were selected for microscopic observation by a Nikon Eclipse LV1I00N POL
microscope. All observations were conducted under reflected light with a 50x oil im-
mersion lens. The samples were coated with gold particles to increase their electrical
conductivity before analysis by the scanning electron microscopy (SEM). SEM images
were obtained on samples by a Thermo Fisher Helios G4 UC electron microprobe analyzer
equipped with an SDD XMAX80 detector made by Oxford Instruments, Abingdon, UK.
The chemical composition of minerals was measured at 10 kV and 0.4 mA with a resolution
of 8 nm.

4. Results
4.1. Biostratigraphic Characteristics

The graptolites of the hand specimens were observed under a stereomicroscope and
compared with the graptolite plate and feature description of the Ordovician Darivirian
to Kaidiian stage in Northwest China studied by Chen Xu [47], in order to identify the
graptolite genus and species. According to the observation of hand specimens and the
comparison with the paleontological plates, the 3861-3872 m section of well YT2 contains
Acrograptus eudiodus, Proclimographus angustatus, Haddinggraptus oliveri, Dicranograptus kansuensis,
Jiangxigraptus sextans, and Clinmagraphtus bicornis (Figure 2). Corresponding to the standard
graptolite zone of the Pingliang Formation, all of the graptolite species found belong to
the Climacograptus bicornis zone and Nemagraptus gracilis zone of the Pingliang Formation,
corresponding to the Sambiian of the Ordovician in international strata.
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Figure 2. Graptolite extension map and characteristic photos in the study area (The scale bar
is 2 mm.). (A) 3871.20 m, Climacograptus bicornis; (B) 3868.93 m, Dicranograptus kansuensis,
Proclimacograptus angustatus; (C) 3865.19 m, Acrograptus eudiodus; (D) 3865.19 m, Jiangxigraptus sextan;
(E) 3865.19 m, Climacograptus bicornis; (F) 3871.20 m, Haddingograptus oliveri; (G) 3865.19 m,
Climacograptus bicornis; (H) 3865.19 m, Acrograptus eudiodus.

34
4.2. 5 Spy

The pyrite filling the graptolite epidermis is mainly strawberry pyrite, and the pyrite
in the bedrock is mainly euhedral. The two types of pyrites were sampled by a microsam-
pling instrument and subjected to sulfur isotope analysis. The results show two types of
pyrite with different sulfur isotopic compositions: 635, filled in the graptolite cavity is
—21.78%0——12.94%0; 6345, in the bedrock is 11.84%0—25.86%o.

4.3. Microstructural Characteristics of Graptolite Shale

As observed under the 50 x objective lens of the microscope oil immersion lens, the
graptolites of the Wulalike Formation are dispersed in the black shale matrix in the form of
carbonaceous film fragments, and the particle size of the carbonaceous film ranges from
10-100 pm (Figure 3A-D). Part of the graptolite cavity is filled with pyrite; thus, this part
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of the graptolite epidermis is wrapped around pyrite (Figure 3E-I). In the parallel section,
graptolite epidermis was produced in a lath (Figure 3A). Morphologically, the grapto-
lite epidermis is divided into two types: nongranular graptolite epidermis and granular
graptolite epidermis (Figure 3B,C). This phenomenon is consistent with previous research
results [44,59]. The surface of the nongranular epidermis was smooth, and some of them
showed an iconic spindle layer (Figure 3D). The surface of the granular epidermis is rough
and can comprise particles of similar or different sizes under the microscope. Nongranular
graptolite is mainly distributed in shale, granular graptolite is mainly distributed in carbon-
ate rocks, and nongranular graptolite is mainly distributed in black shale of the Pingliang
Formation [59]. On the parallel plane, the graptolite epidermis metasomatized by pyrite
still retains a complete cell tube profile (Figure 3E). Under the microscope, the pyrite in
the graptolite epidermis was observed to be present in two layers with different shapes,
with a larger crystal form at the core and a smaller crystal form at the periphery (Figure 3F).
Symmetrical shell residues are common in the vertical plane section (Figure 3G), and pyrite
filling is more easily seen (Figure 3H,I). Pyrite fills the whole or part of the graptolite cavity.

Graptolite
epidermis

T 20pm

Figure 3. Characteristics of graptolite under the electron microscope. (A) lath graptolite epidermis,
//,3865.19 m; (B) nongranular graptolite epidermis, L, 3865.19 m; (C) granular graptolite epidermis,
//, 3871.2 m; (D) fusellal fabric, //, 3868.93 m; (E) graptolite filled with pyrite retains the theca,
//,3871.2 m. (F) The graptolite cavity is filled with pyrite of different crystal forms. //, 3865.19 m;
(G) graptolite epidermis on the vertical plane, L, 3865.19 m; (H) graptolite filled with pyrite, L,
3865.19 m; (I) graptolite partially filled with pyrite, 1L, 3865.19 m.
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Under the scanning electron microscope, the graptolite epidermis is deposited in
the bedrock with a carbonaceous film. After falling off, graptolite epidermis forms an
impression on the bedrock, as shown in Figure 4A. The carbonaceous thin film exists in a
layered structure. As shown in Figure 4B, the layered epidermis is loose, and pores formed
by damage can be observed. The structure of the spindle layer in Figure 4C corresponds to
the landmark spindle layer (Figure 3D) in the light sheet under the electron microscope.
The graptolite epidermis is attached to the bedrock and filled with pyrite. The filled pyrite
is strawberry pyrite (Figure 4D,E). The pyrite is mostly in a cluster shape, the crystal
form of internal pyrite is small, and the crystal form of pyrite outside gradually becomes
larger, and it is associated with dendritic clay minerals (Figure 4G); its composition is
kaolinite based on energy spectrum analysis, as shown in Figure 5A. In the sample, the
impression (Figure 4H) after strawberry pyrite shedding and the pores formed by pyrite
particle shedding are often seen. Energy spectrum analysis shows that more than 85% of
the impression composition is carbon (Figure 5B).

040nA ETD SE jo: 9 56 PM _10.00kV_6500x 5.9 mm 040nA ETD SE

Figure 4. SEM image of graptolite shale. (A) layered structure and die of graptolite epidermis;
(B) layered structure and organic pores of graptolite epidermis. The arrow points to the hole, and it is
the same below; (C) fusellal fabric on the fresh section of graptolite epidermis and crevice; (D) large
amount of pyrite framboids; (E) pyrite framboids and intergranular pores of pyrite; (F) euhedral pyrite.
(G) Pyrite is associated with clay minerals and produces intergranular pores. (H) the impression on
the graptolite epidermis after pyrite framboid removal; (I) graptolite cavity filled with pyrite.
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B Pointl

B Point2

Figure 5. Energy spectrum image of graptolite shale. (A) The relationship between pyrite and
clay minerals and energy spectrum of clay minerals. (B) The impression of pyrite on the graptolite
epidermis and the energy spectrum of graptolite epidermis.

4.4. Major Element Contents

The major compounds analyzed in this study include SiO,, TiO,, Al,O3, TFe;0Os3,
MnO, MgO, CaO, Na,O, K0, and P,0s5 (Table 2 and Figure 6). The concentrations of SiO,
and Al,O3 are much higher than the concentrations of other major oxides. The average
5i0, and Al,O3 contents of the shale from the Piangliang Formation are 59.2 and 11.5%,
respectively, and are relatively stable.

YT2-1 | | | |
YT2-2 | = I |
YT2-3 I I

YT2-4 |7: ‘ I I

YT2-5 |7' | | |

YT2-6 | | |

Y127 I I |
0% 10% 20% 30%  40% 50% 60% 70% 80% 90%  100%

SiO, MWTiO, WALO, ™TFe,0, MMnO =~ MgO = CaO MNa,0 ®mK,O HP,O, LOI

Figure 6. Diagram of major elements content.
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4.5. Geochemical Characteristics of Graptolite Shale

The minimum TOC value of the tested samples was 0.31%, the maximum value was
0.93%, and the average value was 0.66% (Table 3). The rock pyrolysis data are shown
in Table 2: S; is 0.36-0.50 mg HC/g Rock, S is 0.99-1.14 mg HC/g Rock, (S1 + Sp) is
1.35-1.63 mg HC/g Rock, Ty is between 455-460 °C, and PI = S1/(S1 + Sp) is 0.27-0.31
(Table 3).

Table 3. Rock pyrolysis analysis of black shale samples from the Wulalike Formation.

HI ()|

Sample Depth TOC Sl SZ S?’ PI Tgnax Type
(m) (%) (mg HC/g Rock) o) (mg HC/g TOC)
YT2-1 3861.63 0.58 / / / / / / / /
YT2-2 3862.21 0.31 / / / / / / / /
YT2-3 3863.08 0.65 / / / / / / / /
YT2-4 3864.41 0.53 / / / / / / / /
YT2-5 3865.19 0.93 0.50 1.12 0.33 0.31 456 121 36 II
YT2-6 3868.93 0.76 0.36 0.99 0.28 0.27 456 131 37 I
YT2-7 3871.20 0.86 0.49 1.14 0.40 0.30 459 155 54 1I
The measured random reflectance of the graptolite epidermis of the Pingliang Forma-
tion in the Ordos Basin is concentrated between 1.00% and 1.26% (Table 4, Figure 7A). The
equivalent vitrinite reflectance conversion formula of Cao et al. (2000) [60] and Luo et al.
(2018) [44] was selected to convert the graptolite epidermis reflectance in the graptolite
shale of the Pingliang Formation. The results are shown in Table 4 EqVR,* is distributed in
the range of 0.99-1.26%, which is nearly consistent with the random reflectance of graptolite
epidermis (Table 4, Figure 7B). EQVR,** is mainly distributed in the range of 1.03-1.08%
(Table 4, Figure 7C).
Table 4. Calibration of sample maturity.

Sample Slice Direction Depth(m) GRyn (%)  Number of Measuring Points ~ EqVR,* ! EqVR,** 2
YT2-1-1// // 3871.2 0.74 65 0.73 0.883
YT2-1-2// // 3871.2 1.04 40 1.05 1.07
YT2-1-3// // 3871.2 1.07 67 1.08 1.09
YT2-2-1// // 3868.93 1.21 60 1.23 1.17
YT2-2-2// // 3868.93 1.22 60 1.23 1.17
YT2-3-1// // 3865.19 1.22 60 1.23 1.17
YT2-1-1L 1 3871.2 1.01 60 1.01 1.06
YT2-1-2L 1 3871.2 1.14 60 1.14 1.13
YT2-1-3L 1 3871.2 1.01 60 1.01 1.06
YT2-2-1L 1 3868.93 1.33 60 1.35 1.24
YT2-2-21 1 3868.93 1.44 60 1.46 1.29
YT2-2-3 L 1 3868.93 1.49 60 1.52 1.32
YT2-3-1L 1 3865.19 1.13 60 1.14 1.13
YT2-3-2L 1 3865.19 0.90 60 0.89 0.99
YT2-3-3L 1 3865.19 0.95 60 0.95 1.02

YT2-1 Random 3871.2 1.09 38 1.09 1.10
YT2-2 Random 3868.93 1.201 32 1.21 1.17
YT2-3 Random 3865.19 0.85 36 0.84 0.96

1 EqVR,* = 1.055 x GRya — 0.053 [44]. 2 lg EqVR,** = 0.572 1g GRq + 0.021 [60]. “//” indicates parallel to
bedding plane. “1” indicates perpendicular to bedding plane.
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Figure 7. Random reflectance of graptolite and equivalent vitrinite reflectance distribution. (A) ran-
dom reflectance of graptolite; (B) equivalent vitrinite reflectance distribution (according to [44]);
(C) equivalent vitrinite reflectance distribution (according to [60]).

5. Discussion
5.1. Origin of Organic Matter in Graptolite Shale

The TOC of the samples in the study area range from 0.31-0.93% (average value:
0.66%). (51 + Sp) is 1.35-1.63 mg HC/g Rock. According to the classification standard of the
source rock, this area is a poor source rock. However, some scholars have suggested that
TOC is the residual carbon content, and the evaluation of source rocks should not be based
on TOC alone [61]. In China, some scholars have proposed the subsistence of organic acid
salts [62-64]. In the traditional TOC measurement method, this part of the material is lost in
the pretreatment, which leads to the underestimation of hydrocarbon generation potential
in the evaluation of source rocks [65]. Moreover, the types of hydrocarbon generating parent
materials lead to differences in hydrocarbon generation conversion rates [66]. According to
the HI and T4y of rock pyrolysis, the organic matter types of source rocks in the study area
are divided. The kerogen of the source rocks in the study area is type IL

The graptolite epidermis is the most important organic component in the graptolite-
rich shale of the Pingliang Formation in the Ordos Basin. Although the volume of graptolite
epidermis is small, the quantity is large. The contribution of the graptolite epidermis to
hydrocarbon generation is a controversial subject. Energy spectrum analysis shows that
the carbon content of graptolite epidermis accounts for more than 80%, even up to 90%,
which contributes to most of the carbon sources in graptolite-rich shale. According to
the statistics of some scholars, graptolite epidermis accounts for 20-93% of the volume of
dispersed organic matter in rocks, indicating that the graptolite epidermis is an important
contribution to buried organic carbon [49]. The high TOC shale intervals in the Pingliang
Formation of the Ordos Basin and the Longmaxi Formation of the Silurian in the Sichuan
Basin correspond to the intervals with high graptolite abundance, indicating that graptolite
has an important contribution to buried organic matter [23,67]. The TOC of black shale
from the Wufeng Formation to the Longmaxi Formation has an obvious positive correlation
with graptolite diversity. The pyrolysis data of single graptolite also show that residual
organic carbon of graptolite is one of the important contributors to the organic carbon of
black shale from the Wufeng Formation to the Longmaxi Formation [68]. In summary,
graptolite organic matter plays an important role in hydrocarbon generation.

5.2. Indication of Graptolite Shale in Original Organic Matter Preservation

The sedimentary environment affects the basic living conditions and preservation
conditions of graptolite, and the type of sedimentary environment is closely related to the
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living environment of graptolite organisms [69]. Therefore, different faunal combinations
can indicate corresponding sedimentary environments. Graptolite sank to the sea floor
after death and was buried together with specific brachiopod assemblages [70]. Therefore,
these specific brachiopod benthic assemblages (BAs) can indicate the seawater depth when
graptolite assemblages (GAs) were buried together. Although no specific brachiopod as-
semblage has been found in the Ordovician, predecessors have determined the specific
sedimentary environment of different graptolite genera and species according to the bio-
logical assemblage. Therefore, according to graptolite characteristics and specific global
common burial assemblages, the depth zoning pattern of graptolite can be a reference
(Figure 8) [71,72]. Many diallel graptolites occur in the study area. In the study area, the
graptolite genera and species from the Climacograptus bicornis zone to the Nemagraptus
gracilis zone in the study area include Proclimacograptus angustatus, Haddingograptus oliveri,
Dicranograptus kansuensis, and Climacraptus bicornis. In terms of diversity and richness,
they exceed the single row graptolite, such as the quiet Acrograptus eudiodus and Jiangxigrap-
tus sextans. The diallel graptolite structure has better structural strength and can adapt to
certain hydrodynamic strengths of surface water. It represents GA3, and its corresponding
water depth is approximately 30-60 m. The single-row graptolite fauna can sink from the
surface water to the deeper water, representing GA4-5. The corresponding water depth
should be more than 100 m, but not more than 200 m. In the study area, graptolites from
the Climacograptus bicornis zone to the Nemagraptus gracilis zone correspond to GA 3 and
GA 4-5 in the graptolite depth zoning pattern, indicating that the early Pingliang period,
that is, the Wulalike period, was a relatively deep-water sedimentary environment.
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Figure 8. Depth zoning pattern of graptolites (according to [71,72]).

The deposition rate of deep-sea water is still slow, and fine-grained sediments hinder
the circulation of the oxygen-rich water bodies and anoxic water bodies below. Moreover,
H;S produced by the decomposition of graptolitic remains difficult to diffuse, which leads
to a reducing environment. In addition, H,S combines with the iron element in the water
to form pyrite. Furthermore, a reducing environment inhibits the survival of benthic organ-
isms and avoids disturbing graptolitic remains. 534Spy and the occurrence characteristics
of pyrite reflect the formation environment and later evolution process of shale [73]. The
534S, and pyrite morphologies within the graptolite cavity suggest that the pyrite origin is
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BSR. During the synsedimentary period, BSR occurred by active microorganisms under
sulfur and iron enrichment conditions. The sedimentary environment is beneficial to the
enrichment and preservation of organic matter. The mechanical damage by the water body
is weak, and the graptolites are preserved and deposited in the shale layer. The distribution
and preservation status of graptolites and the performance of sulfur isotopes reflect the
low-energy, anoxic deep-water depositional environment.

The Ordovician paleogeographic features of the basin have been studied by others [74].
Studies have also been conducted on the sedimentary characteristics of the Early Pingliang
Period (Wulalike Period) in the central western margin of the basin [75]. In the Guanzhuang
section in the southern part of the western margin where the study area is located, some
phenomena representing deep-water deposition were also observed. The Guanzhuang
section comprises thin layers of marl and calcareous mudstone. It contains many graptolite-
rich shale interlayers (Figure 9) and typical deep-water slope deposits.

Figure 9. (A) Lithological association of the Pingliang Formation in the Guanzhuang section; (B) grap-
tolite shale of the Pingliang Formation in the Guanzhuang section (In the red circles are graptolites.).

5.3. Indication of Graptolite Shale in Evolutionary Processes

The 6°%S,, and pyrite morphologies in the bedrock show completely different behav-
iors from those of the pyrite in the graptolitic cavity, which is typical of a TSR origin. This
finding indicates that this depositional period may have been influenced by hydrothermal
action. The high organic matter content and the significant burial depth of the Pingliang
Formation provide potential conditions for the occurrence of TSR. The major reason for
TSR is probably volcanic activity with a minor amount of hydrocarbons from shale mat-
uration. Multiple layers of tuff interlayers in the lower part of the Pingliang Formation
have also been observed in the Guanzhuang profile (Figure 10). This result shows multiple
volcanic activities in this period, which also provided conditions for the occurrence of TSR
in this area.

According to the identical vitrinite reflectance converted from graptolite reflectance,
the equivalent vitrinite reflectance of black graptolite-rich shale of the Pingliang Formation
in the research area of the southwest margin of Ordos is concentrated between 0.99% and
1.26%, which falls in the early stage of plutonic pyrolysis, that is, the oil generation window.
The rock pyrolysis results show that Ty is between 455 °C and 460 °C, indicating that the
shale of the Pingliang Formation has reached the mature stage. PIis also a commonly used
maturity parameter. In the samples in this paper, the productivity index (PI) of graptolite
shale in the Pingliang Formation was 0.27-0.31. The evaluation results of PI indicate that
the hydrocarbon generation potential of black shale samples in the lower member of the
Pingliang Formation has been moderately transformed into oil and gas, indicating the early
evolution stage of maturity. The equivalent vitrinite reflectance combined with T},x and PI
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indicates that the source rocks in this area are in the mature stage. The southern part of
the western margin of the basin is subject to thrust napping, resulting in shallow burial
of the strata; some samples have relatively low maturity [53]. This result will affect the
overall resource evaluation of Pingliang Formation shale. Light oil appeared in adjacent
wells, consistent with the thermal maturity of the study area.

Figure 10. (A) Multilayer tuff in the Pingliang Formation Guanzhuang section; (B) the upper layer
is marl and the lower layer is tuff of the Pingliang Formation Guanzhuang section. The red lines
indicate boundaries between tuff and shale, and the arrows point to layers of tuff.

5.4. Indication of Graptolite Shale in Hydrocarbon Reservoir Pore

The Pingliang Formation shale has been demonstrated to be a reservoir by exploration.
Industrial gas flow has been successfully obtained in the north and light oil has been drilled
in the south. Pore structures of different scales were observed in the study area in the
graptolite-rich shale of the Pingliang Formation.

First, a number of primary organic pores were observed, and the primary pores were
closely related to the biological structure of graptolite. Organic pores have developed on
the graptolite epidermis. The horizontal bedding of the graptolite-enriched layer plays
the role of hydrocarbon reservoir pore space and permeability pathways. Second, as the
sedimentary environment controls graptolite-bearing shale, graptolite has been deposited
and preserved along the bedding plane. Graptolite-rich laminar structures develop rich
interlayer fractures, providing a certain reservoir space and gas seepage channels, thus
improving the oil and gas storage and migration capacity of the shale. The graptolite
shale of the Pingliang Formation also develops microfractures of different scales, which
are developed to different degrees between and within crystals. The microfractures play
a positive role in extending artificial fractures in the later development stage. Third, as
observed under the scanning electron microscope, the cavity of the graptolite epidermis is
filled with pyrite grains, and the grains gradually decrease in size and are arranged closely
from the inside to the outside due to the restriction of growth space. Intergranular pores
of nanometer-scale minerals have developed in pyrite grains. In addition, clay minerals
are filled between the pyrite and graptolite skins, and the contact between pyrite and
clay minerals also increases the number of intergranular pores. In summary, the different
types of pores and adsorption of organic matter on oil and gas provide conditions for the
accumulation of shale gas in the Pingliang Formation.
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6. Conclusions

This study closely followed the exploration focus, determined the role of the sedimen-
tary environment and thermal maturity evolution of graptolite shale in the formation of
oil and gas, and discussed the possibility of oil and gas generation. The main points are
as follows:

(1). Graptolite epidermis is the primary carbon source in graptolite-rich shale. The geo-
chemical characteristics of graptolite shale show that the TOC of this section meets
the standard of hydrocarbon source rock, and the kerogen is type IL

(2). The types of graptolites, pyrite manifestations, and field observations all show that
this area is a deep-water, quiet sea sedimentary environment conducive to preserving
organic matter.

(3). The presence of pyrite and tuff in the section indicates that TSR have occurred in this
area. Under the influence of tectonic activity, the degree of evolution of this area is
within the oil-generating window.

(4). Different types of pores are found in graptolite-rich shale, and they provide storage
space for the occurrence of hydrocarbons in the Pingliang Formation.

Due to the “four in one” condition of buried organic matter, preservation, thermal
evolution degree, and storage space, the Pingliang Formation has shale oil exploration
potential, which complements the shale gas of the Wulalike Formation in the area north of
the western margin of the basin, providing potential for shale oil and gas exploration in
northern China. Moreover, this study provides ideas for the breakthrough of global low
TOC shale oil and gas exploration.
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