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The reconstruction of thermal history is essential for the superdeep (>6,000 m) hydrocarbon exploration and
development in the Central Tarim Basin, Western China. This study first recovered the burial histories of five
typical wells in the Shunbei area (the Central Tarim Basin) based on the drilling data and calculated the erosional
thicknesses using the well-tie profiles. The thermal histories and hydrocarbon charging periods of the Shunbei
area were studied with the measured equivalent vitrinite reflectance (Req,) and fluid inclusion assemblage ho-
mogenization temperature data, respectively. Except for some abnormal values, most R.q, data with 0.45%—
1.48% gradually increase with depth. The thermal modeling revealed that the heat flow in the Shunbei area
gradually decreased since the Early Ordovician, with an abrupt peak of ~45-47 mW/m? during the Early
Permian. The temperature histories of the Ordovician Yijianfang and Yingshan Formation reservoirs in the
Shunbei area could be divided into three stages of rapid heating (1.27-1.36 °C/Ma), slow heating (0.07-0.09 °C/
Ma) and rapid heating (1.20-1.28 °C/Ma). We recognized three hydrocarbon charging periods in the No. 1 strike-
slip fault zone, which occurred at ~435-420 Ma, ~263-220 Ma, and 18-3 Ma, respectively, while the No. 5 and
7 strike-slip fault zones only experienced the first two periods. This study provides new insights into the thermal
history and hydrocarbon accumulation in the Shunbei area, which would be very useful for further superdeep oil
and gas exploration and resource evaluation in the Central Tarim Basin.

1. Introduction hydrocarbon accumulation and enrichment pattern in the superdeep

strata, and occurrence phase of the superdeep hydrocarbon (Li et al.,

The superdeep strata with the depths > 6,000 m in the sedimentary
basins become essential targets in hydrocarbon exploration and devel-
opment along with the energy demand increase and more difficulty for
finding new large oil fields in the shallow strata (Dyman et al., 2002; Jin,
2011; Sun et al., 2013; Jia and Pang, 2015; Zhu et al., 2018, 2019). Jia
and Pang (2015) considered that ~40% of the total proved oil and gas
reserves in the world were distributed in the superdeep strata. In recent
years, >90% of new proved oil and gas reserves in the Tarim Basin,
Western China, come from the superdeep strata (Zhu et al., 2019).
Compared to the shallow strata, the superdeep hydrocarbon exploration
in sedimentary basins confronts some unique and unsolved problems,
such as formation model and maturation evolution of superdeep source
rocks, genesis mechanism and prediction of superdeep reservoirs,

2020). All of these scientific problems were related to the geothermal
field of the superdeep strata.

The Tarim Basin recently draws attention to the discovery of the
Shunbei (the northern Shuntuoguole Low Uplift) oil field characterized
by light oil reservoirs at the depths of ~7,000-8,500 m (Jiao, 2018; Gu
et al., 2020a, 2020b). It is noted that the hydrocarbon phase at such
great depths with the formation temperature of 145.3-154.5 °C in the
Shunbei area, the central Tarim Basin, conflicts with the traditional “oil
window” theory (60-120 °C) (Tissot and Welte, 1978). Most studies
have discussed the thermal history of the Bachu Uplift, Katake Uplift,
Shaya Uplift, and Kongquehe Slope in the Tarim Basin with vitrinite
reflectance (Qiu et al., 2010), fission track (Li et al., 2005; Chang et al.,
2014, 2019), and (U-Th)/He data (Qiu et al., 2011; Chang and Qiu,
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2017). For the Shunbei area, Liu et al. (2020) just investigated the based on the erosional thicknesses of unconformities, the measured
abnormally high temperature of 170-190 °C in the Early Permian with equivalent vitrinite reflectance (R.q,), and the present-day temperature
the clumped isotope data. Therefore, it is necessary to reveal the detailed field. Then we simulated the paleo-temperature history of Ordovician
thermal history of the Shunbei area for explaining the occurrence of the reservoirs and identified the hydrocarbon charging periods according to
light oil reservoir below the depth of ~7,000 m. the homogenization temperature data of fluid inclusion assemblage.
This study first reconstructed the thermal history of the Shunbei area Finally, the potential source rocks and differential hydrocarbon
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accumulation in the Shunbei area and the Tarim Basin were discussed.
This study not only indicates new insights into the thermal history of the
Shunbei area since the Paleozoic, which are of significance for analyzing
the oil and gas phase in the superdeep strata of the Tarim Basin, but also
provides basic theory and research strategy for the superdeep thermal
history analysis of the sedimentary basins in the world.

2. Geological setting

The Tarim Basin in western China is a typical multi-cycle super-
imposed basin, covering an area of 5.6 x 10° km? According to the
characteristics of basement relief, stratigraphic sequence, and fault
distribution, the platform-basin region of the Tarim Basin is divided into
ten structural units: the Shuntuoguole Low Uplift, Shaya Uplift, Katake
Uplift, Guchengxu Uplift, Bachu Uplift, Manjiaer Depression, Awati
Depression, Tangguzibas Depression, Kongquehe Slope, and Maigaiti
Slope (Fig. 1b; Ma et al., 2015). The Shuntuoguole Low Uplift bounds the
Awati Depression to the west, the Manjiaer Depression to the east, the
Shaya Uplift to the north, and the Katake Uplift to the south (Fig. 1b).
The deep strata in the Shunbei area develop massive strike-slip fault
zones, which act as the oil and gas migration pathways from the deep
Cambrian and Ordovician source rocks to the shallow middle-lower
Ordovician reservoirs (Fig. 1c; Lii et al., 2012; Zhu et al., 2017). The
No. 1, 5, and 7 strike-slip fault zones in the Shunbei area play an
important role in the regional transformation of the stress field. The
western and eastern Shunbei areas, divided by the No. 5 strike-slip fault
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zone, are dominated by NW- and NE-striking fault systems, respectively
(Fig. 1c; Lin et al., 2021).

The Tarim Basin, with an Archean and Proterozoic crystalline base-
ment, is overlain by a Paleozoic marine craton basin and a Meso-
zoic—Cenozoic foreland basin (He et al., 2005; Zhang et al., 2013).
During the Early Cambrian, the entire Tarim Basin was inundated by
seawater due to global transgression (Yang et al., 2011; Li et al., 2015).
The Shunbei area in the Central Tarim Basin evolved as a craton car-
bonate platform and deposited thick dolomite (Li et al., 2015). The
Shunbei area then developed as semi-restricted and restricted platforms
and deposited limestone and dolomite from the Late Cambrian to the
Middle Ordovician (Chen et al., 2015). Due to the stress transition from
extension to compression in the Late Ordovician, the Shunbei area
experienced exhumation and generated several strike-slip fault zones,
such as No. 1 and 5 strike-slip fault zones (Deng et al., 2018; Yang et al.,
2020). The Shunbei area evolved as a coastal, shallow sea and domi-
nantly deposited mudstone and sandstone during the Silurian (Zhang
etal., 2008; Chang et al., 2012). The extensive tectonic movement in the
Late Silurian caused the uplifting and erosion in the Tarim Basin, and the
Shunbei area was lack of the top of the upper Silurian and the middle-
lower Devonian (Fig. 2; Guo and Hong, 2007). Meanwhile, the inheri-
ted strike-slip fault zones developed across the Silurian strata (Jiao,
2018). During the Carboniferous, the Shunbei area evolved as an
epicontinental marine environment and mainly deposited littoral and
neritic clastic sediments (He et al., 2005). A large igneous province
(PLIPs) formed with dramatic magmatic activity in the northwestern
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Fig. 2. General stratigraphic column of the Shunbei area, Tarim Basin (modified from Zhang et al., 2007). Thermal conductivity (K) data refer to Liu et al. (2015).
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Tarim Basin during the Early Permian (Yang et al., 2014). It was mainly
composed of basalt, diabase, and tuff with a maximum thickness of
~780 m (Fig. 2; Li et al. 2011, 2012a; Xu et al., 2014; Yang et al., 2014).
With the closure of the South Tianshan Ocean, the Tarim Basin evolved
from a marine basin to a fluvial continental lake basin in the Late
Permian. Since the Mesozoic, the northern and southwestern margins of
the Tarim Basin developed as a foreland basin. Due to the collision of the
Tarim Plate with the Qiangtang Block, the Shunbei area experienced
severe erosion from the Triassic to the Jurassic (Liu et al., 2020). Since
the Cenozoic, the Shunbei area received massive clastic deposition with
a thickness of ~2-3 km, along with the uplifting and erosion of the
Tianshan (Fig. 2).

3. Thermal history reconstruction
3.1. Basic geological parameters

Wells SHB1, SHB2, SHB5, SHBP1, and ZT1 in the Shunbei area were
selected for thermal history reconstruction based on the burial history,
the vitrinite reflectance (R,), and the present-day temperature field by
the BasinMod 1-D software version 5.4 (Platte River Associates Inc., U.
S., 2003). The present-day surface temperature was 14 °C for modeling
purposes. The rock thermal conductivity and the present-day heat flow
data refer to Liu et al. (2015) and Wu et al. (2022), respectively (Fig. 2;
32-42 mW/m?). The burial histories of these wells were established
based on the lithological data, stratigraphic data, and erosional thick-
nesses of unconformities. The lithological and stratigraphic data were
obtained from the Exploration and Production Research Institute of the
Northwest Oilfield Company, SINOPEC (Fig. 2 and Table 1). The
calculated erosional thickness according to the well-tie profiles and the
vitrinite reflectance is introduced in the next part.

3.2. Erosion thickness calculation

The Shunbei area in the central Tarim Basin experienced multiple
tectonic uplift events, but the erosional thickness for each uplift event
remains controversial (Lin et al., 2012; He et al., 2016; Qi, 2016; Jiao,
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2018). As one depression area, the thickness of each stratum in the
Shunbei area changes laterally with a certain degree of regularity. So, it
is available to calculate the original stratal thickness before uplifting by
using well-tie profiles based on the methods of nearby stratal thickness
ratio (Equation (1); Fig. 3a) and stratal thickness change ratio (Equation
(2); Fig. 3b), which were introduced in detail by Mu et al. (2002). For the
nearly stratal thickness ratio method, the original stratal thickness was
gotten from the well-preserved ratios of the stratal thickness of nearby
and underlying layers in the well-tie profiles with poor stratigraphic

uncomformity

layer ¢

Fig. 3. Schematic diagram of calculating erosional thickness using the (a)
Method of nearby stratal thickness ratio and (b) Method of stratal thickness
change ratio (modified from Mu et al., 2002). Hg is the erosion thickness (m),
Hj, Hz, H3, Hp, and Hp are the original stratal thickness (m), Hy and Hc are the
residual stratal thickness (m), and L, and L are the distances between the
wells (m).

Table 1
The residual stratal thickness of the typical wells in the Shunbei area.

Formation Symbol  Well SHB1 Well SHB2 Well SHB5 Well SHBP1 Well ZT1
Bottom Thickness Bottom Thickness Bottom Thickness Bottom Thickness Bottom Thickness
depth (m) depth (m) depth (m) depth (m) depth (m)
(m) (m) (m) (m) (m)

Xiyu Qix 78 78 79 79 86 86 80 80 300 300

Kuche Nok 1,909 1,831 1,902.5 1,823.5 2,226 2,140 2,164 2,084

Kangcun N3k 2,503 594 2,497 594.5 2,912 686 2,776.5 612.5

Jidike Nyj 2,623 120 2,603 106 3,117 205 3,105 328.5 2,361 2,061

Suweiyi Egs 2,792 169 2,782 179 3,186 69 3,140 35

Kumugeliemu E,.0km 2,805 13 2,797 15 3,198 12 3,161.5 21.5 2,772 711

Bashijiqike Kibs 3,297 492 3,232 435 3,646 448 3,612.5 451

Kapushaliang Kyiy-b 3,708 411 3,615 383 4,024 378 3,992 379.5 3,096 324

Halahatang Tsh 3,959 251 3,812 197 4,281 257 4,240.5 248.5

Akekule Toa 4,413 454 4,292 480 4,711 430 4,630.5 390

Ketuer Tk 4,529 116 4,422 130 4,786 75 4,743.5 113 4,066 970

Kaipaizileike-Kupukuziman P, 4,953 424 4,967 545 5,319 533 5,279 535.5 4,955 889

Xiaohaizi Cox 4,988 33

Kalashayi Cykl 5,132 179 5,139 172 5,415 96 5,407.5 128.5 5,126 138

Bachu Cb 5,281 149 5,299 160 5,581 166 5,552.5 145 5,412 286

Donghetang Dsd 5,366 85 5,369 70 5,725 144 5,695 142.5 5,432 20

Keziertage Dok 5,638 206

Yimugantawu Soy 5,652 14

Tataaiertage Sit 6,099 733 6,115 746 6,348 623 6,450.5 755.5 6,130 478

Kepingtage S1k 6,453 354 6,510 395 6,804 456 6,788.5 338 6,526 396

Sangtamu Oss 7,259 806 7,326 816 7,294 490 7,520 731.5 7,101 575

Lianglitage 05l 7,262 3 7,336 10 7,531 11 7,186 85

Qiaerbake Osq 7,287 25 7,357 21 7,358 64 7,566 35

Yijianfang Ooyj 7,446 159 7,463.5 106.5 7,504 146 7,717 151

Yingshan O1.2y 7,753.5 290 7,665 161




D. Liet al

continuity. In comparison, it is calculated based on the formation
thickness change rate in the well-tie profiles with stratigraphic conti-
nuity for the stratal thickness change ratio method. The erosion thick-
ness for each stratum was then calculated by the calculated original
stratal thickness minus the residual stratal thickness.

Hy = Hy*H;/H, — H, (@]
HE :HBJF(HB*HA) *Lx/Lch (2)

Where Hj, Hy, Hs, Hp, and Hp are the original stratal thickness at points 1
and 2 of layer q, point 1 of layer b, points A and B of layer c, respectively;
H4 and Hc are the residual stratal thickness at point 2 of layer b and point
C of layer c; Hg is the erosion thickness; L is the distance between points
A and B; Ly is the distance between points B and C.

In this study, the nearby stratal thickness ratio method was used to
calculate the erosional thicknesses during the Silurian and Carbonif-
erous (Figs. 5 and 6), and the erosion thicknesses of the Ordovician,
Permian, Triassic, and Cretaceous periods were calculated by the
method of stratal thickness change ratio (Figs. 4, 7, 8 and 9). All the data
for the calculated erosion thicknesses were summarized in Table 2. They
were comparable with previous studies using other studied methods,
including wave process analysis of sedimentary basin and paleo-
temperature scale methods (Qi and Liu, 1999; Zhang et al., 2000; Liu
et al., 2020; Wang et al., 2020).

3.3. Equivalent vitrinite reflectance data

Vitrinite is a primary component of coals and other organic matter
found in sedimentary rocks and used for reflectance measurements
owing to its relatively progressive change in optical properties with
increasing temperature (Tissot and Welte, 1978; Chang et al., 2017).
Because the vitrinite does not exist in pre-Silurian rocks, the bitumen
reflectance in the Ordovician sediments is measured to reconstruct the
thermal history of the Shunbei area (Buchardt and Lewan, 1990). This
experiment was carried out using a Leica DM4500P polarizing micro-
scope (Leica Camera AG, Germany) with an MPS200 photometer
(Monolithic Power Systems, America) at the Wuxi Institute of Petroleum
Geology, Sinopec Petroleum Exploration & Production Research Insti-
tute, SINOPEC. Finally, the measured bitumen reflectance (Rp) data
were converted into equivalent vitrinite reflectance (R.q,) data using the
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equations proposed by Wang et al. (1996) and Jacob (1989).

A dataset of 39 vitrinite or bitumen reflectance was measured for the
samples of the Wells SHB1, SHB2, SHB5, SHBP1, and ZT1 with depths of
3,712-7,975 m (Fig. 10 and Table 3). Some measured Rq, data with
(1.30%-4.85%) are abnormally larger in the lower Permian and
Carboniferous of the Wells SHB1, SHB5, and ZT1 than a normal trend,
probably related to the igneous activity that occurred in the Early
Permian. Previous studies have demonstrated that the high temperature
from the magma could enlarge the vitrinite reflectance in the sedi-
mentary layers closed to the intrusive body (Fjeldskaar et al., 2008;
Wang et al., 2011; Fig. 11). It is different from the intrusive rock in that
the extrusive basalt in the Shunbei area just affected the thermal history
of the underlying layers such as the lower Permian and Carboniferous
(Fig. 10). Except for these abnormal R.g, data, other R.q, data range from
0.45% to 1.48%, showing a positive correlation with depth (Fig. 10 and
Table 3).

3.4. Thermal history modeling

In this study, the R.q, data were used as a constraint to simulate the
paleo-heat flow history of the Shunbei area based on the Easy% R, model
(Sweeney and Burnham, 1990). We first restored the typical wells’
burial histories according to the drilling data and calculated erosional
thicknesses. Then the measured R.q, data and the present-day heat flow
were input as the constraints. Secondly, the paleo-heat flow paths were
repeatedly changed as forward modeling for comparing the modeled
Requ paths with the measured R.g, data (Chang et al., 2018; Jiang et al.,
2021). When the modeled R.q, paths are consistent with the measured
Regqy data, the heat flow path at this time is considered to be the real
paleo-heat flow evolution path. Finally, the paleo-heat flow histories of
the Wells SHB1, SHB2, SHB5, SHBP1, and ZT1 were reconstructed based
on the measured R,y data (Fig. 12).

The paleo-heat flow in the Shunbei area gradually decreased since
the Early Paleozoic was controlled by the tectonic evolution and
superimposed the influences of regional tectonic-thermal events
(Fig. 12f and Table 4). The Tarim Basin was a continental rift during the
Cambrian-Early Ordovician (Lin et al., 2012). The stretching and thin-
ning of the crust (Qiu et al., 2012) resulted in the heat flow values in the
Early Ordovician being relatively high at ~39-44 mW/m? With the
ocean basin closure around the Tarim plate during the Middle Ordovi-
cian-Devonian (Zhang et al., 2007), the Tarim Basin entered an
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Fig. 4. Ordovician well-tie profile in the Shunbei area, Tarim Basin (Wells YJ1X, SHB5, SHB7, ST1, and SN3; location is shown in Fig. 1b).
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Fig. 7. Permian well-tie profile in the Shunbei area, Tarim Basin (Wells YJ1X, SHB5, SHB7, and SH9; location is shown in Fig. 1b).

intracratonic phase (Qiu et al., 2012). During the Late Ordovician to
Carboniferous, the heat flow decreased gradually from ~38-43 mW,/m?>
to ~36-42 mW/m?. In the Early Permian, the heat flow increased to
reach a peak of ~45-47 mW/m? in the Shunbei area due to the effect of
the PLIPs (Li et al., 2010a). The Tarim Basin has developed into a
foreland basin, and the lithosphere has thickened since the Mesozoic,
resulting in the basin cooling sequentially (Zhang et al., 2007; Qiu et al.,
2010; Cao et al., 2019) with the heat flow in the Shunbei area decreased
slowly from ~36-40 mW/m? to ~33-37 mW/m?. Noted that the heat

flow in the eastern Shunbei area (e.g., Wells SHB1 and SHB2) was al-
ways higher than the western Shunbei area (e.g., Wells SHB5, SHBP1,
and ZT1) in the Paleozoic and Mesozoic (Fig. 12f and Table 4).

4. Temperature fields of the middle-lower Ordovician reservoirs
The primary carbonate reservoirs are the middle-lower Ordovician

Yijianfang and Yingshan Formations in the Shunbei area. Their tem-
perature histories play an essential role in analyzing the hydrocarbon
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Table 2 the heating rates of 1.20 °C/Ma and 1.28 °C/Ma, respectively. The
able

Calculated erosional amounts in the Shunbei area.

Geological periods Erosion time (Ma) Erosion thickness (m)

Late Ordovician 445-440 150
Late Silurian 425-370 200
Late Carboniferous 300-290 210
Late Permian 258-250 40

Late Triassic 210-137 350
Late Cretaceous 80-65 190

accumulation time and oil and gas phase transformation (Fig. 13; Ren
et al., 2020; Chen et al., 2020). The temperature histories of these two
reservoirs show relatively complicated evolutionary trends. In this
study, they were divided into three stages for presentation in brief
(Fig. 13), which make no geological sense. First, the temperatures of the
Yijianfang and Yingshan Formations increased rapidly from the depo-
sition time to the Early Silurian with heating rates of 1.27 °C/Ma and
1.36 °C/Ma, respectively. As shown in Fig. 12f, the paleo-heat flow
during this stage was relatively stable, so the formation temperature
increment was mainly related to the rapid deposition. Secondly, the
temperature of the Yijianfang and Yingshan Formations increased
slowly with the heating rates < 0.1°C/Ma from Middle Silurian to the
end of the Paleogene. The long-term low temperature and low heating
rate are suitable for preserving liquid hydrocarbons. Finally, the rapid
subsidence since the Neogene led to the rapid temperature increase of
the Yijianfang and Yingshan Formations again in the Shunbei area with

highest temperatures experienced by the Yijianfang and Yingshan For-
mations are 150 °C and 163 °C, respectively.

5. Hydrocarbon accumulation period in the Shunbei area

Fluid inclusions are small volumes of paleo-fluids sealed in minerals
that are not affected by foreign substances, which provide essential in-
formation about geological processes (Randive et al., 2014). Analyzing
the paleotemperature information recorded by the fluid inclusions
usually involves testing the temperature parameters such as homoge-
nization temperature (T3), decrepitation temperature (Ty), freezing
temperature (Ty), melt temperature (Ty,), and trapping temperature (T;)
(Luetal., 2004, 2017). The Ty, of fluid inclusions is considered a valuable
parameter for recognizing hydrocarbon charging histories (Karlsen
et al., 1993; Wang et al., 2002). Fluid inclusions may be rebalanced in
the sedimentary diagenetic environment, causing the measured tem-
perature data of fluid inclusions to not accurately express the initially
captured information (Lu et al., 2020). Therefore, the fluid inclusion
assemblage (FIA), which can show the simultaneity of fluid inclusions
capture, is usually used to examine the reliability of fluid inclusions
(Goldstein and Reynolds, 1994). The FIA represents a group of fluid
inclusions with variable sizes and shapes captured simultaneously, and
their Ty, is consistent (variation less than 10 °C) (Goldstein and Reynolds,
1994; Chi and Lu, 2008). This study collected the calcite samples of
Ordovician Yijianfang and Yingshan Formation reservoirs from the Well
SHB2 for petrography and Ty analysis of FIAs (Fig. 14 and Table 5). The
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Fig. 10. Equivalent vitrinite reflectance (R.q,) data versus depth for the Shunbei area. Green dots indicate measured R.q, data, the solid red line indicates modeled
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Table 3
Equivalent vitrinite reflectance data of the typical wells in the Shunbei area.

Well No. Depth (m) Formation Requ (%) Well No. Depth (m) Formation Requ (%)

SHB5 4,280 T 0.45 6,764 S 0.98*
5,242 P 4.05 6,836 S 0.80*
5,320 P 4.29 7,550 (6] 1.48*
5,460 C 2.87* 7,975 o 1.06*
5,680 D 3.06* SHB2 3,712 T 0.54
5,770 S 0.70* 4,100 T 0.67
6,232 S 0.66* 4,381 T 0.74
7,080 o 0.68* 4,721 P 0.96
7,312 O 0.80* 4,958 P 1.03

ZT1 3,986 T 0.57 7,362 o 1.00*
4,360 P 0.50 7,526 o 0.94*
4,656 P 4.85 7,738 o 1.11*
4,934 P 4.79 SHB1 3,800 T 0.51
4,950 C 3.47* 4,050 T 0.65
5,008 C 3.15* 4,350 T 0.72
5,404 C 3.11* 4,750 P 0.90
5,578 D 1.92* 4,950 C 1.00*

SHBP1 4,320 T 0.50 5,250 C 1.30*
4,725 T 0.64 7,250 o 1.10*
5,502 C 0.84*

" Some vitrinite reflectance (R,) data in the upper Paleozoic and the Mesozoic strata are equal to the equivalent vitrinite reflectance (Requw) in our study for con-
sistency. The R.q, values with asterisks (*) were calculated from bitumen reflectance (R,) using the following formulae: R.q, = 0.618R} + 0.40 (Rp < 2.0%; Jacob,
1989); Requ = 0.688 Ry, + 0.346 (Rp > 2.0%; Liu and Shi, 1994). O = Ordovician; D = Devonian; S = Silurian; C = Carboniferous; P = Permian; T = Triassic.
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Fig. 11. Vitrinite reflectance (R,) data versus depth for the Vgring Basin in Norway (Fjeldskaar et al., 2008) and Bohai Bay Basin in China (Wang et al., 2011). The
yellow circle indicates measured R, data, the solid blue line indicates modeled result, and the red rectangle indicates magmatic intrusions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. The buried, thermal, and heat flow evolution histories of the typical wells in the Shunbei area. The solid lines indicate the modeled results, and the green
dots indicate the measured vitrinite reflectance in the right panel in (a)-(e). Inserted histograms show the homogenization temperature distribution of the coeval
aqueous fluid inclusions in FIAs. The blue lines represent the reservoirs, and the green stars show the timing of hydrocarbon filling and entrapment. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

A summary of the paleo-heat flow modeling results in this study (mW,/m?).
Well Structural location Cambrian  Ordovician  Silurian-Carboniferous  Early Mesozoic  present
No. Permian
SHB1 Shunbei No. 1 strike-slip fault zone 45-44 44-43 43-41 45 39-37 35
SHB2 Shunbei No. 1 secondary fault zone 45-44 44-43 43-42 46 40-38 37
SHB5 Shunbei No. 5 strike-slip fault zone 43-42 42-41 41-39 45 37-35 34
SHBP1 Secondary strike-slip fault zone between the Shunbei No. 5 and 42-41 41-39 39-38 46 37-35 33

No. 7 strike-slip fault zones

ZT1 Western slope of the Katake Uplift 40-49 39-38 38-36 47 36-35 34

fluid inclusions microthermomertry was performed at the State Key
Laboratory of Petroleum Resources and Prospecting, China University of
Petroleum-Beijing, using the LinKam THMS G600 heating-freezing stage
and Leica DMR microscope. Finally, we analyzed the charging time of
the Ordovician reservoirs in the SHB2, SHB1-3, SHB1-7, SHB5, and
SHB7 well block according to the reconstructed burial and thermal
histories and Ty data in this paper and previous studies (Wang, 2019;

Wang et al., 2019, 2020).

As shown in Fig. 14, the Ordovician Yingshan Formation fluid in-
clusions in the Shunbei area were found in the carbonate rock with the

cracks and pores filled by sparry calcite cement. Meanwhile, calcite
cement can be divided into two generations. The yellowish-brown
calcite cement belonged to the first generation and developed along
the crack wall with the vertical direction, then filled by the second
generation of calcite cement (Fig. 14a). Interestingly, the second gen-
eration of calcite cement is probably destroyed by the tectonic move-
ments and filled with bitumen (Fig. 14a and 14b). The Ordovician
Yijianfang and Yingshan Formation reservoirs in the SHB2 well block

developed secondary

inclusions through petrographic evidence,

including liquid-only oil inclusions, liquid-only aqueous inclusions, and
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Fig. 13. Temperature evolution histories of middle-lower Ordovician formations in typical wells in the Shunbei area: (a) Yijianfang Formation reservoir and (b)

Yingshan Formation reservoir.

liquid-dominated biphase aqueous inclusions (Fig. 14). The Yingshan
Formation developed two phases of coeval aqueous inclusions in six FIAs
with the peak Tp of 114.1-124.3 °C and 140.3-149.6 °C, while the
Yijianfang Formation developed two phases of coeval aqueous in-
clusions in three FIAs with the peak T, of 76.3-88.2 °C and
100.3-107.5 °C (Table 5). According to the burial and thermal histories,
we considered that the hydrocarbon charging in the SHB2 well block
occurred in 435-430 Ma, 250-235 Ma, and 5-3 Ma, which are
isochronous with the intensive tectonic movements in the Tarim Basin
and adjacent areas (Fig. 12b; He et al., 2005). The T, data indicates the
hydrocarbon charging periods among the strike-slip fault zones in the
Shunbei area are different. The No. 1 strike-slip fault zone (Wells SHB2,
SHB1-3, and SHB1-7) experienced three periods of hydrocarbon
charging occurred in 435-420 Ma, 263-220 Ma, and 18-3 Ma, respec-
tively (Fig. 12b, 15a, and 15b), whereas the No. 5 (Well SHB5) and No.7
(Well SHB?) strike-slip fault zones just experienced the two periods that
occurred in 435-420 Ma and 263-220 Ma, respectively (Fig. 12c and
15¢). These results are consistent with the previous studies using micro-
photoluminescence spectra (Han et al., 2021), homogenization tem-
perature data (Wang et al., 2020; Han et al., 2021), and PVT simulation
of fluid inclusion (Chen et al., 2020), as well as the present-day oil and
gas geochemical characteristics (Qi, 2020).

10

6. Discussion
6.1. Temporal-spatial thermal history in the Tarim Basin

Due to the differential tectonic setting, basement relief, and lithol-
ogy, the heat flow histories of the secondary tectonic units in the Tarim
Basin are different (Fig. 16). The uplift region with a high basement
usually shows a higher geothermal gradient and heat flow than the
depression region with a relatively low basement. This is because the
depression region of the sedimentary basin deposits significantly more
sandstone and mudstone sediments with lower thermal conductivity,
while the uplift region preserves relatively thick bedrock with higher
thermal conductivity. This difference in the rock thermal conductivity
leads to the “thermal refraction” effect between uplift and depression
regions, which in turn leads to the accumulation of heat energy in the
uplift regions (Xiong and Gao, 1982; Chang et al., 2017). Finally, the
depression region of the sedimentary basins develops into a relatively
low-temperature zone compared to the uplift region. The Shaya, Katake,
Bachu, and Guchengxu areas developed as paleo-uplifts since the Early
Paleozoic, and therefore their paleo-heat flow was always higher than
that of the Shunbei area (Fig. 16). It is noted that the heat flow of the
Bachu Uplift gradually increased from the Late Cambrian to the Early
Silurian, which is different from other secondary tectonic units in the
Tarim Basin. It was related to the higher thermal conductivity of the
800-1,000 m thick gypsum and salt units in the middle Cambrian strata
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Fig. 14. Photomicrographs of fluid in-
clusions of calcite in Well SHB2. (a)
liquid-only oil inclusions in cracks filled
with asphalt and calcite (the red circles),
transmitted light, O3y, 7,521 m, cal-
cirudite; (b) bitumen in calcite filling
pores, transmitted light, O;.5y, 7,738 m,
micritic limestone; (c) and (d) liquid-
dominated oil inclusions (the orange
circles), liquid-only aqueous inclusions
(the blue circles) and liquid-dominated
biphase aqueous inclusion (the green
circles) detected in calcite filled caves,
transmitted light, O3y, 7,523 m, bio-
clast limestone. (For interpretation of
the references to colour in this figure
legend, the reader is referred to the web
version of this article.)

Table 5

Homogenization temperature data for fluid inclusions from typical wells in the Shunbei area, Tarim Basin.
Well No. Depth (m) Formation FIA N Type Host minerals Range of T, (°C) Average of T, (°C)
SHB2 7,521 O1.2y FIA1 3 Liquid-only aqueous inclusion Calcite 103.7-113.4 109.8
SHB2 7,521 O1.2y FIA2 10 Liquid-only aqueous inclusion Calcite 114.1-124.3 119.5
SHB2 7,521 O1.0y FIA3 3 Liquid-only aqueous inclusion Calcite 125.8-127.9 126.8
SHB2 7,521 O1.0y FIA4 3 Liquid-dominated biphase aqueous inclusion Calcite 128.4-132 129.9
SHB2 7,521 O1.2y FIAS 5 Liquid-dominated biphase aqueous inclusion Calcite 140.3-149.6 145.8
SHB2 7,521 O1.0y FIA6 2 Liquid-dominated biphase aqueous inclusion Calcite 151.0-151.5 151.3
SHB2 7,360 Ooyj FIA7 3 Liquid-only aqueous inclusion Calcite 76.3-88.2 81.1
SHB2 7,360 Oayj FIA8 3 Liquid-only aqueous inclusion Calcite 100.3-107.5 104.5
SHB2 7,361 Oayj FIA9 6 Liquid-only aqueous inclusion Calcite 113.4-126.9 119.0
SHB5 7,425-7,427 Ooyj Liquid-only aqueous inclusion Calcite 73.5-127.0*
SHB7 7,729-7,733 O1.2y Liquid-only aqueous inclusion Calcite 73.7-109.6*
SHB1-3 7,266-7,289 Oayj Liquid-only aqueous inclusion Calcite 69.3-133.7*
SHB1-7 7,350-7,357 Oayj Liquid-only aqueous inclusion Calcite 86.6-152.8*

Ty, is the homogenization temperature (°C); * indicates that the test data is obtained from previous studies (Wang, 2019, Wang et al., 2019, 2020).

(Qiu et al., 2012). In addition, the thermal effect of the PLIPs during the
Early Permian was just recorded by the heat flow histories of the
Shunbei area and Shaya Uplift (Fig. 16).

6.2. Hydrocarbon charging of the lower Paleozoic strata in the Tarim
Basin

According to the homogenization temperature and fluorescent
spectrum of fluid inclusions, crude oil Re-Os ages and sandstone K-Ar
ages (Chen et al., 2010, 2014; Xing et al., 2011; Zhao et al., 2011; Shi
et al.,, 2012; Zhang, 2016; Li, 2017), the hydrocarbon charging of the
lower Paleozoic carbonate reservoirs in the Tarim Basin could be
divided into three stages: Late Ordovician-Late Silurian (463-420 Ma),
Permian-Triassic (298-200 Ma) and Paleogene-Quaternary (65-3 Ma)
(Fig. 17), which matches the important period of tectonic trans-
formation in the Tarim Basin (Zhu et al., 2010; Zhang et al., 2011).
However, the hydrocarbon charging process among the secondary
structural units in the Tarim Basin was different.

11

Previous studies considered that the hydrocarbon charging process
in the Shunbei area was related to the formation and activity of the
strike-slip fault zones (Wang et al., 2020; Han et al., 2021). Due to the
southward subduction of the Tianshan Ocean in the Late Ordovician, the
No. 1 strike-slip fault zone was reactivated and became a channel for oil
migration (Deng et al., 2018), which contributed to the first hydrocar-
bon charging in the Shunbei area. During the Permian, the Tarim Basin
entered a crucial period of hydrocarbon generation and expulsion along
with the reactivation of the strike-slip fault zones, providing the op-
portunity for the second hydrocarbon migration and charging (Deng
et al., 2018; Han et al., 2021). During the Neogene, the No. 1 strike-slip
fault zone was in a tectonic setting of transtension with the distant effect
of the collision between the India and Eurasia plates (Zhang et al.,
2007), which provides another good opportunity for the third hydro-
carbon charging from the deep lower Cambrian source rocks to the
shallow Ordovician reservoirs (Liu, 2020). Han et al. (2021) considered
that the lower Cambrian source rock in the Manjiaer Depression was the
hydrocarbon center for the Shaya Uplift, Katake Uplift, and Shuntuogole
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Fig. 15. Burial and temperature histories of the wells in the Shunbei area.
Inserted histograms show the homogenization temperature distribution of the
coeval aqueous fluid inclusions. The blue lines represent the reservoir, and the
green stars show the timing of hydrocarbon filling and entrapment. (a) Well
SHB1-3, Oyyj, 7,256-7,358 m; (b) Well SHB1-7, Oyyj, 7,339-7,456 m and (c)
Well SHB7, O;.,y, 7,728-7,733 m. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 16. Heat flow evolution histories of different tectonic units in Tarim Basin.
2 Qiu et al., 2012; Liu et al., 2021; bliet al., 2010a.

Low Uplift. Compared to the No. 5 and 7 strike-slip fault zones in the
Shunbei area, the No. 1 strike-slip fault zone is closer to the Manjiaer
Depression and experienced the last oil charging process (Fig. 17). The
third stage of hydrocarbon charging in the Shunbei area is dominated by
oil and gradually transitions to gas in the Shunnan area, which is due to
the more solid bitumen bearing hydrocarbon inclusions, dry gas in-
clusions, and intense thermochemical sulfate reduction (TSR) in the
Shunnan area (Chen et al., 2020).

The Cambrian reservoirs in the Katake Uplift lack the Permian—
Triassic hydrocarbon charging period (Liang, 2019; Shi et al., 2012;
Chenetal., 2014; Fig. 17). Liang (2019) considered that the formation of
large faults during the Early Devonian provided the opportunity that the
crude oil from the lower Cambrian source rocks just went through (did
not stay in) the Cambrian reservoirs and then got directly into the upper
Ordovician and Silurian reservoirs, which were recorded by biomarker
compound and fluid inclusions (Hu et al., 2015; Wang et al., 2015; Zhu
etal., 2007). The Ordovician reservoirs in the Katake Uplift lack the Late
Ordovician-Late Silurian hydrocarbon charging period, which may be
related to its structural location that is not conducive to oil and gas
charging (Fig. 17; Wu et al., 2020; Xing et al., 2011).

The middle-lower Ordovician reservoirs around the Tahe Oilfield in
the Shaya Uplift lack the Permian-Triassic hydrocarbon charging
period, and that in the Yugqi area only has the Paleogene-Quaternary
hydrocarbon charging (Fig. 17). The differential structural evolution
was probably responsible for the lack of hydrocarbon charging during
the Permian-Triassic around the Tahe oilfield (Zhang et al., 2011; Chen
et al., 2014).

Interestingly, the lower Cambrian source rocks in the Maigaiti Slope
were immature during the Late Ordovician-Late Silurian and cannot
generate oil, so the Yingshan Formation reservoirs lack the Late Ordo-
vician-Late Silurian hydrocarbon charging period (Fig. 18; Si et al.,
2013; Wu et al., 2017). Due to the differential tectonic uplift, burial, and
thermal histories, the middle-lower Ordovician reservoirs of Wells SN4,
SN1, TZ45, and XK7 and the Cambrian reservoirs of Well ZS5 accumu-
lated natural gas since the Paleogene. In contrast, the crude oil charged
the lower Paleozoic reservoirs of other wells (Fig. 17).

6.3. Thermal history of the lower Cambrian source rocks in the Shunbei
area

Although some oil and gas reservoirs have been found in the Ordo-
vician Formation of the Shuntuoguole Low Uplift, Shaya Uplift, and
Katake Uplift in the central Tarim Basin, it is still controversial for their
origin from the lower Cambrian Yuertusi Formation or the middle-upper
Ordovician source rocks (Zhang et al., 2000, 2002, 2008; Zhang and
Huang, 2005; Li et al., 2010b, 2011, 2012b, 2015; Yu et al., 2011; Yang
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et al., 2016; Gu et al., 2019, 2020a, 2020b; Qi, 2020). According to the
Cas tricyclic terpene content and distribution characteristic of the Ca7-
Cog-Co9020R regular steranes, Gu et al. (2020a) considered that the
crude oil from middle-lower Ordovician reservoirs in the Shunbei area
has a good affinity with the lower Cambrian source rocks in the Kalpin
Uplift and Kongquehe Slope. Therefore, this study evaluated the matu-
ration evolution history of the lower Cambrian source rocks in the
Shunbei area, providing some new insights for oil and gas generation
time (Fig. 18). Because the bottom of all the wells in the Shunbei area
did not reach the lower Cambrian source rocks, we cannot but calculate
the formation thickness below the bottom of the wells by using the

13

seismic data. Meanwhile, the Cambrian heat flow was inferred based on
the evolutionary trend of the heat flow histories (Fig. 12f). Finally, the
maturation evolution histories of the lower Cambrian source rocks in the
Shunbei area were obtained based on the reconstructed burial and heat
flow histories since the Cambrian (Fig. 18).

The lower Cambrian source rocks began to generate oil during the
Early Ordovician when its maturity was more than 0.5%. The maturity
of the lower Cambrian source rocks reached 0.9%-1.4% during the
Early-Middle Silurian, which can provide oil and gas for the middle-
lower Ordovician reservoirs, as revealed by fluid inclusion. During the
Middle Silurian-Late Carboniferous, the maturity of the lower Cambrian
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Fig. 18. Maturation histories of lower Cambrian Yuertusi Formation source rocks of the studied wells in the Shunbei area. The dotted line represents the maturity

histories of the predicted bottom depth of the source rocks.

source rocks exceeded 1.3% and should begin to generate wet gas.
However, the high-pressure environment (The average value and coef-
ficient of pressure are 88 MPa and 1.1, respectively) since the Middle
Silurian in the Shunbei area probably inhibited the thermal history of
the source rocks and increased the upper limit of the liquid oil genera-
tion window by ~0.5% (Hao et al., 1995; McTavish, 1998; Wu et al.,
2016; Gu et al., 2019; Ren et al., 2020). It should be a piece of evidence
that the middle-lower Ordovician reservoirs keep the crude oil at the

present-day. The temperature and maturity of the Yuertusi Formation
source rocks in the Shunbei area gradually increased from northwest to
southeast (Figs. 18 and 19), which was controlled by the burial depth
(9,400-10,400 m; Wu et al., 2022) and paleo-heat flow (this study).

It should point out that the temperature and maturity of the Yuertusi
Formation source rocks in the Shunbei area are affected by the burial
and thermal modeling results. For assessing the accuracies of the burial
and thermal histories, we test the error of the reconstructed erosion

N+Q
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Fig. 19. Spatial distribution of the temperature and maturity evolution of the Yuertusi Formation source rocks in the Shunbei area with the oil-gas geochemical

characteristics.

14



D. Liet al

s
2

0000

I4690000

146?0000 l46§0000 I47%0000

4520000
0000TS¥

4460000
00009+

4400000
00000¥

1 1 1
14640000 14680000 14720000

s
O
oA
S
S
S
S

146?0000 l46§0000 l47¥0000

0000TSt

4460000
1
00009t

=3 -
=3 P
=3 =3
= 20km [F S
3 \ Ne— 1 ] 2
T T T T

14560000 14600000 14640000 14680000 14720000
14560000 14690000 146?0000 I46§0000 I47%0000
o ™ P g 'S
(=3 . -7 K W
24 N B Y g 7 8
§ 20200 AN =
@ L. ANy 7 OSHBYS S

, ==\ S} Y SSHB1-7

: . N JSHBS 1% SB[ 4

SHBS08,*

\ 2 h
. SHH’SJ\ 0

v D
o ‘N IS
(=3 4 -
(=3 (=)
oS- . - ©
o 7 . =3
iy e =3
-+ / S
AR
SHB
STI
g ate Cretag€ous| £
S ' 0 20km | S
. 20km
g e T‘l_l S
-+ - =}
T T
14560000 14680000 14720000
Temperature (°C) Maturity (%) Strike-slip fault  Typical wells

Fig. 20. Sensitivity of the erosion thickness (a) and the heat flow (b) on the
modeled % R, profiles (calculated from the “best case” model) for Well SHB5.
The sensitivity test of the erosion thickness is performed by increasing or
decreasing the applied erosion thickness by 20% and 50%. Perform the heat
flow sensitivity test by increasing or decreasing the applied heat flow by 5% and
10%. The green dots indicate the measured vitrinite reflectance data in the right
panel. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

15

Journal of Asian Earth Sciences 229 (2022) 105149

thickness and heat flow values (Fig. 20). The measured R.q, and modeled
R, show a good uniformity when the erosion thickness and heat flow
vary with the error of + 20% and + 5%, respectively.

7. Conclusions

This study documented the paleo-heat flow for the Shunbei area in
the Tarim Basin based on the calculated erosion thickness and measured
equivalent vitrinite reflectance data, which decreased gradually from
~38-43 mW/m? in the Late Ordovician to ~33-37 mW/m? at the
present-day. Noted that there is an abrupt peak of ~45-47 mW/m?
during the Early Permian, which resulted from the intensive magmatic
activity. Due to the paleo-heat flow and burial depth, the Yijianfang and
Yingshan Formation reservoirs experienced an evolutionary process of
rapid heating-slow heating-rapid heating after the deposition. We
recognized that the hydrocarbon charging periods among the strike-slip
fault zones in the Shunbei area were differential according to the ho-
mogenization temperature data of fluid inclusion assemblage.
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