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Abstract: The Yinchuan Graben is an important potential exploration area that is located on the
western margin of the Ordos Basin. Over 8000 m of Cenozoic strata have been formed since the
Cretaceous. With an integrated approach of cores observation, logging analysis, and geochemical
analysis, we analyzed the characteristics of the Cenozoic source rocks in the Yinchuan Graben and
determined the formation and destruction of the fossil oil reservoirs. With type III kerogen, the
TOC of the dark mudstone in the Qingshuiying Formation is up to 7.5%, and the Ro is 0.95-1.04%,
indicating the source rocks have entered the mature stage but the hydrocarbon generation potential
is insufficient. A quantity of reservoir bitumen and oil-bearing fluid inclusions (GOI = 1.67-4%) were
found in the Qingshuiying Formation sandstone in Well YQ-1, which indicates a fossil oil reservoir
had existed. The fossil oil reservoir and reservoir bitumen were generated by the unexplored pre-
Cenozoic strata in the Yinchuan Graben. The reservoir bitumen has high maturity and is associated
with many fluid inclusions with a high homogenization temperature or CO,. This indicates that the
bitumen was formed by the pyrolysis of the oil which was caused by the hot fluid migrating along
with the deep fault belts.

Keywords: Yinchuan Graben; source rock evaluation; reservoir bitumen

1. Introduction

Studying the characteristics of source rocks is the basis of oil and gas evaluation. It
can help to reveal the formation, distribution, and characteristics of oil and gas reservoirs.
Dembicki et al. [1] integrated the pyrolysis results and thickness data of source rocks
and forecasted the distribution characteristics of potential hydrocarbon generation in the
Bakken shale. Gao et al. [2] investigated the source rocks of different oil reservoirs in the
Nanpu Sag, Bohaiwan Basin, through GC-MS and oil-source correlation. Lomando [3],
Zhao and Machel [4], and Kim et al. [5] all considered that reservoir bitumen has a great
influence on reservoir quality and the exploration of oil. The Alberta province of Canada,
North America, and the Sichuan Basin [6-8] all have explored huge reserves of heavy
oil and bitumen resources. The characteristics of source rocks and reservoir bitumen can
reflect the formation environment and preservation condition of hydrocarbon reservoirs in
petroliferous basins.

The Yinchuan Graben is a favorable oil and gas exploration area in western China.
Studying the petroleum geological characteristics of the Yinchuan Graben is helpful to
the further the development of oil resources in western China. Rift basins often have
favorable formation conditions for oil-gas reservoirs. Sedimentary facies like delta fans
or lakes are always deposited in the depressions of the rift basins, such as the Bohaiwan
Basin [9-14], the Junggar Basin [15,16], and the Songliao Basin [17,18]. The Yinchuan

Energies 2022, 15, 4809. https:/ /doi.org/10.3390/en15134809

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15134809
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15134809
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134809?type=check_update&version=2

Energies 2022, 15, 4809

20f13

Graben is a typical rift basin located in the western margin of the Ordos Basin which has
complex structures and thick sediment. However, current research aiming at the Yinchuan
Graben mainly focuses on tectonics, sedimentology, and paleoclimate restoration [19-26].
Wang et al. [27] considered that the Yinchuan Graben experienced three regional tectonic
sedimentary events from Pliocene to Quaternary by the paleomagnetic data from boreholes.
Jing et al. [28] considered that the Yinchuan Graben and Helan Mountain are a typical
basin-and mountain-structure; the interaction of the deep faults in the Yinchuan Graben
causes frequent earthquakes. However, there are only three pre-exploratory wells (Well
YC-1, Well YC-3, Well YC-4, Well YQ-1) that have weak hydrocarbon shows. Because the
exploration in the Yinchuan Graben since 2011 has been weak, the characteristics of the
hydrocarbon accumulation are still unclear. Hao et al. [29] analyzed the characteristics of
the source rocks in the Yinchuan Graben and pointed out that hydrocarbon generation
and accumulation had happened in the Yinchuan Graben, but the hydrocarbon generation
potential, provenance, and formation environment of the source rocks are still unknown.
More evidence should be provided to prove hydrocarbon generation and accumulation.
Well YQ-1 was deployed in the Yinchuan Graben by CNPC Changqing Petroleum in
2019. Combined with the geological, logging, and geochemical analysis data of Well YQ-
1, this paper describes the fossil oil reservoir in the Yinchuan Graben for the first time.
Based on clarifying the sedimentary characteristics, we analyzed the characteristics of the
source rocks and the evolution of the reservoir bitumen and fossil oil reservoirs in the
Yinchuan Graben by analyzing the data of a geochemical experiment and the fluid inclusion
temperature. Rift basins usually have high geothermal gradients, and the study of the
characteristics of source rocks, the formation model of fossil oil reservoirs, and reservoir
bitumen in the Yinchuan Graben can indicate how the regional geologic structures of the
Yinchuan Graben influence the geothermal gradient, source rocks, and oil reservoirs in
the basin.

2. Geological Setting

The Yinchuan Graben is distributed in the NE-SW direction; the NE length of the
basin is over 180 km, and the width of the basin is 42-60 km. The Yinchuan Graben is one
of the Cenozoic rift basins in the western margin of the Ordos Basin. Helan Mountain,
Niushou Mountain, and Zhuozi Mountain are the western, southern, and northern basin
boundaries (Figure 1) [21,22,24,30,31]. The periphery of the basin is controlled by faults,
and several deep faults extend from east or west to the middle of the basin. The Yinchuan
Graben can be divided into three parts: the eastern fault terrace slope area, the central
depression area, and the western slope area [19,29]. The basin has four sedimentary centers:
the Pingluo Depression, Changxin Depression, North Yinchuan Depression, and Lingwu
Depression from north to south (Figure 1).

Paleozoic and pre-Paleozoic strata form the basin basement of the Yinchuan Graben [19].
The Oligocene Qingshuiying Formation, Miocene Hongliugou Formation, and Pliocene
Ganhegou Formation are developed from bottom to top (Figure 2). The Oligocene Qing-
shuiying Formation mainly deposited lacustrine sediments and has two sedimentary cycles.
The lower cycle is red sandstone, and the conglomerate turns to mudstone interbed with
siltstone. The upper cycle is red fine sandstone which turns to mudstone interbed with
sandstone and gypsum. The lacustrine sediment of the Miocene Hongliugou Formation is
grayish-white interbed with light yellow fine sandstone or pebbly sandstone and brownish-
red mudstone layers of different thicknesses, the middle and lower part of the strata
interbed with marlite and gypsum. The sedimentary of the Hongliugou Formation are
braided river facies. The sediment of the Pliocene Ganhegou Formation are fluvial facies
and unconformity covers the strata of the Hongliugou Formation. The lithology is light
brown, gray, and beige pebbly sandstone interbed with brown-yellow and purple-red
mudstone; some strata contain charcoal and particles of pyrite, hematite, and gypsum.
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Figure 1. Geological structure map and section location map of Yinchuan Graben.

YQ-1.

(m)
B ——
800
EH
EHE
1000 | &
1%
1 (8
1200
. AOO_i I Unconformity
1600
18004 | &
°
18| 2
18|
2oooj-§ =l
7|2 YC-4
2200
] £
1 v 3
2400 V2 E
] 7 &
2600 ] Ve g
1 UnclErmny &
2800 2 = -
1 K] B JDark mudstone
1 1 (gl AT -
3000 H 30004 %
] 3 ] Dolomitic mudstone Jz|=
] % 18]2]
3200 2 32004 & |2
] 2 1%
] & 1 |£
] B (=4
3400 | 7 3400
1.5 " Dolomitic mudstone B
3600— & [ £ = 3600 :
EE é 5 B “JGypsum
3800 | £| ] .] Dolomitic mudstone 3800
1 15 2 N 1
] Ki ]
4000~ & Gypsum & Gypsum dolomite 4000—]
] 8 1
B =}
4200 E 7
] 2 (©)(d)(e)(H @x2 / . ]
1 < v 2 4 Photographic
4400 3 z E3
] : / » g
1 N g 2 Chemical
- 2 / 2 £ analysis sample
4600 H £
] £ / S &
b 2 Unconformity & Microscopic
Ll —— observation
=

1 f == E |

S == =

e | = = — ==
Fine sandstone Medium sandstone Pelitic siltstone Mudstone  Dolomitic mudstone Gypsum
[=: 1 - ‘T‘El

==
Argillaceous Calcarcous ~ Gypsum dolomite Gypsum mudstone  Granite gneiss
fine sandstone mudstone

Brownish mum Brownish Yellowish ; Brownish
O vettow I ey™ I ciow oy ] Verienated T ™" I Ton
Yellow Light Light re Brownish Brown Grayish
O ey vown HH T B e WG e 00

Figure 2. Logging interpretation of Well YQ-1 and Well YC-4 (see YQ-1 and YC-4 in Figure 1 for
location) (Adapted from [6]).
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3. Material and Methods

We mainly carried out petrographic observation, organic geochemical testing, obser-
vation under the optical microscope, and fluid inclusion thermometry testing. The analysis
and test were carried out by the Hubei Key Laboratory of “Oil and Gas Geochemistry and
Environment”. There are 14 brownish-gray mudstone samples with sampling depths from
3743.4 to 3746.6 m for geochemical analysis. The sampling depths of the samples for fluid
inclusions and reservoir bitumen analysis are light brown calcite bearing quartz sandstone
from 3749.6 m and brownish-red quartz sandstone from 4248.45 and 4249.9 m. See Figure 2
for specific depth. All samples are from Well YQ-1; see Figure 1 for the drill location.

Problems often need to be considered comprehensively in geological research [32].
Rock-Eval pyrolysis, extraction of chloroform asphalt “A”, and GC-MS are always used
to study the maturity, kerogen types, and hydrocarbon generation ability of source rock
samples [33], and we also used Laser Raman spectrum experiment and GC-MS to study
the maturity and provenance of reservoir bitumen. We measured the homogenization
temperature of inclusions to study the origin of the fossil oil reservoir.

The core samples were crushed and filtered. Pyrolysis of source rock was carried out
by the oil and gas evaluation workstation (OGE-VI). Finally, we obtain the data of vitrinite
reflectance, maximum pyrolysis temperature, total hydrocarbon content, and hydrogen
index of source rocks. The core samples were crushed, and organic matter was extracted
by organic solvent. Then, it was analyzed by gas chromatography and mass spectrometry
(GC-MS) (GC 6890/5973 MSD). Through the experiment, we obtained the composition and
content of biomarkers in source rock samples, and we determined the provenance of the
source rocks after calculation.

We sliced the reservoir bitumen samples and used the Laser Raman fluorescence
spectrometer to obtain the distribution curves of the spectrum. We calculated the maturity
of the reservoir bitumen from the curves. The experimental operation of GC-MS is the same
as that of source rock samples. We sliced the sandstone reservoir samples. We used the
optical microscope to observe the characteristics of reservoir bitumen and the fluorescence
of oil-bearing inclusions under the environment of ultraviolet radiation. We used the
heating /cooling stage (THMSG 600) to measure the homogenization temperature of fluid
inclusions. Different colors of the fluorescence of oil bearing indicate oil and gas filling
in different periods [34], and the homogenization temperature can reflect the formation
environment of fluid inclusions [35]. By analyzing the above data, we can restore the
formation and damage environment and mode of the fossil oil reservoir.

4. Results and Discussion
4.1. Characteristics of Source Rocks and Reservoir Bitumen

The thickness of the Qingshuiying Formation in Well YC-1 is 648 m (not through) with
80% mudstone. The TOC of the Qingshuiying Formation is 0.09-0.67% with an average
of 0.4%. The TOC of Well YC-2 and Well YC-3, which have no hydrocarbon generation
potential, is 0.03-0.13%. A geochemical analysis was carried out on source rock samples
from the Qingshuiying Formation at depths of 3743.4, 3743.8, 3745.47, and 3746.16 m in
Well YQ-1 (Table 1). With a TOC of 3.6-12.7% and a Ro of 0.95-1.04%, both of them reach a
maximum at 3745.47 m whose lithology is greenish-gray dolomitic mudstone. The samples
from 3743.8 and 3746.16 m in Well YQ-1 are poor source rocks and the others are very poor
source rocks. The Iy of the samples is 1.24—4.31 mg/g; all samples are type III kerogen.
With a Ro of 0.92-1.04%, an OEP of 0.76-0.97, and a maximum pyrolysis temperature of
442-447 °C, the organic matter in the Qingshuiying Formation of Well YQ-1 has entered
the mature stage. With high organic matter content, the hydrocarbon generation ability of
the mudstone in the Qingshuiying Formation, Well YQ-1, is insufficient.
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Table 1. Analysis results of YQ-1.
Depth Ro TOC S1+S, Chloroform Total gz;lt::‘cta rbon OEP Iy Tmax  Kerogen
(m) (%) (%) (mg/g) Asphalt “A” (%) (ug/e) (mg/g) (°O) Type
37434 0.95 3.6 0.15 0.003 24.29 0.97 4.31 442 111
3743.8 0.92 8.46 0.2 0.004 19.37 0.92 2.48 447 111
3745.47 1.04 12.7 0.15 0.004 30.30 0.76 1.24 445 11
3746.16 1.01 8.4 0.25 0.003 23.68 0.84 1.28 443 11

106°08'E

106°08'E

The Qingshuiying Formation strata in the Yinchuan Graben from the depth of 3204 to
3277 m has the hydrocarbon generation ability and can be the position of potential source
rocks to develop. Hao et al. [29] analyzed the logging, organic geochemistry, and seismic
data and considered that the threshold depths of oil generation in the Qingshuiying Forma-
tion is 3110-3310 m. The source rocks will generate oil in an enormous quantity at 4700 m
depth. Because the Bouguer gravity anomaly areas of the Yinchuan Graben are distributed
in four subsidence depressions (Figure 3a) [31], according to the evolutionary process of the
Yinchuan Graben [36], we considered that the Qingshuiying Formation strata are thicker in
the depressions (Figure 3b). The Changxin depression and the Pingluo depression have
thicker dark mudstone in the Qingshuiying Formation strata than the North Yinchuan
depression and the Lingwu depression located in the south of the basin. It indicates that
finding dark mudstone is more likely in the Qingshuiying Formation strata whose buried
depth reaches the oil generation threshold depth in the north of the Yinchuan Graben. Thus,
the oil generation potential of the dark mudstone in the Qingshuiying Formation strata in
the north of the Yinchuan Graben is higher than that in the south.
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Figure 3. The thickness distribution of mudstone in Qingshuiying Formation, Yinchuan Graben.
(a) Distribution of Bouguer gravity anomaly in Qingshuiying Formation, Yinchuan Graben (Adapted
from [31]); (b) Mudstone thickness of Qingshuiying Formation in Yinchuan Graben.
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Gas chromatograms of saturated hydrocarbons were carried out on the 14 source rock
samples from Well YQ-1 at the depths of 3743.4-3746.16 m. See Figure 2 for the sampling
location; the results are shown in Figures 4 and 5. The source rocks of Well YQ-1 are mainly
deposited in the lacustrine reduction surroundings and transitional surroundings, and the
provenances of the organic matters are terrestrial (Figure 5). The characteristics of the gas
chromatography are shown in Figure 4. The peak of the total ion current is near the end,
indicating the organic matter mainly contains heavier n-alkane. The ratio of the tricyclic
terpene Cp5/Cpg is less than 1, and the shape of the curve of the Cp5-Cpg-Cpg sterane is like
the letter V, indicating that the provenance of the source rock samples in Well YQ-1 is the
humic terrestrial higher plant.
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Figure 4. Atlas characteristics of the samples of Qingshuiying Formation by pyrolysis.
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Figure 5. Oil-source correlation results of dark mudstone in Qingshuiying Formation. Red circle and
red triangle: values of the dark mudstone samples; Blue line: dividing line of Pr/Ph = 1.
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Laser Raman spectroscopic analyses were carried out on the massive reservoir bitumen
from the depth of 4248.5 and 4249.9 m of Well YQ-1; see Table 2 and Figure 6 for the results.
When the Ro is over 1.5%, the reservoir bitumen will show obvious anisotropy, and the
mean ratio of the Ro is about 2.134%. Hanson et al. considered that the source rocks in the
western part of the basin are more thermally mature than those in the east [37]. Thus, we
considered that the reservoir bitumen in the Yinchuan Graben has high maturity.

Table 2. Laser Raman results of reservoir bitumen.

Number Depth (m) Wp (em~1) Wg (em~1) Ro (%) Mean Ro (%)
YQ 1-3-1 4249.9 1362.79 1583.31 0.624
YQ 1-3-2 42499 1319.21 1602.44 2.600
YQ 1-3-3 4249.9 1314.69 1583.62 2.149
YQ 1-3-4 4249.9 1318.61 1583.03 2.007 2134
YQ 1-3-5 42499 1307.62 1605.14 3.050 :
YQ 1-3-6 4249.9 1313.41 1602.68 2.790
YQ1-3-7 4249.9 1320.56 1595.53 2.339
YQ 1-3-8 42499 1334.62 1583.39 1.514
|\
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Figure 6. LRS of reservoir bitumen in Qingshuiying Formation in Well YQ-1. Red line: sampling
depth is 4248.45 m; Blue line: sampling depth is 4249.9 m.

4.2. Characteristics of Fluid Inclusions

The oil-bearing fluid inclusions that were fluorescent were observed under ultraviolet
irradiation in calcite crystalline grains at the depth of 3749.96 m, Well YQ-1 (Figure 7a). We
considered that there are at least two periods of hydrocarbon charging that had happened
in Well YQ-1 according to different fluorescent colors (Figure 7e-h). However, due to too
few synchronous saltwater inclusions, we could not measure the effective data. Oil-bearing
fluid inclusions with yellow-green fluorescent with a GOI of 1.67% were observed in the
intragranular crackles of the quartz grains at the depth of 4248.5 m, which indicates a
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palaeoaquifer. Oil-bearing fluid inclusions with blue fluorescent with a GOI of 4.0% were
observed in the intragranular crackles of the quartz grains at the depth of 4249.9 m, which
indicates a paleo oil-bearing bed [38]. Hao et al. [29] considered that the Qingshuiying
Formation dark mudstone would generate oil and gas in an enormous quantity at the depth
of 4700 m, but Well YQ-1 did not drill to enough depth so the mudstone in the Qingshuiying
Formation cannot generate oil. Thus, the source rocks of the fossil oil reservoir cannot be
Qingshuiying Formation dark mudstone. We considered that unexplored source rocks exist
in the deeper strata of the basin.

d A=542.3nm

2

300 400 500 600 700 800
h— length

2=471.2nm

300 400 500 600 700 800
length

.

Figure 7. Micrographs of oil inclusions and reservoir bitumen of the Qingshuiying Formation in Well
YQ-1. (a) At 3749.96 m, oil inclusions in a calcite grain; (b) at 3749.96 m, oil inclusions in a calcite
grain; (c) at 3749.96 m, layered black and dark brown reservoir bitumen; (d) at 4248.45 m, block black
and dark brown reservoir bitumen; (e) at 4248.5 m, oil inclusions in crackles of a quartz grain; (f) the
fluorescence spectroscopy of (e); (g) at 4249.9 m, oil inclusions in cracks of a quartz grain; (h) the
fluorescence spectroscopy of (g).
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4.3. Formation Process of Fossil Oil Reservoir and Reservoir Bitumen

Well YQ-1 drills through the Qingshuiying Formation strata, and the end of the drill
is light red granite gneiss without the hydrocarbon generating capacity. According to
the formation and evolution characteristics [36], residual pre-Cenozoic strata with several
hydrocarbon generation abilities exist underneath the Qingshuiying Formation (Figure 8a).
These strata have generated oil after the Qingshuiying Formation had been deposited. Oil
migrated near Well YQ-1 and formed oil-bearing fluid inclusions with different maturities
after several periods of hydrocarbon charging (Figure 8b).
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Figure 8. Formation of the fossil oil reservoir and reservoir bitumen in Yinchuan Graben. (a) Undis-
covered source rocks generated oil. At the same time, the hydrothermal fluids from the mantle
moved upward along the deep faults. But the ground temperature was not sufficient for the pyrolysis
of crude oil; (b) The oil generated from undiscovered source rock migrated and formed fossil-oil
reservoirs in the traps formed by gypsum in the Qingshuiying Formation; (c) As the thickness of
overlying sedimentary strata increased and the hydrothermal fluids heated the strata, the ground
temperature rised and leaded to the pyrolysis of fossil-oil reservoirs; (d) The pyrolysis of fossil-oil

reservoirs formed reservoir bitumen.

Reservoir bitumen has several formations, including pyrolysis, biodegradation, water
washing, and gravity differentiation [39]. The maturity of the reservoir bitumen in the
Yinchuan Graben is similar to the pyrobitumen formed by pyrolysis in the upper Triassic
strata of the Sichuan Basin [40]. Massive or banded reservoir bitumen is filled in the
intergranular porosity of the sandstone from top to bottom in the Qingshuiying Formation
(Figure 7g,h) [41], and any marker for being biologically degraded was not found by CG-MS.
These phenomena indicate that biodegradation, gravity differentiation, or water washing
cannot be the origin of the reservoir bitumen in the Yinchuan Graben. Thus, we considered
that the reservoir bitumen in the Qingshuiying Formation in Well YQ-1 was formed by the
pyrolysis of the crude oil. Additionally, predecessors did not find any gas reservoirs in
the Yinchuan Graben; the gas formed by pyrolysis might have been lost without suitable
save conditions.

The average geothermal gradient of the Yinchuan Graben is 3 °C/hm [31], which
is not enough for the formation of the oil pyrolysis. However, the Yinchuan Graben has
a shallow depth of the Moho Surface [42]. The attenuation of the lithosphere and the
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upward migration of the mantle asthenosphere causes the Yinchuan Graben to have a high
ground temperature [43] (Figure 8c). According to the previous studies, the geothermal
distribution characteristics of the Yinchuan Graben are closely related to the faults [44]. The
east of Well YQ-1 is the deep fault zone named the Huanghe Fault of Yinchuan Graben.
The depth of the Huanghe Fault zone is close to the Moho Surface. Predecessors believe
that it provides a channel for the upward migration of deep hydrothermal fluids [44].
We also found a large amount of gas-liquid two-phase aqueous fluid inclusions with a
homogenization temperature over 200 °C and CO;-bearing fluid inclusions during the
microscopic observation of the sandstone samples, indicating that the ground tempera-
ture of the Qingshuiying Formation strata in Well YQ-1 had once abnormally elevated.
Due to the failure to measure effective homogenization temperature data for a fluid in-
clusion thermodynamic analysis, we cannot judge when the hydrothermal activity had
been activated.

Combined with the above evidence, this paper only speculates the formation mode of
reservoir bitumen, as shown in Figure 8. Because Well YQ-1 did not drill to the pre-Cenozoic
strata, crude oil generated from the pre-Cenozoic strata underneath the Qingshuiying
Formation may charge after the migration (Figure 8a,b). During the basin formation
process, the Yinchuan Graben has been affected by the mantle material under the Moho
Surface [36], so it is speculated that the hydrothermal fluids have been moving upward
along the deep faults after the basin formed (Figure 8a—d). With the increase in burial depth,
the ground temperature of the Qingshuiying Formation strata gradually rose and caused
the pyrolysis of fossil oil reservoirs (Figure 8c). The pyrolysis of the crude oil formed the
reservoir bitumen (Figure 8d).

5. Conclusions

This study mainly evaluates the dark mudstone of the Qingshuiying Formation of the
Oligocene in the Yinchuan Graben, describes the fossil oil reservoirs and reservoir bitumen,
and summarizes their characteristics. Based on the existing conditions, the damage to
fossil oil reservoirs and the formation of reservoir bitumen are speculated. The main
achievements of this study are as follows.

(1)  According to the hydrocarbon source evaluation, the only known potential source
rock in the Yinchuan Graben is the dark mudstone of the Oligocene Qingshuiying
Formation. The overall organic carbon content is high (12.7%), but the hydrocarbon
generation potential is poor (the ratio of S; + 5, is less than 0.3 mg/g). The source rock
has entered the mature stage, but the oil generation potential is weak. It is formed
by the deposition of terrestrial higher plants in the lacustrine-reducing environment.
The dark mudstone of the Qingshuiying Formation is thick in the Pingluo Depression,
Changxin Depression, North Yinchuan Depression, and Lingwu Depression of the
Yinchuan Graben. The thickness of the dark mudstone in the north of the basin
is greater than in the south, and the hydrocarbon generation potential is relatively
higher.

(2) A large amount of oil-bearing fluid inclusions and reservoir bitumen had been found
in the source rock samples in Well YQ-1. Reservoir bitumen has high maturity, which
is 2.134%, and is formed by oil pyrolysis. The reservoir bitumen has no relationship
with the Qingshuiying Formation dark mudstone. This provides more evidence for
the hydrocarbon generation and charging in the Yinchuan Graben during geological
history.

(3) Unexplored pre-Cenozoic strata with hydrocarbon generation ability exist underneath
the Qingshuiying Formation in the Yinchuan Graben, which might be the source
rocks of the fossil oil reservoirs and reservoir bitumen. Gas-liquid two-phase aqueous
fluid inclusions with homogenization temperatures over 200 °C indicate that a high
ground temperature field had been formed in the Qingshuiying Formation strata.
Combined with the fact that the deep faults in the Yinchuan Graben will lead to the
upward movement of the deep heat flow from previous studies, we believe that this
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high-temperature phenomenon is caused by the upward movement of hydrothermal
activity along the deep fault. We speculate that in the geological history period, the
fossil oil reservoirs in the Qingshuiying Formation experienced pyrolysis to form
reservoir bitumen under the influence of hydrothermal activities migrated upward
along deep faults.

This study provides more examples for studying the hydrocarbon accumulation
characteristics and preservation conditions of Western China Cenozoic rift basins. In
addition, due to the limitation of the exploration of the Yinchuan Graben, there are still
many conclusions in this paper that need further exploration and research, which also
provides more guidance and help on how to explore the Yinchuan Graben deeply in the
next step.
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