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Abstract: In recent years, newly discovered ultra-deep fault-karst reservoirs in the Shunbei area of
the Tarim Basin have greatly increased the prospectivity of the basin and become a hotspot for further
hydrocarbon exploration. In this study, the diagenetic sequences of the Lower-Middle Ordovician
reservoir were established through observation of thin sections under transmitted light, reflected light,
and cathode luminescence. The hydrocarbon charge history in the Shunbei area was reconstructed
and associated with a series of diagenetic events using fluid inclusion microthermometric measure-
ments combined with one-dimensional basin modeling. The results show that the Shunbei area has
experienced three hydrocarbon charging episodes in total, in the late Caledonian, late Hercynian, and
late Himalayan. Finally, the relationship between measured QF-535 factors and the API gravity of
crude oil was used to quantify the level of contribution of each of the petroleum charging episodes to
the No. 1, No. 5, and No. 7 fault zone reservoirs. The contribution of early hydrocarbon charging
episodes gradually increases from west to east in the Shunbei area. This increase was driven by dif-
ferent tectonic events throughout geological history and the subsequent evolution of paleo-structural
patterns. This study has a significant impact on marine carbonate reservoir evaluation in strike-slip
fault zones in China.

Keywords: Shunbei area; strike-slip fault zone; hydrocarbon charge; oil inclusion; contribution;
Tarim Basin

1. Introduction

Worldwide, carbonate reservoirs are known to be rich in hydrocarbon resources and
are an important frontier in the field of deep oil and gas exploration [1]. Carbonate reser-
voirs are mainly distributed across the Middle East, North America, and Central Asia,
with a burial depth typically less than 3000 m [2,3]. Normally, deep carbonate rocks are
compacted during diagenesis, resulting in poor porosity and permeability, which is not
considered suitable for reservoir units [4-6]. However, fracture—cave systems can develop
along the strike-slip faults after undergoing multi-stage tectogenesis and dissolution—
cementation transformation by deep or subsurface-derived fluids, accompanied by the
development of dissolution caves and various pore spaces, thus forming ultra-deep car-
bonate fault-karst reservoirs with commercial value, which is fundamentally different
from the formation mechanism of shale and tight sandstone gas reservoirs [7-9]. Chinese
exploration companies have discovered several large oilfields in these ultra-deep strata,
such as the Puguang gas field in the Sichuan Basin, the Tahe Oilfield and Halahatang
Oilfield in the Tarim Basin, etc., and consequently, the exploration prospectivity and distri-
bution of ultra-deep marine strata have been the subject of a large number of investigations
and exploration programs [10,11]. One such program, in the Shunbei area, located in the
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northern Shuntuoguole Low Uplift area of the Tarim Basin, resulted in the discovery of
large-scale commercial reserves, specifically an oil field with an annual oil and gas output
exceeding one million tons. This area’s main exploration target strata are carbonate rocks
of Ordovician age, with an average burial depth of over 7500 m and a calculated resource
of 17 x 108 t oil equivalent. The oil and gas enrichment zone is distributed along strike-slip
faults [12-14], indicating that the faults play an important role in controlling the distribution
of high-quality reservoirs.

Following the discovery of this oil field in the Shunbei area, considerable research
with important theoretical and practical significance was undertaken on the structural char-
acteristics of the strike-slip faults and the reservoir formation mechanisms of oil reservoirs
in the Shunbei area. Most researchers concluded that there is a strong coupling between
oil migration and the structural evolution of the strike-slip fault zone in the Shunbei area.
Previous studies based on the microthermometry of fluid inclusions and analysis of hy-
drocarbon geochemical characteristics proposed multi-episodes of oil and gas charging
in the Shunbei area. Qi (2016) and Jiao (2018) concluded that the hydrocarbon charging
period in the Shuntuoguole Low Uplift was the late Hercynian and Himalayan [12,15].
Wang et al. (2020) investigated the fluid inclusion assemblage (FIA) data to determine the
homogenization temperature of primary oil inclusions and coeval aqueous inclusions and
subsequently “projected” this temperature data onto burial history curves marked with
isotherms [16]. This allowed them to determine that there were two episodes of oil and
gas accumulation in the Shunbei No. 5 fault zone, which included the late Caledonian and
late Hercynian—Indosinian, the second charging episode comprising the main hydrocarbon
accumulation period. Lu et al. (2020) considered that the petroleum accumulation of
the Shunbei No. 5 fault zone reservoir occurred in the late Ordovician, and petroleum
accumulation of the Shunbei No. 1 fault zone reservoir occurred in the Silurian [17]. Wang
et al. (2019) and Han (2021) combined data from coeval aqueous inclusions in oil inclusions
with burial history data and concluded that three stages of hydrocarbon accumulation
occurred in the Shunbei No. 1 fault zone reservoir in the late Caledonian, late Hercynian,
and late Himalayan [18,19]. Chen et al. (2020), using the same approach, concluded that
there were at least two episodes of hydrocarbon accumulation in the Shunbei area, in the
late Hercynian and the late Himalayan [20]. The hydrocarbon accumulation process in
the Shunbei area is very complicated due to the large burial depths, the great age of the
reservoir rocks, and the effects of multi-stage tectonic activities. Previous research on the
hydrocarbon charging history in the Shunbei area arrived at wildly different conclusions
and lacked information on the difference in petroleum charging events into different fault
zone reservoirs and their contribution at different periods through geological history. In
the present study, the Lower Ordovician carbonate rocks in the No. 1, No. 5, and No. 7
fault zones in the Shunbei area were sampled. On the basis of reservoir calcite cement vein
microscopic observations, microthermometry, and fluorescence analysis of fluid inclusions,
combined with organic geochemical data from the reservoir oils, we reconstructed the
oil and gas accumulation history of the Shunbei area and quantitatively calculated the
fractional contribution of different petroleum charging episodes in the No. 1, No. 5, and
No. 7 fault zone reservoirs by determining the API of the oil inclusions. Furthermore, the
factors controlling the different contributions made by the different charging episodes are
analyzed. This study offers new insights into marine carbonate oil and gas exploration
and will ideally eventually be used as a reference on the hydrocarbon accumulation and
distribution in ultra-deep carbonate reservoirs.

2. Geological Setting

The Tarim Basin is located in the northwest of China and covers an area of about
5.6 x 10* square kilometers. It is rich in hydrocarbon resources but geologically extremely
complex; hence, hydrocarbon exploration is difficult [21]. The Shuntuoguole Low Uplift is
located in a desert-covered area in the center of the Tarim Basin, close to the Katake Uplift,
the Guchengxu Uplift, the Awati Depression, and the Manjiaer Depression [22], including
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the Shunbei, Shuntuo, Shunxi, and Shunnan exploration areas. The present-day structure
is in a relatively low-lying position (Figure 1). The region has experienced at least four
tectonic episodes, namely, the middle Caledonian, the late Caledonian—early Hercynian, the
late Hercynian-Indosinian, and the Yanshan-Himalayan [12,23,24]. Each of these episodes
had different effects controlling the formation and evolution of strike-slip faults. In the
middle Caledonian tectonic episode, large-scale strike-slip faults developed, and the last
three tectonic movements resulted in the superimposition of strike-slip strain re-activating
the original middle Caledonian age strike-slip faults. The structural setting of a western
platform and an eastern basin within the Tarim Basin continued from the Cambrian to
the Ordovician, during which time the Shuntugoule Low Uplift was completely infilled.
At the beginning of the Cambrian, influenced by the early Caledonian orogeny, the basin
underwent rapid extension. Sea level rose, and the Yuertusi Formation (€1y) source rocks
were widely deposited. The Ordovician strata in the Shunguole Low Uplift were strongly
compressed by the middle Caledonian Tectonic Episode I. The sedimentary facies changed
from the restricted—semi-restricted—opening platform of the early-middle Ordovician to
shallow sea incorporated shelf facies in the late Ordovician. This resulted in the well-
developed Lower Paleozoic source-reservoir—cap play in the Shunbei area with ideal
conditions for the formation of large oil and gas fields. The reservoirs and caprocks of
the Lower Paleozoic age in the study area were all developed in the Ordovician, and the
Yijianfang Formation (O;_y) and the Yingshan Formation (O,yj) carbonate rocks are the
main hydrocarbon exploration targets. From bottom to top of the Ordovician strata, the
lithologically of the Penglaiba Formation (O1p) is relatively uniform, which is characterized
by grey dolostones interbedded with lime dolostones with a small amount of dolomitic
limestone, unconforming contact with the underlying Cambrian strata. The Yingshan
Formation’s member is mainly characterized by micritic limestone and sparry granular
limestone in lithology. In contrast, the lower member is formed of dolomitic limestone and
micritic limestone, conforming contact with the underlying Penglaiba dolostone formation.
The lithology of the Yijianfang Formation is described as a sandy-clastic micritic limestone
and a grainy limestone, which conformably overlies the underlying Yingshan Formation.
The sedimentary thickness of the Qiaerbake (Osq) and Lianglitage (O3l) Formations is
relatively thin; these formations consist lithologically of mudstones interbedded with
thin limestones and argillaceous siltstones. The overlying fine-grained sediments of the
Sangtamu Formation (Oss) act as regional cap rock.

Multiple faults trending NW, NE, and SN developed in the Shunbei area [25]. The
No. 1 strike-slip fault is NE-trending, while the No. 5 and No. 7 strike-slip faults are
NW-trending. The No. 5 fault has a recognizable length of about 270 km and runs from the
Taibei Uplift to the Tazhong Uplift [24]. The No. 1 and No. 5 fault zones show deformation
at both deep and shallow levels. These faults extend into the basement. In contrast, the No.
7 fault zone is relatively constrained vertically (Figure 1). At present, major hydrocarbon
discoveries have been made in the No. 1 fault zone reservoir and the north section of the
No. 5 fault zone reservoir, with oil fields distributed along the major faults. It is concluded
that the reservoir presence/absence is primarily controlled by structural activity and fluid
dissolution. The strike-slip fault system that experienced repeated reactivation provided
migration pathways for multi-stage fluid-related diagenesis of the carbonate rocks and
vertical hydrocarbon migration [15,26,27].
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Figure 1. The location of the study area within the Tarim Basin and the regional stratigraphic column
of the Ordovician formation (Modified after [17]).

3. Materials and Methods

A total of 41 samples ranging in depth from 7357.50 m to 8121.61 m were collected for
fluid inclusion system analysis. The experiments were conducted at the Key Laboratory of
Tectonics and Petroleum Resources, Ministry of Education, China University of Geosciences
(Wuhan). All collected samples were prefabricated into double-sided polished wafers
approximately 100 to 150 um thick. The instrument used for cold cathode luminescence
(CL) observation was RELIOTRON III with an operating current of 300~500 pA and an
operating voltage of 8~13 KV. The thin sections were observed with a Nikon 80I dual-
channel fluorescence microscope to identify the oil inclusions and determine their maturity,
and the excitation wavelength of ultraviolet light was 330-380 nm. The hydrocarbon
inclusions and coeval aqueous inclusions were subjected to microthermometry and salinity
measurements using a Linkam THMGS600 heating-freezing stage with an accuracy of
£0.1 °C. Firstly, the thin sections were cut into suitable sizes with a glass knife and put into
a heating-freezing stage. Then, the initial heating rate was 10 °C/min, which decreased
to 5 °C/min when the bubble beat rapidly in the inclusion, and finally rose at the rate of
1 °C/min until the homogenization temperatures (Th) were measured. When cooling, it
was cooled naturally first, and when it was close to room temperature, the freezing stage
was started, and then cooled down to —-90~-100 °C at the rate of 10 °C/min, then rose
to =30 °C at 10 °C/min, then rose to —22 °C at 5 °C/min, and finally rose at the rate of
1 °C/min until the ice final melting temperatures (Tm) were measured. The conversion of
salinity from the final melting temperature was based on Bodnar’s (1993) formula [28].
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4. Results
4.1. Petrology and Mineralogy

Core samples from the Yijianfang Formation and the Yingshan Formation are com-
prised lithologically of micritic limestone, dolomitic limestone, and bioclastic limestone
(Figures 2 and 3), showing siliceous alteration (Figure 2b,c). Observed available hydrocar-
bon pore space includes fractures, dissolution pores, and caves (Figure 2a). The fractures are
tectonic in origin and include high-angle and horizontal fractures, completely or partially
filled with calcite cement, with residual bitumen observed proximal to fracture walls and
stylolites (Figures 2c and 3b). From observation of fracture cross-cutting relationships, at
least three episodes of fracturing can be identified, resulting in fracture sets F1, F2, and F3
(Figure 2b,c). F1 fractures are filled with near-surface derived calcite cement, F2 fractures
are filled with two generations of calcite cement mineralization and bitumen during the
burial stage, and F3 fractures are either unfilled or partially infilled with bitumen. There
are four generations of fluid inclusion-bearing calcite cements. Under Cathode Lumines-
cence, these different cements show CL colors that are dark brown, orange, and bright
yellow. The calcite cement (C1), showing dark CL color, is characterized by axial-radial and
equal-thickness fibrous ring edges (Figure 3c). C1 is developed in biological moldic pores
(Figure 2d) and dissolution pores formed during early diagenetic karstification, where it
shows geopetal structures (Figure 2g), indicating early calcite cementation. The calcite
cement C2 showing brown CL color has the characteristics of shallow burial diagenetic
stage alteration. It is mostly symbiotic with stylolites and pyrobitumen, and in thin sections,
cracks or compacted broken particles can be observed (Figure 2e). The calcite cements
C3 (orange CL color) and C4 (bright-yellow CL color) have the characteristics of being
deposited during the deep burial stage. These cements consist of coarse calcite cement
crystals showing a rough crystal mosaic texture, with some crystals developing growth
zoning (Figure 2f,h).

Dolomitization is also common in the Shunbei area. There are three types of dolomite:
matrix dolomite (Figure 3¢c,d), dolomite distributed along stylolites (Figure 3e), and dolomite
in the dissolution pores (Figure 3f). The matrix dolomite is widely distributed. Two genera-
tions of matrix dolomite can be recognized. The first-generation dolomite is characterized
by subhedral to anhedral crystals and shows scarlet CL color. The second-generation
dolomite is characterized by subhedral to euhedral crystals of about 100 pm—-200 pm in
size and shows crimson CL color. The second-generation dolomite overlies the C2 calcite
cement, indicating that dolomitization occurred after the second generation of calcite ce-
mentation. The dolomite distributed along pressure-dissolution stylolites is characterized
by subhedral to euhedral crystals of about 50 pm-100 pum in size. It shows scarlet lumines-
cence CL color, indicating that the dolomite and stylolites were formed contemporaneously.
Encountering dolomite fill in dissolution pores is relatively rare and, where observed, is
characterized by subhedral to euhedral crystals about 100 um-250 um in size. It shows
scarlet CL color and is commonly associated with solid bitumen. Additionally, pyrite is
observed in the dolomite of the Ordovician Yijianfang Formation (O,yj) in a sample from
the SHBL1 well (Figure 3g), indicating that pyritization occurred after dolomitization.

Based on information from petrographic analysis in combination with vein cross-
cutting relationships [29], the diagenetic sequence and the relative timing of hydrocarbon-
bearing fluid migration can be delineated. The sequence of diagenetic alteration in the
Lower-Middle Ordovician in different fault zones in the Shunbei area is the same. In the
early diagenetic stage, the Shunbei area suffered from syngenetic-quasi-syngenetic karstifi-
cation related to a relative fall in sea level. This resulted in the observed biological moldic
pores and intragranular dissolution pores, characteristic of selective dissolution. At the
same time, seafloor cementation occurred, resulting in fibrous calcite cement formation, and
calcite cement was deposited on the walls of the karstification-related dissolution cavities.
The first episode of fracture formation also occurred in the early diagenetic stage. With
the continued burial in the middle-shallow burial stage, compaction, pressure dissolution,
and burial dolomitization took place, forming pressure-dissolution stylolites with dolomite
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distributed along the stylolites. The second-generation calcite cement filled the first-stage
fractures F1 and early diagenetic dissolution pores that had not been completely filled by
the first-generation calcite cement. The first episode of hydrocarbon charging accompanied
the fluid movement during this stage. During the late Caledonian to early Hercynian
period, tectonic uplift resulted in the second stage of fracturing of the formation and the
bituminization of the early charged crude oil. During the middle-deep burial stage, the first
stage of burial dissolution occurred. Subsequently, the third generation of calcite cement
filled fractures and dissolution pores, and this stage is associated with the second hydrocar-
bon charging episode. With further tectonic uplift, the third stage of fracturing occurred,
and subsequent deep burial of the formation resulted in late dolomitization, dissolution,
and calcite cement deposition, accompanied by the final episode of hydrocarbon charging
(Figure 4).

Silicious

Figure 2. The characteristics of calcite cements from the Ordovician reservoir in the Shunbei area
(F1 = the first fracture set; F2 = the second fracture set; F3 = the third fracture set; C1 = the first
stage of calcite cement; C2 = the second stage of calcite cement; C3 = the third stage of calcite
cement; C4 = the fourth stage of calcite cement. The photomicrographs b, ¢, d, e, f, g, and h were
taken under transmitted light, and the photomicrographs b’, ¢’, €', f’, g’, and h” were taken under
cathodoluminescence. (a) SHB5-8 well, O,yj, 7680.10 m, micritic limestone, fractures filled with calcite
cement and bitumen, and bitumen appears in fracture walls and calcite cement veins. Residual pores
are well developed; (b,b") SHB7 well, O1_,y, 7428.90 m, silicified micritic limestone, F1 emplaced prior
to, and F2 and F3 occur following silicatization; (c,c”) SHB7 well, O1_,y, 7728.80 m, silicified micritic
limestone, three episodes of fractures developed, F1 filled with bitumen, siliceous and calcite cement,
F2 and F3 filled with bitumen; (d) SHBL1 well, O1_py, 7436.95 m, micritic limestone, biological moldic
pore is filled with calcite cement; (e,e’) SHBL1 well, O,yj, 7263.97 m, bioclastic grainstone, grain is
broken; (f,f') SHB52A well, O,yj, 7671.86 m, micritic limestone, growth zoning. (g,g") SHB52A well,
O,yj, 7674.75 m, dolomitic micritic limestone, geopetal structure; (h,h’) SHB5-8 well, O,yj, 7679.10 m,
micritic limestone, late stage of calcite cement showing orange CL and bright-yellow CL colors.
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Figure 3. Diagenetic characteristics of the Ordovician reservoirs in the Shunbei area. The photomicro-
graphs a, b, ¢, d, e, f, and g were taken under transmitted light, the photomicrographs ¢’, d’, e/, and
f” were taken under cathodoluminescence, and the photomicrograph g’ was taken under reflected
light. (a) SHBL1 well, O1_,y, 7633.3 m, bioclastic limestone, bioclastic spathization; (b) SHBL1 well,
012y, 7436.95 m, micritic limestone, pressolved stylolite filled with bitumen; (c,¢’) SHB52A well,
O,yj, 7674.75 m, dolomitic micritic limestone, fibrous calcite cement develops along the moldic pore
walls; (d,d”) SHBL1 well, O1y, 7430.6 m, dolomitic micritic limestone, dolomitization occurs in
calcite cement filled fractures; (e,e”’) SHB52A well, O1_,y, 7782.05 m, micritic limestone, dolomites
distributed along a stylolite; (f,£") SHBL1 well, O1_py, 7633.3 m, dolomitic micritic limestone, dolomiti-
zation occurs in calcite cement infilled dissolution pore; (g,g") SHBL1 well, O;_,y, 7430.6 m, dolomitic
micritic limestone, pyrite precipitated in dolomites.
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Figure 4. Diagenetic evolution of the carbonates of the Shunbei area.

4.2. Fluid Inclusions
4.2.1. Fluid Inclusion Petrography

Four types of fluid inclusions were observed in the coarse crystalline calcite cements
at room temperature: mono-phase liquid (oil or aqueous) inclusions, mono-phase gas
inclusions, di-phase gas-liquid inclusions (aqueous-dominant or oil-dominant), tri-phase
gas-oil-aqueous inclusions, which are mainly in sub-circular, elliptical, irregular, and elon-
gate shapes. These fluid inclusions’ long axis was measured in the range of 3-18 um. The
gas-phase volume fraction is in the range of 5-20%. The distribution modes of inclusions
include growth zone distribution, cluster distribution, isolated distribution, random popu-
lation, and fluid inclusions in annealed micro-fractures (Figure 5). The growth zone is a
characteristic feature of mineral growth, so the inclusions located in mineral growth zones
are considered to be reliable primary inclusions (Figure 5a). The second most important
inclusions are cluster-distributed and isolated inclusions, which are also considered to
be most likely primary inclusions (Figure 5b,c). Fluid inclusions observed in annealed
micro-fractures may be primary or secondary. Because annealed micro-fractures may be
formed during mineral growth, they may capture inclusions, which are then distributed
along micro-fractures. The information inclusions carry can describe the physical proper-
ties, components, and physicochemical compositions of the hydrocarbon fluids and pore
waters at the time of mineral formation. In the case of micro-fractures formed after mineral
precipitation, the information carried by captured inclusions in micro-fractures does not
reflect the conditions at the time of mineral formation. These micro-fractures are mainly
long trail micro-fractures that cut through mineral boundaries, and the associated fluid
inclusions in long annealed micro-fractures are considered to be secondary inclusions
(Figure 5f).
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Figure 5. Types of fluid inclusions in the Lower-Middle Ordovician of the Shunbei area. The
photomicrographs a, b, ¢, d, e, ¢/, and f were taken under transmitted light, and the photomicrographs
a’, and ¢’ were taken under ultraviolet excitation light. (a) SHB52A well, O1_,y, 8121.61 m, dolomitic
micritic limestone, fluid inclusions distributed along the growth zone show primary fluid inclusions;
(b) SHB51X well, O,yj, 7564.66 m, bioclastic limestone, cluster-distributed fluid inclusions within
the calcite cement crystal infilled dissolution cave, which shows primary fluid inclusions; (c) SHB7
well, Oy, 7728.80 m, micritic limestone, isolated oil inclusion with blue-green fluorescent within
the calcite cement infilled fracture, which shows primary fluid inclusions; (d,d") SHB52A well, O1_py,
7782.05 m, micritic limestone, fluid inclusions within calcite cement crystals show random population;
(e,e”) SHB5-8 well, O,yj, 7678.84 m, micritic limestone, bright-blue fluorescent oil inclusions within the
calcite cement crack infilled dissolution pores, which contain secondary fluid inclusions; (f,f") SHB5-8
well, Oyyj, 7678.84 m, micritic limestone, bright-blue fluorescent oil inclusions within long calcite
cement infilled fracture, containing secondary fluid inclusions.

4.2.2. Fluorescence Spectroscopy

The fluorescence spectrum characteristics of oil inclusions investigated from differ-
ent fault zone reservoirs exhibit systematic variations (Table 1). The wavelength of the
maximum intensity (Amax) of the spectra and the QF-535 factor values of the No. 1 fault
zone reservoirs are 455.6 nm-548.1 nm and 0.47-1.63. The oil inclusions have different
fluorescence colors (yellow-green, blue-green, and bright blue), indicative of three dif-
ferent maturities of charging oil. The Apax and QF-535 values of the No. 5 fault zone
reservoirs are 452.0 nm-576.9 nm and 0.37-2.02, and the oil inclusions show three different
fluorescence colors. The Amax and QF-535 values from the No. 7 fault zone reservoirs are
505.6 nm-550.8 nm and 1.06-1.85, and the inclusion oils only show two different fluores-
cence colors. According to the value range distribution of Amax and QF-535, three distinct
periods can be defined, representing three episodes of hydrocarbon expulsion. The fluores-
cence spectra from several reservoir oil samples were also obtained, as shown in Table 1.
The Amax and QF-535 values of reservoir oil from the SHB2, SHB52A, and SHB5-8 wells are
similar, whereas the Apmax and QF-535 values from the SHB7 well are larger, indicative of a
lower maturity oil.
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Table 1. Fluorescence spectral data of oil inclusions and reservoir oils.

Mean Amax Mean Density (D) D API°

Fault Well Formation Amax (nm) QF535 Stage (nm) QF535 (g/em®) ®
1st stage 546.5 1.58 0.9021 25.35
No. 1 fault SHB2 (())21‘2 y+ 455.6-548.1 0.47-1.63 2nd stage 482.0 0.80 0.8306 38.63
3rd stage 469.9 0.53 0.7945 46.58
494.0 0.80 Reservoir oil 494.0 0.80 0.7960 46.26
1st stage 563.7 1.73 0.912 23.49
SHBS2A (C))zlyg y+ 452.0-576.9 0.37-2.02 2nd stage 484.8 0.76 0.8258 39.66
- 3rd stage 453.2 0.44 0.7787 50.11
492.0 0.63 Reservoir oil 492.0 0.63 0.7980 45.82
No. 5 fault Ist stage 5426 148 0.8950 2658
SHB5.8 Ouyj 458.0-540.4 0.47-1.63 2nd stage 497.0 0.94 0.8471 35.39
3rd stage 469.3 0.51 0.7908 47.37
492.0 0.63 Reservoir oil 492. 0.63 0.8305 38.88
1st stage 539.9 1.57 0.9128 25.43
No. 7 fault SHBY O10y 505.6-550.8  1.06-185 2nd stage 518.0 1.37 0.8837 28.09
502.0 1.65 Reservoir oil 502.0 1.65 0.9073 24 .46

Note: O D = 141.5/(API° + 131.5); @ API° = —19.52In(QF535) + 34.231.

4.2.3. Microthermometry

When oils are captured in fluid inclusions while migration from source rocks into
the reservoir rocks is taking place, this gives information on the oil charge. In this case,
the bi-phase oil inclusions” homogenization temperatures can be significantly lower than
their trapping temperatures because of the presence of a flat isochore and the complex
composition of the oil inclusions [30]. For this reason, compared with oil inclusions,
coeval aqueous inclusions are more suitable for recovering the entrapment temperature
and pressure of inclusions. Table 2 shows partial homogenization temperatures (Th)
and salinity data; the complete microthermometric data from this study can be found in
Supplementary Table S1. For core samples from the No. 1 fault zone reservoir, the Th
values of oil inclusions are in the range of 37.3 °C-97.2 °C, while the Th values of coeval
aqueous inclusions are in the range of 89.4 °C-164.1 °C with salinities of 3.5 wt%—19.4 wt%
NaCl. For core samples from the No. 5 fault zone reservoir, the Th values of oil inclusions
are in the range of 47.9 °C-136.8 °C, while coeval aqueous inclusions have Th values
in the range of 84.3 °C-149.4 °C with salinities of 1.4 wt%-10.9 wt% NaCl. For the core
samples from the No. 7 fault zone reservoir, the Th values of oil inclusions are in the
range of 59.8 °C-86.3 °C, while coeval aqueous inclusions have Th values in the range of
96.7 °C-158.6 °C with salinities of 4.2 wt%—-17.9 wt% NaCl.
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Table 2. Partly fluid inclusion microthermometric data (complete data are shown in Table S1).
(Th) of (Th) of (Th) of Aqueous Iclusions Homogenization Temperatures (°C)
The Host Inclusion Bright-Blue Blue-Green Yellow—-Green —
Fault Zone Well Depth (m) Miener‘f] Type Fluorescence Fluorescence Fluorescence Salinity (NaCD)/%
Oil Irzfgl)sions 0Oil Ilzflcu)sions 0Oil Ir(lglCu)sions Thy Th, Ths Th, Ths
primary 42.9-435 / / / / / 1315 /
early- / / / / /
generation
7362.85 calcite in cave secondary 39.3-48.2 / / / / / 137.4-153.1 /
/ / / 5.3-14.1 /
latT—gter}eration primary 373-44.1 43.7-57.1 972 92.1-102.3 / 118.9-134.0 141.9-150.2 /
calctieln cave 6.0-132 / 3.5-14.8 7.7-14.3 /
No- Hfault Sz 100.3-117.5 138.9 64.1
calcite in cave primary 39.8-41.7 / / / i / : 164.
/ 8.4-16.1 / 13.3 7.6
7422.70
calcite in primary 55.7_58.4 / / / / 121.7-136.9 140.2-144.2 /
fracture / / 17.8-19.4 15.0-17.0 /
calcite in cave primary / / / 89.4 1049 1286 / 1519
7522.50 6.9 9.4 9.3 / 11.7
calcite vein primary / / / / 104.4 / / /
calcite in secondary / 59.0-136.8 Liquid phase 861 / / / /
fracture / / / / /
7678.84
calcite in cave primary / / , / 89.1-100.9 108.5-112.5 / /
/ / / / /
calcite in secondary / 47.9-49.6 / / 98.9-105.8 / / /
fracture ’ :
No. 5 SHB5-8 / / / / /
fault 7680.10
calcite in cave primary / / , 87.8-92.3 / 108.8-114.9 / /
/ / 8.7 / /
primary / / / 84.3-99.8 / / / /
6.6-6.9
7681.50 calcite in cave / / / /
secondary / 53.5-60.7 85.7-98.9 84.6-93.0 / 107.9-120.6 / /
/ / / / /
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Table 2. Cont.

(T}}:) of (Th) of 11(Th) of Aqueous Iclusions Homogenization Temperatures (°C)
Inclusi Bright-Bl1 Blue-G Y -G
Fault Zone Well Depth (m) TMhienI;Iroas]t ngr;;;on Flﬂgrescer:lcee Flul:;escree:; lflu?,'r'zsceff;‘ Salinity (NaCD/%
Oil Inclusions Oil Inclusions Oil Inclusions
Rt 40 0 Th, Th, Th; Th, Ths
primary / 66.8-68.3 / / 93.5-106.7 114.4-123.3 / /
L 4.6 57-7.2
7671.86 calcite in / / /
secondary 60.5-62.4 / / / / 121 149.4 /
/ / / / /
primary / / / / / 108.5-127.2 / /
calcite in / / 1495 / /
racture
secondary 52.4-84.0 / / / / 112.5-124.3 / /
SHB52A 7 i ; ; ;
7674.75
primary / 65.3-68.9 / / 90.3-99.8 106.5-113.5 / /
calcite in cave / 4.6-9.3 / / /
secondary / / / / / / 1415 /
/ / / / /
primary / 55.8 / / 87.5-104.3 / / /
o 10.6-10.9
7901.64 calcite in / / / /
secondary / / / / / 110.7-116.3 / /
/ / / / /
primary / / / / 103.6 121.1-124.7 153.5-158.6 /
e 17.9 9.9
7728.80 calcite in / / /
secondary / 59.8-82.4 / / 102 127.3 / /
No.7 SHEB7 / 13.9 / / /
primary / / / / 96.7-116.5 122.8-126.6 / /
42-5.1
7728.90 calcite in cave / / / !
secondary / 77.8-86.3 / / 108.3-119.7 / / /
/ / / / /

Note: “5.3” represents the salinity (wt.% NaCl) corresponding to the ice final melting temperature (Tm) conversion of saline inclusion.
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5. Discussion
5.1. Hydrocarbon Charging History
5.1.1. Fluorescence Spectrum Analysis

The fluorescence color of oil inclusions is widely used to indicate the maturity of the
inclusion oil because it is measurable [31-34]. With increasing maturity, the fluorescence
color of oil inclusions changes from yellow to blue [35,36]. In addition, data such as fluores-
cence color combined with fluorescence spectrum parameters, such as the wavelength of
maximum intensity (Amax) and/or the QF-535 factor, are helpful in delineating the reser-
voir oil charging history and estimating the API gravity of the oil inclusions [37,38]. The
fluorescence spectrum of oil inclusions in the Shunbei area was analyzed, and the Apax
revealed that there were three oil inclusion fluorescence colors: yellow-green, blue-green,
and bright blue, representing three episodes of petroleum charge with increasing hydrocar-
bon maturities (Figures 6 and 7). In addition, only yellow-green fluorescing and blue-green
fluorescing oil inclusions were observed in the calcite cement veins of the No. 7 fault zone
reservoir, indicating that oil charging in this fault zone reservoir mainly took place in the
early charging episodes, resulting in a lack of late high-maturity oils.
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4 459nm
— = = SHB5-8,7679.10m,0.y,
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Figure 6. Microscopic fluorescence spectra from Ordovician oil inclusions in the Shunbei area.
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Figure 7. Cross plots of QF-535 versus max from Ordovician oil inclusions in the Shunbei area.

5.1.2. Timing of Petroleum Charge

Projecting the homogenization temperatures from several coeval aqueous inclusions
onto the burial history curves from different wells allows the determination of the timing
of each episode of petroleum charging, eliminating the influence of burial depth [18,39,40].
The burial history curves were derived using one-dimensional simulation with BasinMod
software (version 2014) incorporating parameters such as geothermal gradient and denuda-
tion thickness in the Shunbei area. The geothermal gradient and denudation thickness data
came from the Sinopec Northwest Petroleum Bureau. Combined with homogenization
temperatures from coevel aqueous inclusions in the Yijianfang and Yingshan reservoir
Formations from the No. 1, No. 5, and No. 7 fault zones, it can be determined that the
fault-karst trap in the strike-slip fault zone in the Shunbei area experienced three episodes
of hydrocarbon accumulation (Figures 8 and 9).

The first stage of hydrocarbon charging in the Shunbei area occurred during the late
Caledonian. Yellow-green, blue-green, and bright blue fluorescing oil inclusions were
detected in moldic pores, dissolution pores, and fracture-filling calcite cement and are
associated with a hydrocarbon charging episode that occurred between 437.2-405.8 Ma.
The second stage of hydrocarbon charging occurred during the late Hercynian. Blue-green
and bright blue fluorescing oil inclusions were detected in dissolution pores, caves, and
fracture-filling calcite cement and are associated with a hydrocarbon charging episode that
occurred between 291.6-236.8 Ma. The third stage of hydrocarbon accumulation occurred
during the late Himalayan. Blue-green and bright blue fluorescing oil inclusions and non-
fluorescent gas inclusions were detected in dissolution pores, caves, and fracture-filling
calcite cement and are associated with a hydrocarbon charging episode that occurred
between 23.6-0.3 Ma. Generally, all three episodes of hydrocarbon accumulation were
detected in No. 1 and No. 5 fault reservoirs in the Shunbei area, whereas the No. 7 fault
reservoir did not experience late hydrocarbon accumulation (Figure 8). There is a good
coupling relationship between petroleum charging episodes and strike-slip fault activity,
which indicates that tectonic activity controlled hydrocarbon charging.
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5.2. Paleoenvironment and Paleoclimate Changes
5.2.1. Principle and Methodology of Calculating Contributions

Reservoir oil is usually a mixture of oils from multiple discrete petroleum charging
episodes [39], and the contribution of each charging episode to the present reservoir
differs. Defining the contribution from each charging episode is very challenging but very
important in understanding a reservoir’s hydrocarbon charging history [38]. In the study
of petroleum accumulation processes, the relationship between the fluorescence color of oil
inclusions and API gravity has been widely implemented [37,41]. Ping et al. (2012, 2017)
proposed the following approach to calculate the contribution of ancient oil accumulations
based on the API gravity predicted from oil inclusions; we describe it below [36,42].

During the episodic process of migration and accumulation of crude oil, frequency
distribution plots of API gravity from oil inclusions captured by diagenetic minerals should
show normal distribution. This allows the API gravity of crude oil from the same petroleum
system to be used to calculate the contribution of each episode of petroleum charging. When
the API gravity of the current reservoir oil lies within the normal distribution of API gravity
from two charging episodes of oil inclusions, it indicates that the existing reservoir oil
composition is the result of the joint contribution of two episodes of petroleum charging
(Figure 10a). If the API gravity of a reservoir oil is closer to the peak API gravity of oil
inclusions from the first episode, it indicates that the first episode of petroleum charging
contributed more to the present reservoir oil composition; if the reverse is observed, it
suggests that the second episode of petroleum charging contributed disproportionally to the
current reservoir oil composition. The percentage line in area B in Figure 10a indicates the
fractional contribution of the first episode of petroleum changing to the composition of the
present reservoir oil accumulation. For two episodes of petroleum charging, the fractional
contribution to the reservoir oil of any stage can be calculated using the following formula:

API° = 1415 —131.5 (1)
Poil / Pz
_ APIg—API,
C(A) = Rpr —apr. ¥100% @)

In the formula, C(A) is the contribution of the A episode of petroleum charging into
reservoir formation; APIy is the present reservoir oil API gravity; APl, is the average
API gravity within the peak range of the A episode of petroleum charging; APIj is the
average API gravity within the peak range of the B episode of petroleum charging; p,; is
the density of crude oil in-situ, which in this study is replaced by the liquid-phase density
of oil inclusions at room temperature (20 °C) (g/cm?) because they are very close in value;
pw is the density of pure water at 4 °C (g/cm?3). If there are more than two episodes of
petroleum charging, the following formula can be used:

C(l) — Pi(Po —Pi+1) % 100% (3)
Po(pi = pit1)

First determine the main two episodes of petroleum charging, and then use Formula (3)
for the calculation. In cases where the API gravity of the reservoir oil is higher or lower than
that of inclusion oil, this method is not applicable. It is worth noting that the formula is only
applicable to a reservoir comprised of a single lithology. The crude oil from the Ordovician
reservoir in the Shunbei area comes from the Lower Cambrian Yuertusi Formation shale,
so this formula is applicable. Using the API gravity from oil inclusions captured during the
process of petroleum charging to analyze the contribution of petroleum accumulation can
allow the identification of individual charging episodes and the quantitative calibration of
the contribution of individual petroleum charging episodes to the present oil accumulation
composition. In addition, oil inclusion API gravity frequency histograms can be used to
identify whether the oil reservoir has undergone secondary transformation processes such
as water washing, biodegradation, gas invasion, and crude oil re-cracking [43].
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The logarithmic relationship between API gravity and QF-535 (Figure 10b) is estab-
lished using the microscopic fluorescence spectrum results from Ordovician crude oil in
Shunbei and Tahe (Table 52). Mathematically the relationship has the form:

API° = —19.52In(QF — 535) + 34.231 @)

The API gravity of oil inclusions from each charging episode is obtained using
Formula (4), and its statistical distribution model is established (Figure 11). Then, the
fractional contribution of each episode of petroleum charging into the reservoir can be
calculated according to Formula (3).

A (2) API gravity rangc of reservior oil 0 (b)
J API= -19.52In(QF535) + 34.231
= . ?ﬂhe c Z . R*=0.8131
Q Mixture . P . 3 *
2. S bt 4 Gas injection & Y 7
& two oil oil cracking s e
ey 3 < 40 h )
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Figure 10. (a) The histogram of API gravity, fractional contribution of charged petroleum to present
petroleum accumulation, and post-trapping alteration processes for two episodes of petroleum
charge [43]; (b) the proper fitting function between API gravity and QF-535.
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Figure 11. Histogram of the API° frequency distribution for oil inclusions from the Shunbei area.
(a) SHB2 well, (b) SHB52A well, (c) SHB5-8 well, (d) SHB7 well.

5.2.2. Calculation of the Contribution of Each Episode of Petroleum Charging

The relationship between reservoir oil API° and inclusion oil API° calculated according
to Formula (4) (Figure 11) shows that the API° distribution range of inclusion oils from the
No. 1 and No. 5 fault zone reservoirs is similar, ranging between 20 and 54. By contrast,
the No. 7 fault zone reservoir lacks inclusions with oil API° greater than 33. The reservoir
oil API° values from the SHB2, SHB5-8, and SHB52A wells lie between the second episode
and the third episode inclusion oil API° values (Figure 11), so Formula (3) can be used to
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quantitatively evaluate the contribution of the second episode of petroleum charging and
the third episode of petroleum charging to the reservoir oil composition, while the reservoir
oil API° values from the SHB7 well lie between the first charging episode and the second
charging episode inclusion oil API° values. This allows the quantitative evaluation of the
contribution of the first stage of petroleum charging and the second stage of petroleum
charging to the reservoir oil composition. The calculation results are shown in Table 3.

Table 3. Comparison of hydrocarbon accumulation contribution of Ordovician strike-slip fault zones
in the Shunbei area.

Fault No. 7 fault No. 5 fault No. 1 fault
Well SHB7 SHB5-8 SHB52A SHB2
Stage 1st stage 2nd stage 2nd stage 3rd stage 2nd stage 3rd stage 2nd stage 3rd stage

Contribution (%)

18.29 71.92 28.08 42.48 57.52 4.39 95.61

The calculation results show that the oil composition in the No. 1 strike-slip fault zone
reservoir is dominated by the third episode of petroleum charging. The No. 5 strike-slip
fault zone reservoir is dominated by the second and third episodes of petroleum charging,
and the two episodes’ contributions are roughly equal. The No. 7 strike-slip fault zone
reservoir is dominated by oils from the first episode of petroleum charging. Overall, the
eastern Shunbei area is dominated by the later episodes of petroleum charging, while the
western Shunbei area is dominated by the early episode of petroleum charging (Table 3).

5.3. Factors Controlling the Difference in the Contribution of Each Oil Charging Episode
5.3.1. The Paleotectonic Fault Pattern

The Ordovician Yijianfang Formation in the Shunbei area is the main hydrocarbon
reservoir unit. The evolution history of the Yijianfang paleo-structural pattern at different
geological periods influences the differences in petroleum charge into the reservoir. In the
late Caledonian, under a compressional tectonic regime, the Katake Uplift and Shaya Uplift
on the northern and southern margins of the Shuntuoguole were formed during this period,
and the Shuntuoguole tilted to the north and south [44]. The upper surface of the Yijianfang
Formation is structurally high in the west and low in the east. During this period of regional
tectonic compression, the Lower Cambrian source rocks in the Manjiaer Depression started
to generate hydrocarbons [45]. The hydrocarbon migrated to structurally high positions
along the unconformity surface during the early Caledonian into the Cambrian subsalt
dolomite reservoir and then vertically along high-angle strike-slip faults to accumulate
beneath Cambrian or Ordovician traps. The Shunbei No. 7, No. 5, and No. 1 fault zones
were all favorably located for oil and gas migration into overlying reservoirs [19]. In the
late Hercynian, further uplift of the Shaya Uplift meant that the paleogeomorphology of the
top surface of the Ordovician Yijianfang Formation in the Shunbei area became structurally
higher in the northeast and lower in the southwest, this geometry being maintained until
the Indosinian period [19]. The Cambrian source rocks in the Tazhong area reached peak
oil generation during this period, and the Shunbei No. 7, No. 5, and No. 1 fault zones were
all in favorable positions for vertical oil and gas migration. Since the late Hercynian period,
the regional structure has been stable, undergoing long-term slow, deep burial with good
conditions for seal generation. When the source rocks reached great burial depths and high
pressures (>60 MPa), the hydrocarbon generation and evolution process slowed, delaying
the generation of liquid hydrocarbons [13]. During the Himalayan period, the structural
highs continued to migrate to the northeast. The Shunbei No. 1 fault zone reservoir was a
favorable area for late oil and gas charging. Over time, the structural highs in the Shunbei
area gradually migrated from the west to the east. With the migration of structural highs,
the favorable charging area changed from the No. 7, No. 5, and No. 1 fault zone reservoirs
in the late Caledonian to the No. 1 fault zone reservoir in the Himalayan.
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5.3.2. Strike-Slip Fault Activity Controlling Charging Episodes

Faults are generally considered migration channels for oil, gas, and diagenetic flu-
ids [46,47]. The Ordovician reservoir type in the Shunbei area is a fault-karst trap, and
the oil and gas reservoirs are distributed along the fault zone. Therefore, the control on
reservoir charging by fracturing arising from strike-slip fault activities is considerable. The
difference in fracturing is one of the important factors controlling the charging histories
of oil and gas in different fault zone reservoirs. Different fault systems have different
fault activity periods, leading to different fracturing patterns being generated at different
times. The No. 7 fault zone is a NNW-trending strike-slip fault system, the No. 1 fault
zone is a NE-trending strike-slip fault system, and the No. 5 fault zone is the boundary
between NNW-trending and NE-trending strike-slip fault systems. In the late Caledonian,
the No. 5 fault zone offset was right-lateral and left-step in a compressional-uplift tectonic
environment. The degree of fracturing along these faults at this time was relatively low
and not conducive to hydrocarbon charging. During the late activity, the No. 5 fault
zone experienced a reversal of slip direction and was in a pull-apart extensional tectonic
environment in the late Hercynian and Himalayan, with a high degree of fracturing, thus
conducive to hydrocarbon charging [18]. As a branch of the No. 5 fault zone, the No. 1
fault zone was formed later than the No. 5 fault zone. In the late Caledonian, the No. 1
fault zone began a left-lateral movement and developed right-stepping en-echelon faults
in a regional diagonal tensional stress regime. In the late Hercynian, the No. 1 fault zone
was re-activated once again in a left-lateral strike-slip sense forming en-echelon normal
faults in the overlying strata. This strike-slip movement and extensional fault generation
continued during the Himalayan period [24]. The No. 1 fault zone was generated in a
pull-apart tectonic environment, with strong fault activity and the generation of a large
number of fractures. This means that the fractures in the Ordovician reservoir in the No.
1 fault zone have control of hydrocarbon charging, and oil inclusions are detected in the
multi-stage calcite cement. The hydrocarbon charging history of the No. 1 fault zone is
similar to that of the No. 5 fault zone. Hydrocarbon charging commenced in the late
Caledonian and re-started in the late Hercynian and the Himalayan. It appears, however,
that the strong tectonic uplift in the Early Hercynian period led to the destruction of the
early charged crude oil and residual bitumen. This means that the main contribution to
petroleum charging took place in the late Hercynian and Himalayan periods. In addition,
no obvious en-echelon normal faults were formed in the Shunbei No. 5 fault zone during
the Himalayan period; linked to this is the fact that in the No. 5 fault zone, the degree of
hydrocarbon charging and enrichment was lower in the Himalayan period when compared
to the No. 1 fault zone. The No. 7 fault zone moved in a right-lateral sense in the middle
Caledonian and was re-activated in the same sense in the late Caledonian. In the seismic,
no evidence can be seen of fault activity continuing after the late Caledonian [48]. The
movement along the No. 7 fault zone is small and appears less affected by the tectonic
movement that took place during the Himalayan [18]. High-maturity, late-stage oil inclu-
sions were not detected in this study’s No. 7 fault zone samples. Overall, the NE strike-slip
fault in the eastern Shunbei area shows evidence of episodic reactivation over a long period
of time; this fits well with the observed late hydrocarbon charging episode into this fault
zone and is very beneficial to late hydrocarbon accumulation. The NW trending strike-slip
faults were mainly active early in the basin history and lack evidence for late hydrocarbon
migration, so reservoirs in these fault zones are dominated by early hydrocarbon charging
(Figure 9).

5.4. Petroleum Accumulation Model

The oil and gas in the Shunbei area mainly came from in-situ gentle slope facies of
Lower Cambrian source rocks. Hydrocarbon generated by the Lower Cambrian slope facies
source rocks in the Manjiaer Depression migrated laterally into the Shunbei oil and gas
reservoir, providing a supplementary oil source. The Lower Cambrian source rocks are still
in the large-scale hydrocarbon generation window of highly mature liquid oil-condensate
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oil during the Yanshanian-Himalayan being affected by rapid burial in the late stage, high
pressure, and a low geothermal gradient. These are optimal conditions for hydrocarbon
resource generation and a good resource foundation for late hydrocarbon accumulation.
The strike-slip fault zones have an obvious controlling function on the Shunbei fault-karst
reservoir cutting down through the base Cambrian, connecting the source rocks of the
Yuertusi Formation with the overlying Ordovician fault-karst reservoir rocks. These faults
act as the main transportation pathway, with deep episodic fluid generation followed by
hydrocarbon migration and accumulation during active faulting periods. The relationship
between source rock hydrocarbon generation episodes and the episodes of activity along
large, deep faults is an important factor controlling the timing of reservoir formation. In the
Shunbei area, there were multi-episodes of petroleum charging, with the first petroleum
charging episode during the late Caledonian. During this period, the source rocks of
the Yuertusi Formation began to mature and generate oil (0.7% < Ro < 1.0%) [16]. This
migrated to structurally higher units along the faults to form reservoirs. These reservoirs
were subsequently damaged and reformed to varying degrees during later tectonic and
volcanic activity. During the late Hercynian, the source rocks in the Shunbei area were still
in the hydrocarbon generation and expulsion stage. Large-scale oil and gas accumulations
resulted, leading to the second episode of hydrocarbon charging. Following the late
Hercynian period, the Shunbei oil and gas reservoirs were effectively preserved due to
continuous slow burial. During the Himalayan, the Shuntuoguole Low Uplift underwent
a period of rapid subsidence, and the strata were buried continuously. The source rocks
of the Yuertusi Formation were buried deeply and were in a highly-mature—over-mature
stage. However, the geothermal gradient was low, and short-lasting high temperatures
and pressures delayed the thermal evolution of the source rocks. During the Himalayan
period, the source rocks of the Yuertusi Formation were buried more than 10,000 m and
were still in the stage of generating condensate oil and gas [27]. The oil and gas generated
during this period mainly migrated vertically along strike-slip faults to accumulate in the
overlying carbonate fault-karsts reservoirs. During this period, the Shunbei No. 7 fault
zone reservoirs show a lack of hydrocarbon charging (Figure 12). The types and properties
of the oil and gas along the strike-slip fault zones in the Shunbei area show regular changes.
From northwest to southeast, the crude oil gradually becomes lighter, and the gas—oil ratio
gradually increases. The oil and gas distribution relationship can be characterized by the
observation, “oil in the west, gas in the east, oil in the north and gas in the south”.
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Figure 12. The hydrocarbon accumulation model for the Shunbei area (modified after Sinopec
Northwest China Petroleum Bureau).
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6. Conclusions

The structural evolution history of Ordovician ultra-deep reservoirs in the Shunbei
area is complex, and there is a good coupling relationship between fault activities and
petroleum charging. The petroleum charging history in the Shunbei area was reconstructed
by fluid inclusion analysis.

The Shunbei Oilfield experienced three major petroleum charging episodes. The first
episode of petroleum charging occurred in the late Caledonian, with a charging interval
of 437.2—405.8 Ma, and the second episode of petroleum charging occurred in the late
Hercynian, with a charging interval of 291.6-236.8 Ma. The third episode of petroleum
charging occurred in the Himalayan, with a charging interval of 23.6-0.3 Ma. The Shunbei
No. 7 fault zone reservoir does not appear to have been charged during this final charging
episode. The current reservoir oils comprise a mixture of oils. Therefore, the formation of
Ordovician oil reservoirs in the Shunbei area is controlled by active faults, and sweethearts
for oil and gas exploration are distributed along the faults.

There are significant differences in the contribution of different petroleum charging
episodes in different fault zones. As a whole, the No. 1 strike-slip fault zone reservoir
was mainly filled by oils from the third petroleum charging episode. The No. 5 strike-slip
fault zone reservoir is dominated by oils from the second and third episodes of petroleum
accumulation, while oils from the first petroleum charging episode dominate the No. 7
fault zone reservoir. The evolution of paleostructure faulting patterns and differences in
strike-slip fault activity are the main reasons for the observed differences in petroleum
charging episode contributions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en16020579/s1; Table S1: complete fluid inclusion microthermo-
metric data from this study; Table S2: microfluorescence spectrum data from the Ordovician crude
oils of the Shunbei and Tahe area.
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