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organic matter of the Middle Permian source rocks in Taibei sag of

The total organic carbon content value is 0.55—6.08 wt %, and the average value is 2.58 wt %. The PG value ranges from 0.78 mg
%). The T, distribution is 329—465 °C. The average temperature is 434.7 °C, which is in the mature stage (oil window stage). The
is dominated by terrestrial higher plants. The middle stage is dominated by lower aquatic organisms, and the sedimentary
paleoclimate, organic matter input, and redox environment, the enrichment model of organic matter with high productivity and weak

its deep burial, drilling has only been revealed in recent years.
this paper studies the organic petrology, organic geochemistry,
sedimentary environment, and hydrocarbon generation potential of
Organic

influence of the sedimentary environment on the organic matter \ZTORMCR ABNNCNCE L
abundance of source rocks. The results are as follows: (1) The

Organic matter H)drocarbon
Turpan-Hami basin is mainly sapropelite and exinite. The vitrinite enrichment mode generation potential
is mainly vitrodetrinite, and the exinite is mainly lamalginiite. (2)
HC/g to 30.86 mg HC/g, and the average value is 4.88 mg HC/g. Chloroform asphalt “A” is 0.046—0.8767 wt %, and the average
value is 0.285 wt %. The types of organic matter are mainly III and II-II], and the R, value is 0.628—1.49 wt % (average = 0.988 wt
Middle Permian source rocks are mainly very good to excellent source rocks with a good hydrocarbon generation potential. (3) The
source rocks are deposited in a semihumid and semiarid climate. Organic matter is input as a mixed source. The early and late stages
environment consists of weak reduction and weak oxidation environments. (4) In the study area, the abundance of organic matter
has a weak negative correlation with CPI and a positive correlation with Pr/Ph and ) C,;—/).Cy+. Under the coaction of
oxidation environment characteristics can also form excellent source rocks. This study is of great significance and provides theoretical
guidance for the exploration of deep oil and gas resources.

1. INTRODUCTION

Source rock is the material basis of the petroliferous basin. The
quality of a source rock is often determined by the exploration
and development of petroliferous basin. With the progress of
exploration technology and the growing demand for energy," it

for pre-Jurassic exploration in the Turpan-Hami oilfield by
many resource evaluations.

Although the mudstone of the Middle Permian Taodonggou
group in Taibei sag has been proved to be an effective source
rock,® due to its deep burial, less drilling exposure, and poor

is difficult to meet the actual needs of social development with
shallow oil and gas resources, so it is necessary to shift the
focus of oil and gas exploration to deep, ultra deep, and
unconventional oil and gas fields.” ¢

The Middle Permian in Turpan-Hami basin has always been
one of the important exploration strata in the Turpan-Hami
oilfield. The discovered Lukeqin, Shanshan, and other oil- and
gas-bearing structures show the good exploration potential of
this set of strata.” The Middle Permian strata are widely
distributed in Taibei sag, which has been rated as the key area
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quality of seismic data,” the exploration degree is low. In
addition, the previous understanding of the organic geo-
chemical characteristics and hydrocarbon generation potential
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Figure 1. Geological overview of the Turpan-Hami Basin and of the study area: (a) location of the Turpan-Hami Basin; (b) tectonic units of the
Turpan-Hami Basin and location of the study area;” and (c) stratigraphic column of the Permian Taodonggou group in YT1.

of this set of strata came from outcrops, which led to the lack
of understanding of its geochemical characteristics.

Based on the latest drilling core and cuttings samples, this
paper systematically revealed the organic petrology, geo-
chemical characteristics, sedimentary environment, and hydro-
carbon generation potential of Middle Permian Taodonggou
source rocks in Taibei sag, Turpan-Hami basin, using organic
petrology and organic geochemistry experiments, and analyzed
the influence of the sedimentary environment on the
enrichment of organic matter in source rocks.

2. GEOLOGICAL SETTING

Turpan-Hami basin is one of the important petroliferous
basins in Northwest China (Figure 1a). It is a sedimentary
basin developed on the folded basement of the Early Paleozoic.
It has experienced the filling stage of fault depression in
Permian Triassic and the evolution stage of the foreland basin
since Jurassic."””'> From east to west, it can be divided into
Hami depression, liaodun uplift, and Turpan depression7
(Figure 1b).

Taibei sag is a secondary sag of Turpan Sag (Figure 1b),
with an area of 9600 m” The latest seismic and drilling data
show that there are carboniferous quaternary strata in the study
area, with a maximum thickness of 9000 m. Among them, the
Middle Permian Taodonggou group argillaceous source rocks
are stably distributed in the study area (Figure lc), with an
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average thickness of about 100 m and a burial depth ranging
from 4000 to 6500 m.

3. SAMPLES AND EXPERIMENTS

Thirty-two mudstone samples of Taodonggou group were
collected from the TELG profile, YT1 well, and L30 well,
including 28 drilling samples (17 samples from the YT1 well
and 11 samples from the L30 well) and 4 samples from the
TELG profile. The whole-rock microcomponent, kerogen,
vitrinite reflectance, rock-eval, Soxhlet extraction, and gas
chromatography-mass spectrometry (GC-MC) were carried
out.

According to the Chinese National Standard GB/T 16773-
2008, the whole-rock macerals were measured and quantified
by polarizing the microscopic system and hot stage (model:
Axioskop 40, No.: 0700380Y). Based on the Chinese Industry
Standard SYT 5124-2012, the vitrinite reflectance of
Taodonggou group mudstone was obtained by an MSP
UV—vis 2000 spectrometer. Based on the Chinese National
Standard GB/T 18602-2012, the geochemical parameters of
mudstone samples were obtained by a YQ-VII pyrometer.
According to the Chinese National Standard GB/T 19145-
2003, the total organic carbon content (TOC) of mudstone
samples was determined by an ACS744 carbon sulfur analyzer.
Chloroform asphalt “A” is determined by Soxhlet extraction.
According to the China Petroleum Industry Standard SYT

https://doi.org/10.1021/acsomega.1c04061
ACS Omega 2021, 6, 31578—31594


https://pubs.acs.org/doi/10.1021/acsomega.1c04061?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04061?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04061?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04061?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(a)

Figure 2. Maceral photos of source rocks of the Middle Permian Taodonggou group in Taibei sag: (a) Vitrodetrinite; (b) telinite 2; (c) telinite 2;
(d) vitrodetrinite; (e) vitrodetrinite; (f) inerodetrinites; (g) exinite; (h) exinite; and (i) lamalginiite.

Table 1. Whole-Rock Macerals and Kerogen Macerals of Taodonggou Group Source Rocks in Taibei Sag

whole-rock macerals macerals of kerogen
well and profile depth (m) vitrinite (%) inertinite (%) exinite (%) vitrinite (%) inertinite (%) exinite + sapropelic (%)

L-30 5062.35 2 10 88
L-30 5013 74 2 24

L-30 5030 62 15 23 11 46 43
L-30 5038 88 7

L-30 5041 80 12

L-30 5060 72 18 20 6 52 42
L-30 5064 60 25 15 7 41 52
L-30 5070 85 S 10 14 41 45
L-30 5076 920 4 6

YT-1 6092 40 37 23

YT-1 6140 8 23 69
YT-1 6142—6144 85 S 10 6 26 68
YT-1 6147 80 10 10 S 30 65
YT-1 6151 78 7 15 85 5 10
YT-1 6154 80 10 10
YT-1 6160—6162 78 7 15
YT-1 6144.7 15 23 62
YT-1 6145.3 58 4 38
YT-1 6145.8 12 53 35
TELG 42 20 38
TELG 33 28 39
TELG 40 18 42
TELG 30 12 58
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Figure 3. Whole-rock macerals and kerogen macerals: (a) trigonometry of whole-rock macerals; (b) trigonometry of kerogen macerals; (c)
histogram of the whole-rock maceral content; and (d) histogram of the kerogen maceral content.

5118-200S5, mudstone samples are crushed to less than 120
mesh and extracted for 72 h. The gas chromatography-mass
spectrometry (GC-MC) experiment is completed by the Key
Laboratory of Natural Gas Accumulation and Development of
CNPC. The system consists of a high-temperature pyrolyzer
produced by SGE company in Australia, a HP S890A gas
chromatograph produced by HP Company in the United
States, and a microcomputer data system.

4. RESULTS

4.1. Organic Petrology. The vitrinite of source rocks in
Taibei sag is turned from gray-white to gray-black under the
reflected light of oil immersion, mainly composed of
vitrodetrinite, and some of them contain telocollinite and
telinite 2. The exinite is beige and orange-yellow in blue
fluorescence, and it is mainly lamalginiite. The inertinite is
grayish-white and mainly composed of inerodetrinites (Figure
2).

Table 1 shows the contents of whole-rock macerals and
kerogen components of Taodonggou group source rocks.

The results of whole-rock maceral quantitative experiments
show that the organic matter of Taodonggou group source
rocks is mainly vitrinite, and the vitrinite content can reach
40—90%, with an average of 74.5%. The content of exinite
ranges from S to 24%, with an average of 13.25%. The content
of inertinite ranges from 2 to 37% (average = 12.25%). The
content of vitrinite in the L-30 well is 60—90%, with an average
of 76.4%. The content of exinite ranges from S to 24%, with an
average of 12.6%. The content of inertinite ranges from 2 to
25% (average = 11%). The content of exinite in the YT-1 well
ranges from 40 to 85%, with an average of 70.75%. The
content of exinite ranges from 10 to 23%, with an average of
14.5%. The content of inertinite ranges from S to 37% (average
= 11%) (Figure 3a,0).
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A whole-rock analysis can only analyze morphological
organic matter but cannot study and quantitatively analyze
“amorphous” components,'” so the whole-rock analysis cannot
accurately quantify organic macerals of source rocks. If we
want to find out the organic petrological characteristics of the
source rocks of the Middle Permian Taodonggou group, we
must purify the organic matter in the source rocks.

After purification of organic matter from mudstone samples,
it is found (Figure 3b,d) that the main macerals of source rocks
in Taodonggou group are exinite and sapropelite, with the
content of 35—88% and an average value of 57.28%, followed
by inertinite formations, with the content of 4—53% and an
average value of 27.17%. The content of vitrinite ranges from 1
to 58%, with an average of 15.55%. In the L-30 well, the
contents of exinite and sapropelite range from 42 to 88%, with
an average value of 54%; the contents of inertinite range from
10 to 52%, with an average value of 38%; and the contents of
vitrinite range from 2 to 14% (average = 8%). In the YT-1 well,
the contents of exinite and sapropelite range from 35 to 88%,
with an average value of 64.89%; the contents of inertinite
range from 4 to 53% (average = 22.23%); and the contents of
vitrinite range from 1 to 53%, with an average value of 12.79%.
The contents of exinite and sapropelite in the TELG profile
range from 38 to 58%, with an average value of 44.25%, the
contents of inertinite range from 12 to 28% (average =19.5%),
and the contents of vitrinite range from 30 to 42%, with an
average value of 36.25%.

Therefore, the organic matter of the Middle Permian source
rocks in Taibei sag of Turpan-Hami basin is mainly sapropelite
and exinite, the vitrinite is mainly vitrodetrinite, and the exinite
is mainly lamalginiite.

4.2. Organic Geochemistry. Table 2 shows the geo-
chemical characteristics of Taodonggou group source rocks,
including total organic carbon (TOC), hydrocarbon gen-

https://doi.org/10.1021/acsomega.1c04061
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Table 2. Geochemical Characteristics of Source Rocks of Taodonggou Group, Taipei Sag

well and profile depth (m) TOC (%) S, (mgHC/g) S, (mgHC/g) PG (mgHC/g) chloroform asphalt A (%) Tu, (°C) R, (%)
L-30 5062.35 4.32 0.2008 4.1837 4.3918 0.0949 447 1.18
L-30 5012—-5014 2.01 7.1678 7.1432 14.3842 0.3351 329 1.124
L-30 5019 0.8 0.6679 1.519 2.2098 0.1899 343 1.141
L-30 5030 4.17 0.307 3.1118 3.436 0.3442 445 0.99
L-30 5038 3.44 0.2838 1.9624 2.3143 446 0.978
L-30 5048—-5054 3.63 0.3631 2.1673 2.5474 444 0.926
L-30 5060 4.39 0.2563 2.2899 2.564 0.1875 443 0.824
L-30 5064 4.51 0.3595 3.5677 3.9384 0.2103 445 1.173
L-30 5070 345 0.3584 2.6268 2.9963 443 1.025
L-30 5074-5078 3.53 0.2253 2.6557 2.8871 0.059 444 1.134
L-30 5080 3.33 0.2191 2.4389 2.664 0.1282 444 1.004
YT-1 6077 0.66 0.2547 0.5702 0.8429 0.0791 432 0.937
YT-1 6084 0.55 0.2399 1.0558 1.3 432 0.922
YT-1 6092 0.73 0.2512 1.0861 1.3411 429 1.137
YT-1 6102 0.86 0.2351 1.1887 1.4285 403 1.201
YT-1 6110—6116 0.66 0.2224 1.1053 1.3312 0.0791 448 1.29
YT-1 6122 0.71 0.3232 1.6788 2.0088 422 0.94
YT-1 6126—6132 1.07 0.4221 2.2339 2.6581 0.1377 444 1
YT-1 6136 0.95 0.4221 2.3554 2.7796 440 1.18
YT-1 6140 5.37 0.7973 3.9698 4.778S 465 1.32
YT-1 6142—6144 4.03 0.7681 3.5093 4.2846 0.3428 452 1.34
YT-1 6147 4.2 1.2098 5.0547 6.2746 450 1.201
YT-1 6151 0.92 0.3466 2.12 24722 0.1608 438 0.94
YT-1 6154 0.83 0.2831 1.6397 1.929 0.1303 393 1.07
YT-1 6160—6162 0.58 0.3739 1.6608 2.0364 0.1042 389 1.0S
YT-1 6144.7 121 0.1342 0.643 0.7783 0.8767 468 1.26
YT-1 6145.3 3.18 1.6712 6.192 7.8632 0.7095 464 1.49
YT-1 6145.8 2.94 0.4151 2.0075 24351 464 1.04
TELG 0.66 0.1903 2.000S 2.1948 0.046 446 0.53
TELG 3.29 1.128 13.9591 15.0897 0.1463 445 0.65
TELG 243 0.4942 13.4866 13.9873 0.1904 448 0.55
TELG 5.13 0.7543 30.0974 30.8658 0.2439 455 0.62

eration potential (PG), chloroform asphalt A, maximum
pyrolysis peak temperature (T,,), hydrogen index (HI), and
vitrinite reflectance (R,).

Rock-evals and Soxhlet extraction experiments show that the
TOC value of the Middle Permian Taodonggou group source
rocks in Taibei sag ranges from 0.55 to 6.08%, with an average
value of 2.58 wt %. The hydrocarbon generation potential
(PG) ranges from 0.78 mg HC/g to 30.86 mg HC/g, with an
average value of 4.88 mg HC/g. Chloroform asphalt A ranges
from 0.046 to 0.8767% (average = 0.2358%). The TOC value
of the L30 well ranges from 0.8 to 4.51 wt %, with an average
value of 3.416 wt %; the distribution of hydrocarbon
generation potential ranges from 2.201 to 14.382 mg HC/g,
with an average value of 4.286 mg/g; and chloroform asphalt A
ranges from 0.059 to 0.3442 wt % (average = 0.1936%)
(Figure 4a—c). The TOC value of the YT1 well ranges from
0.53 to 6.081 wt %, with an average value of 1.902 wt %; the
distribution of hydrocarbon generation potential ranges from
0.77 to 8.306 mg HC/g, with an average value of 2.76 mg HC/
g; and chloroform asphalt A ranges from 0. 0791 to 0.8767 wt
% (average = 0.3176 wt %) (Figure 4d—f). The TOC value of
the TELG profile ranges from 0.66 to 5.13 wt %, with an
average value of 2.88 wt %; the hydrocarbon generation
potential distribution ranges from 2.19 to 30.86 mg HC/g,
with an average value of 15.53 mg HC/g; and chloroform
asphalt A ranges from 0.046 to 0.2439 wt % (average = 0.1567
wt %) (Figure 4g—i). According to the TOC value, the
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abundance of organic matter in the L30 well is higher than that
in the TELG profile and YT1 well. According to the
hydrocarbon generation potential (PG), organic matter
abundance in the TELG profile is higher than that in L30
and YT1 wells. According to chloroform asphalt A, organic
matter abundance in the YT1 well is higher than that in the
TELG profile and L30 well. Compared with the organic matter
abundance of TELG outcrop and drilling samples, the results
show that weathering has little or no impact on TELG profile
samples.

The maximum pyrolysis temperature (T,,,,) of source rocks
in Taibei sag ranges from 329 to 468 °C (average = 434.375
°C); the maximum pyrolysis temperature (T,,,) of the L-30
well ranges from 329 to 447 °C, with an average value of 422.6
°C; the maximum pyrolysis temperature (T,,,) of the YT1
well ranges from 389 to 468 °C, with an average value of
437.235 °C; and the maximum pyrolysis temperature (T,,,,) of
the TELG profile ranges from 445 to 455 °C, with an average
value of 448.5 °C (Figure Sa—c).

The vitrinite reflectance (R,) of source rocks in Taibei sag
ranges from 0.53 to 1.49%, with an average value of 1.048%.
Among them, the vitrinite reflectance (R,) of the L-30 well
ranges from 0.824 to 1.173%, with an average value of 1.04%.
The vitrinite reflectance (R,) of the YT'1 well ranges from 0.94
to 1.49%, with an average value of 1.168%. The vitrinite
reflectance (R,) of the TELG profile ranges from 0.53 to
0.65%, with an average value of 0.588% (Figure 6a—c).

https://doi.org/10.1021/acsomega.1c04061
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4.3. Biomarker Compounds.

Table 3

shows the
biomarker characteristics of 15 mudstone samples from

31583

Taodonggou group in the study area, including n-alkanes,
isoprene alkanes, steranes, and terpanes.
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4.3.1. Straight Chain Alkanes. The carbon number of n-
alkanes in Taodonggou group source rocks in Taibei sag ranges
from nC,; to nC,y, with the main peaks of nC,;, nCq, nC,,
nC,;, nCy3, and nCy. The short chains and ratio (},C,—/
>'C,,+) range from 0.3 to 2.26, with an average value of 1.009.
The carbon preference index (CPI) ranged from 1.05 to 1.57,
with an average value of 1.294. The odd—even predominance
index (OEP) ranged from 0.78 to 1.42, with an average value
of 1.14S (Figure 7).

4.3.2. Isoprenoids. Pristane (Pr) and phytane (Ph) can
indicate the input and depositional environment of organic
matter and are widely used parameters in isopren-like
alkanes.'”"> The distribution of Pr/Ph of Taodonggou group
source rocks in the study area ranges from 0.94 to 2.93, with an
average value of 1.546, that of Pr/nC,, ranges from 0.17 to
1.08, with an average value of 0.574, and that of Ph/nC g
ranges from 0.25 to 0.46, with an average value of 0.34S.

4.3.3. Terpanes. On the m/z = 191 mass chromatogram
(Figure 8), terpenoids were mainly composed of gammacer-
ane, moretane, homohopanes (C;;—Cs;s), 17a(H)-trisnorho-
pane (Tm), 18a(H)-trisnorhopane (Ts), tricyclic terpanes,
tetracyclic terpane, and pentacyclic terpanes. The relative
content of homohopanes is a positive sequence, that is, C3; >
C;, > C33 > C3y > Cji5 homohopane, especially, C;,
homohopane and C;5 homohopane are very low.

The abundance of C;y hopane is higher than that of Cy
hopane in all samples, and the C,y/Cj;, hopane ratio ranges
from 0.32—0.83 (Table 3), with an average value of 0.53. The
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ratio of C,o/C,; tricyclic terpane, C,y/C,; tricyclic terpane, and
C,4/Cy; tricyclic terpane ranges from 0.31 to 1.04 (average =
0.66), 0.44 to 1.87 (average = 1.04), and 0.46 to 0.76 (average
= 1.04), respectively. The ratio of T,/T,, ranges from 0.3 to
2.12 (average = 0.89) and that of YT1 and L30 wells show low
values (0.3—0.76, with an average value of 0.53, less than 1),
indicating that the organic matter of YT1 and L30 wells is in
the mature stage; however, the ratio of the T,/ T, value of the
TELG profile ranges from 1.6 to 2.12 (average = 1.88), which
indicates that the organic matter of the TELG profile is in the
immature—mature stage'® (Table 3).

Gammacerane is present in all Taodonggou samples (Figure
8 and Table 3), and the gammacerane index (GI) ranges
between 0.13 and 0.76, with an average value of 0.25. This
suggests syn-depositional water column salinity stratification.'”

4.3.4. Steroids. All samples of Taodonggou group in Taibei
sag share similar sterane distribution patterns. Cholestane
series compounds outsize pregnane series compounds. The
distributions of regular steranes C,;—Cy3—C,y show asym-
metrical V-shaped and reverse L-shaped features in all samples
(Figure 9). The relative proportion of aaaC,gsterane (R) is
the highest (37.15—64.22% with an average value of 51.11%),
followed by C,, (21.41—45.83% with an average value of
31.54%) and C,q steranes (13.52—22.5% with an average value
of 17.35%).

The ratio of C,oxa20S/(20S + 20R) sterane isomerization
ranges from 0.28 to 0.49, while that of C,,f8/(ff + aa)

https://doi.org/10.1021/acsomega.1c04061
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sterane isomerization varies from 0.31 to 0.64 (Table 3), which
indicate a high thermal maturity."®

5. DISCUSSION

The characteristics of organic petrology and organic geo-
chemistry are of great importance to the evaluation of
hydrocarbon generation potential of source rocks.'” Therefore,
it is necessary to analyze and further reveal the abundance,
type, maturity, parent material sedimentary environment of
source rocks, and the influence of the parent material
sedimentary environment on the occurrence of organic matter.

5.1. Organic Matter Evaluation. 5.1.1. Abundance.
Organic matter abundance is the material basis of hydrocarbon
formation in source rocks, and it is also the most basic
parameter to evaluate the quality of source rocks.”’ The
parameters commonly used to evaluate the organic matter
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abundance of source rocks are total organic carbon content
(TOC), total hydrocarbon content (HC), hydrocarbon
generation potential (PG), and chloroform asphalt A.*'~**
According to the total organic carbon (TOC) and
hydrocarbon generation potential (PG), Taodonggou group
source rocks are mainly distributed in poor to excellent source
rocks, in which poor source rocks account for 2.56%, good
source rocks account for 28.21%, very good source rocks
account for 5.15%, and excellent source rocks account for
61.54% (Figure 10a,c). According to the total organic carbon
(TOC) and chloroform asphalt A, the source rocks of
Taodonggou group in the study area are mainly distributed
in good to excellent source rocks, with good source rocks
accounting for 9.52%, very good source rocks accounting for
23.82%, and excellent source rocks accounting for 66.67%
(Figure 10b,d). In conclusion, the source rocks of Taodonggou
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Figure 12. Maturity of organic matter in source rocks of Taodonggou group in Taibei sag: (a) cross plot of TOC and R, and (b) cross plot of TOC

and T,

group in the study area are mainly excellent source rocks. This
indicates that the source rocks of Taodonggou group in Taibei
Sag have a good hydrocarbon generation potential.

5.1.2. Type. The difference of organic matter types will
affect the hydrocarbon generation potential and products of
source rocks.”"””* There are many evaluation indexes of organic
matter types, such as kerogen element composition, kerogen
maceral composition and its type index, relative composition of
steranes, and rock pyrolysis hydrogen index (HI)—oxygen
index (OI).>*7*®

The cross plot of Ty, and HI (Figure 11a) shows that the
organic matter types of Taodonggou group source rocks are
mainly type III and types II-III, and some of them are type II
and type 1. In addition, kerogen macerals also show that the
organic matter types of Taodonggou group source rocks are
mainly type III and type II (Figure 11b), which are consistent
with the results of T,,,, and HI cross plot. It can be concluded
that the organic matter types of Taodonggou group source
rocks are mainly type III and types II-IIL. This indicates that
the source rocks of Taodonggou group in Taibei sag have good
gas and oil generation capacity.

5.1.3. Maturity. The maturity of organic matter is the key to
generate a large amount of oil or natural gas. R, and T, are
important indicators of organic matter maturity.zg_31 Previous
studies have found that for continental mudstone, vitrinite
reflectance (R,) is the best index, followed by T,.,..”” However,
Tnax can be used as a very good maturity index when organic
matter types are III and IL”"~>" Generally speaking, R, < 0.5%
or T, < 435 °C is the immature stage; 0.5% < R, < 1.3% or
435 °C < Ty, < 455 °C is the oil window stage; 1.3% < R, <
2% or 455 °C < T, < 475 °C is the condensate (wet gas)
stage; and R, > 2.0% or T, > 475 °C is the postmature (dry
gas) stage.24’25’29

In an advanced analysis based on the intersection diagrams
of Ro and TOC (Figure 12a), T, and TOC (Figure 12b) of
Taodonggou group source rocks in the study area are drawn,
respectively. The results suggest that the Middle Permian
source rocks in Taibei sag are in the mature stage, most of
them are distributed in the oil window stage, and a small
amount are distributed in the condensate (wet gas) stage. This
shows that the source rocks of Taodonggou group are mainly
oil generating at present.

5.2. Sedimentary Environment. 5.2.1. Paleoclimate.
Paleoclimate has an important influence on source rocks.*”
Previous studies have found that the carbon preference index
(CPI) of source rocks can indicate the degree of dryness and
wetness of paleoclimate. Taking CPI = 1 as the boundary, the
smaller the CPI value, the higher the degree of wetness.>>73°
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The CPI value of source rocks ranges from 1.05 to 1.57, with
an average value of 1.294, which is similar to the CPI value of
source rocks of Meishan formation in Yinggehai basin,®* and it
is in a semihumid and semiarid climate, which is basically
consistent with the previous results based on the annual ring of
lignified stone.>® Therefore, Taodonggou source rock was
formed in semihumid and semiarid environment.

5.2.2. Organic Matter Input. The main peak carbon of n-
alkanes can indicate the input of organic matter.””** When
the main peak carbon is low carbon number (<20), it indicates
the source of algae and other lower aquatic organisms. When
the carbon number is high (>C,;), the distribution character-
istics of the peak type indicate the input of terrestrial higher
plants.”®*’ The main carbon peaks of Taodonggou group
source rocks in the study area are nC,,, nCg, nC,o, nC,;, nCy;,
and nC,,, indicating that the organic matter input of the source
rocks is mixed source input, and the ratio Y.C,;—/> C,y+ of
source rocks can characterize the relative input of lower aquatic
organisms and terrestrial higher plants.”” The ratio Y.C,;—/
> C,,+ of the source rocks ranges from 0.3 to 2.26 in the study
area, with an average value of 1.009. It shows that the input
amount of aquatic organisms is equal to that of terrestrial
higher plants. According to the relationship between the ratio
Y'Cy1—/Y.Cyy+ and depth (Figure 13), it is found that the
terrigenous higher plant input is dominant in the early stage of
Taodonggou group, the lower aquatic organism input is
dominant in the middle stage, and the terrigenous higher plant
input is dominant in the late stage.

The relative composition of C,;, Cy and C,y regular
steranes can reflect the source of organic matter input.
Previous studies have found that C,, sterane indicates the
source of aquatic organisms, C,4 sterane is related to diatoms,
and C,, sterane indicates the source of higher organisms.*’~**
According to the regular sterane triangle of C,,—C,3—C,
(Figure 14), the source rocks of Taodonggou group are mainly
distributed in estuarine bay and terrestrial, and a few are
distributed in open marines. The corresponding biological
sources are plankton and terrestrial higher plants.”* The results
also show that the organic matter input of source rocks of
Taodonggou group has the characteristics of a mixed source.

In addition, tricyclic terpanes and tetracyclic terpanes are
also important biomarkers of terrestrial organic matter
input.*>* It is generally believed that the higher the ratio of
C,o/Cy; tricyclic terpane and C,y/C,; tricyclic terpane, the
higher the terrestrial organic matter input. The ratio of C;5/C,;
tricyclic terpane did not change significantly in the study area
(vary from 0.1S to 1.04, with an average value of 0.66), which
cannot prove that the source of organic matter is the mixed
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Figure 13. Organic matter input from source rocks of Taodonggou
group in Taibei sag.
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Figure 14. Triangles of n-steranes (C,;—C,3—C,,) in source rocks of
Taodonggou group, Middle Permian (modified after 44).

source. However, the ratio of C,,/Cy; tricyclic terpane changed
obviously and has the characteristics of segmentation, which is

basically consistent with the result expressed by the main peak
carbon of n-alkanes.

In conclusion, the organic matter of source rocks of
Taodonggou group is input as a mixed source. The early and
late stage is dominated by terrestrial higher plants. The middle
stage is dominated by lower aquatic organisms.

5.2.3. Redox Environment. Oxidation—reduction condition
is one of the important factors affecting the preservation of
organic matter, and the strength of reducibility determines the
degree of destruction of organic matter by biochemical
action.”"** Previous studies have found that the ratio of
pristane (Pr) to phytane (Ph) can indicate the oxidation—
reduction environment: Pr/Ph < 0.8 indicates a strong
reduction environment, 0.8 < Pr/Ph < 3 indicates weak
reduction and weak oxidation environments, and Pr/Ph > 3
indicates the oxidation environment.*'™** The Pr/Ph source
rocks of Taodonggou group in the study area mainly range
from 0.94 to 2.93, with an average value of 1.546, which
indicates that the source rocks in the study area are deposited
in a weak reduction and weak oxidation environment.

In addition, Pr/nC,, and Ph/nC,4 can be used to restore the
properties of paleowater and indicate the type of kerogen.”
The intersection diagram of Pr/nC,, and Ph/nC,g (Figure 15)
shows that the source rocks of Taodonggou group are
deposited in a weak redox environment, which is a transitional
environment. The results are basically consistent with Pr/Ph.
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Figure 15. Cross plot of Pr/nC;; and Ph/nC 5 of Taodonggou group,
Middle Permian (modified after 45).

5.3. Influence of Sedimentary Environment on
Organic Matter Enrichment. The enrichment degree of
organic matter depends on the content of original organic
matter and preservation conditions.** ™' The content of
original organic matter is mainly affected by the flourishing
degree of Paleontology and the filling of terrigenous detritus,
and these factors are closely related to the sedimentary
environment. To explore the influence of the sedimentary
environment on the enrichment of organic matter in Taibei
sag, this study analyzed the paleoclimate, organic matter input,
and oxidation—reduction conditions.

5.3.1. Influence of Paleoclimate on Organic Matter
Enrichment. To explore the influence of paleoclimate on the
abundance of organic matter, the relationship between CPI
and TOC and PG and chloroform asphalt A is drawn (Figure
16). The results show that CPI has a weak negative correlation
with TOC, PG, and chloroform asphalt A in the study area,
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which indicates that the warm and humid climate is conducive
to the accumulation and preservation of organic matter, and
the arid climate has an inhibitory effect on the occurrence of
organic matter.
Previous studies
paleoclimate environment is conducive to the survival and
reproduction of aquatic organisms and terrestrial higher
organisms, and it will also cause the water body to deepen
and form a reducing environment, which is conducive to the
preservation of organic matter. On the contrary, the arid

2755 have found that the warm and humid

paleoclimate is not conducive to the survival and reproduction
of aquatic organisms, which leads to the decline of organic
matter abundance. In addition, the paleoclimate has a certain
control effect on the input of terrigenous detritus.”® When the
climate is humid, frequent precipitation makes a large number
of provenance detritus fill, diluting the organic matter, which
results in a less obvious relationship between the paleoclimate
and organic matter abundance.

5.3.2. Influence of Organic Matter Input on Organic
Matter Enrichment. The ).C,,—/>.C,, + and TOC, PG and
chloroform asphalt A are plotted (Figure 17). The results
showed that the contents of TOC, PG, and chloroform asphalt
A were weakly positively correlated with ).C,;—/)'Cy, +,
which indicated that aquatic organisms were conducive to the
enrichment and preservation of organic matter, and the
contribution of aquatic organisms to the occurrence of organic
matter was greater than that of terrestrial higher plants.

31589

The abundance of organic matter depends not only on the
development of organisms but also on the input of organic
matter. The input of organic matter mainly comes from various
aquatic organisms and terrestrial higher plants. The former is
the main contributor to organic matter abundance, while the
latter provides nutrition for the former.”>°

5.3.3. Influence of Redox Environment on Organic Matter
Enrichment. The relationship between Pr/Ph and TOC, PG,
and chloroform asphalt A was drawn (Figure 18). The results
showed that the values of TOC, PG, and chloroform asphalt A
increased with the increase of the Pr/Ph value in the study
area. The results are different from the previous understanding
of “reducing environment for the conservation of organic
matter”. This shows that the oxidation—reduction environment
has a certain control effect on the organic matter enrichment of
Taodonggou group, but it is not the main control factor.

When the redox environment fluctuates, the abundance of
organic matter changes greatly, and both redox environment
and productivity will affect the preservation of organic
matter.”> Although the climate of Middle Permian in Taibei
sag is semiarid and semihumid, the climate is mainly warm and
humid.***"*%  Aquatic organisms and terrestrial higher
organisms multiply in large numbers, forming high biological
productivity. In addition, biological respiration can also
increase oxygen consumption,””*’ and high deposition rate
can reduce the time of organic matter oxidation and
decomposition,(’o’61 which leads to the phenomenon of high
concentration of organic matter in oxidation environment.
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the YT-1 well.

5.3.4. Enrichment Model of Organic Matter. Previous
studies have found that the enrichment model of organic
matter can be divided into three models: preservation model,
productivity model, and productivity and anoxic interaction
model.”>”® Compared with the productivity model, the
abundance of organic matter in Taodonggou group source
rocks is higher in partial oxidation environment and lower in
partial reduction environment. To further discuss the organic
matter enrichment mechanism of Taodonggou group source
rocks in Taibei sag, the Taodonggou group source rocks are
divided into early, middle, and late stages (Figure 19).

In the early stage, the paleoclimate was dry with less
precipitation, which resulted in less input of terrigenous
detritus and nutrients, a slow reproduction rate of aquatic
organisms, and low productivity. The input of organic matter
was mainly terrigenous higher plants. Although the water body
was a partial reducing environment, the low productivity made
the organic matter abundance of the source rocks low (Figure
20a). In the middle stage, the paleoclimate gradually became
warm and humid, which was conducive to the reproduction of

terrestrial higher plants. In addition, precipitation accelerated
the weathering of parent rocks, intensified the input of
terrigenous detritus and nutrients, promoted the reproduction
of aquatic organisms, and gave high biological productivity.
Precipitation made the sedimentary water deeper, and the
whole was in a partial oxidation environment, However, the
high productivity makes the organic matter abundance of
source rocks in this stage (Figure 20b). In the late stage, the
paleoclimate became dry again and the productivity decreased,
which resulted in the low abundance of organic matter in this
stage. The above is the enrichment model of organic matter in
Taodonggou group of Middle Permian in Taibei sag.

6. CONCLUSIONS

Based on the analysis of the organic petrology, organic
geochemistry, sedimentary environment of the Middle
Permian Taodonggou group source rocks, the influence factors
on the enrichment of organic matter were revealed, and the
enrichment model was established in the study area. The
following conclusions can be obtained:
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Figure 20. Enrichment model of organic matter in source rocks of Taodonggou group in Taibei sag: (a) early and late stage of Taodonggou group

and (b) middle stage of Taodonggou group (modified after 62—65).

(1) The organic macerals of Taodonggou group source
rocks in Taibei sag are mainly the exinite and sapropelite
formation, followed by inertinite, and vitrinite is the
least. The vitrinite mainly is vitrodetrinite, and the
exinite is mainly lamalginiite.

(2) The source rocks of Taodonggou group in Taibei sag are
mainly excellent source rocks. The types of organic
matter are mainly type III and types II-III, which are in
the mature stage, mainly in the oil window stage, and
have a good hydrocarbon generation potential.

(3) The source rocks of Taodonggou group in Taibei sag
were formed in a semihumid and semiarid climate with
weak reduction and weak oxidation environments. The
organic matter was transported into the mixed source.
The terrestrial higher plants dominated in the early and
late stage, and the aquatic organisms dominated in the

middle stage. Under the coaction of paleoclimate,
organic matter input, and redox environment, the
enrichment model of organic matter with high
productivity and weak oxidation environment character-
istics can also form excellent source rocks.
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