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ABSTRACT: The Sichuan Basin in southern China is well-known for its large natural g P
gas resource potential stored in Sinian-Cambrian systems. Recently, high-yield : o
industrial gas flow has been discovered from the Dengying Formation (Sinian System)
and Canglangpu Formation (Cambrian System) in the Penglai gas area, preluding the A
multilayer stereoscopic exploration in Sichuan Basin. However, the origin of the
natural gas and its preserving mechanics is still debated, and thus, in this study the &2
geochemical characteristics of the natural gas are systematically analyzed, based on the ~
data from gas composition and hydrocarbon isotope of a series of local wells. On this
basis, the geochemical characteristics of natural gas in different regions and layers are
compared, and the reasons for these differences from the origin and influencing factors
are analyzed. The results show the following: (1) The natural gas of the Penglai gas 0
field is dry gas dominated by CH,, and the Sinian Dengying Formation gas has lower
C,H, content, larger dryness coefficient, heavier 5"°C, and lighter 6°Hcyy, than the
Cambrian gas, which is associated with the high proportion of hydrocarbons from the high-maturity Dengying source rocks. (2) The
natural gas from some wells in the lower part of the structure is characterized by high H,S content and low CH, content, and heavy
5"C in the components, which seems to be affected by the thermochemical sulfate reduction (TSR) effect. (3) The natural gas from
the Penglai gas area has a relatively low maturity, which appears to be attributed to the continuous sealing ability of the caprock,
which can preserve both the early generated gas and the late thermal-cracked gas.
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1. INTRODUCTION formation process of natural gas. Natural gas is mainly
composed of a few low molecular weight hydrocarbons, and
its genesis analysis mainly relies on hydrocarbon isotopes and
component content. Albeit the similarities in the reservoir
forming conditions, there remain many significant differences
in gas composition and isotope characteristics between this
area and the widely studied and successfully developed Anyue
gas field."""™"° In addition, the geochemistry features vary
with layers in this area, and to date, there is no general
agreement about their genetic mechanism differences,
including the difference in the proportion contribution of
Sinian sources,1’16 the source of crude oil cracking gasU_22
ultralate shale source gas,z‘z‘24 and the influence of water
participating in the reaction in the high evolution stage,”™>’
which constrained the understanding of the natural gas
accumulation and reservoir formation processes of the two

The Sichuan Basin in China is widely regarded as one of the
largest natural gas bearing basins in China. The Anyue gas
field, for example, is China’s largest marine carbonate gas field,
exceeding one trillion cubic meters of proven geological
reserves by the end of 2020." Similar to the Anyue gas field in
the hydrocarbon source and geological structure condition, the
Penglai gas area located at the northern slope of the central
Sichuan paleo-uplift, likewise shows favorable exploration
potential in the Sinian-Cambrian system,” " and its hydro-
carbon accumulation features are characterized as “three-
dimensional hydrocarbon supply, three-dimensional reservoir
formation, three-dimensional transportation, early oil and late
gas, three-dimensional accumulation”.”~” Recently, exploration
breakthroughs have been achieved in this area, targeting the
second and fourth members of the Dengying Formation
(hereinafter referred to as Deng-2 Member and Deng-4
Member), the Canglangpu Formation, Xixiangchi Formation, Received: December 18, 2023
as well as the Permian Maokou Formation,” broadening the Revised: ~ May 7, 2024
exploration fleld of deep and ultradeep natural gas in the Accepted: May 13, 2024
Sichuan Basin. Published: May 23, 2024
The geochemical characteristics are of great significance for
the analysis of the origin, type, maturity, and reservoir
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Figure 1. (a) Location of the study area and (b) the stratigraphic histogram.
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Panels a and b are adapted with permission from ref 5. Copyright 2022

areas. Therefore, this study investigates the geochemical
characteristics such as composition and isotopes from the
newly acquired wells in different layers of the Penglai gas area
and attempts to explain the characteristics from its maturity,
TSR reaction, and sealing performance of multiple overlying
cap layers. This work aims to offer in-depth insights concerning
the reservoir forming conditions and the exploration of deep
natural gas reservoirs in the Sichuan Basin.

2. GEOLOGICAL SETTING

The Sichuan Basin is a continental basin located on the
northwest side of the Yangtze Platform with abundant gas
resources in the Sinian-Cambrian strata. The Sinian strata in
this basin can be divided into Doushantuo (Z,d) and Dengying
(Z,dn) Formations, and the latter can be further subdivided
into Z,dn', Z,dn* Z,dn*, and Z,dn* from the bottom up. The
lower Cambrian system in this basin includes the Qiongzhusi
(e,9), Changlangpu (e;c), and Longwangmiao (¢,l) forma-
tions. The overlying strata are Middle Cambrian Gaotai (e,g)
and Upper Cambrian Xixiangchi (e;x) formations (Figure 1).
The Sichuan Basin has undergone multiple tectonic move-
ments from basement formation to the formation of the
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orogenic basin.”*® In the Sinian-Cambrian period, 3 episodes
of the Tongwan movement occurred in the Central Sichuan
Basin, forming 2 ancient uplifts (i.e., the Gaoshiti-Moxi and
Ziyang-Weiyuan uplifts) and one ancient rift (i.e., the Deyang-
Anyue ancient rift).”” Later, influenced by the Caledonian
Movement, the scope of the central Sichuan paleo-uplift was
further expanded. In the Indosinian, Yanshanian, and
Himalayan periods, the basin shape was inherited, albeit with
moderate adjustment and transformation, laying a good
foundation for oil and gas accumulation in high parts. Before
the late Indosinian period, the Penglai gas area and the Anyue
gas field had similar tectonic backgrounds, both located in the
high part of the structure;> however, in the late Indosinian-
Himalayan period, the tectonic evolution of the two became
distinct. Specifically, the Anyue gas field is in the high position
of the structure permanently with weak structural deformation,
while the Penglai gas area suffered from compression and
subsidence, forming the monoclinic structure in the north of
the present paleo-uplift (Figure 1).°

The tectonic framework of the uplift and depression
alternation was formed in this basin during the Sinian period,
which controls the development of the hydrocarbon generation
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Table 1. Data Table of Sinian-Cambrian Natural Gas Components and Isotopes in Central Sichuan Basin

Main components (%)

O°H
88C (%) (%)
H,S
HyS C,/C, (g/m*) CH, C,Hg CH, Refs
0.02  0.9987 0.36 -336 -325 —-135 MO
0.01  0.9989 0.23 —341 =300 -126
210 0.9990 36.17 —-341 —306 —138 this paper
0.01  0.9973 0.30 -386 —39.1  —135
018  0.9972 5.19 —380 —392 —132
001 09981 0.14 —382 —364 —134 °
0.04 09978 0.66 -358 —366 —136
1.81  0.9993 14.87 —-33.5 —284  —146 this paper
324 09996 54.93 —31.1 =275  —140
1575 0.9991 227.35 —293 —267 —144
11.8 0.9994 211.02 -307 —263 —140
214 0.9996 28.51 —343  -257 141
342 0.9995 46.78 -333 —280 —146
211 0.9992 33.13 —347 —290 —140 °
252 0.9992 33.64 —346 —295 —141
3.09  0.9993 39.00 —347 =290 —143
371 0.9993 4335 —344 284  —137
315 0.9996 37.46 -337 =291  —144
450  0.9995 71.56 -351 —280 —141
0.95  0.9990 20.11 —-345 —303  —138 this paper
3.06  0.9998 43.55 —334 —269 —144
342 0.9995 4678 —333 —280 —146

Well Depth

number (m) Age CH, CHy; CO, N, He
NC1 5447 €x 96.57  0.13 2.54 034 001
LT1 5337 €5x 91.81  0.10 7.56 020 001
PS1 6588 €l 69.74 007 2741 0.67  0.01
DB1 5728 el 9546 026 3.80 047 0

PS13 6080 €l 85.62 024 1326 052 001
JT1 6972 €c 9682 0.8 1.27 170 0.01
CT1 6264 €;c 94.13 021 5.00 038 001
PS13 6655 Z,dn*  88.02  0.06 9.48 0.61  0.01
PS13 6655 Z,dn* 7440 003 2015 1.67  0.02
PS1 7328 Z,dn*  23.03 002 5947 1.62  0.02
DB1 6537 Z,dn*  69.60 0.04 17.96 0.52  0.04
PSS 5503 Z,dn* 8421 003 1294 0.60  0.01
PSS 5775 Z,dn®> 8532  0.04 10.14 1.06  0.03
PT1 5771 Z,dn®>  92.83  0.07 442 0.56  0.01
PT101 5615 Z,dn* 9095  0.07 5.89 0.55  0.01
PT101 5855 Z,dn®> 8334  0.06 323 1024 001
PT102 5905 Z,dn®>  89.88  0.06 525 0.80  0.02
PT103 5725 Z,dn®> 8947  0.04 6.54 0.62  0.01
ZJ2 6693 Z,dn®> 7920  0.04 1543 0.67  0.05
PT106 5750 Z,dn?> 9113 0.09 7.36 046  0.01
75103 6008 Z,dn®> 9023  0.02 5.94 073 0.02
PSS 5775 Z,dn®> 8532  0.04 10.14 1.06  0.03

center of source rocks and many sets of high-quality reservoirs
for the central Sichuan Basin. The shape of the rift trough
determines the thickness and distribution of the Lower
Cambrian Qiongzhusi Formation, forming high-quality source
rocks, which is the natural gas source for Sinian-Cambrian. The
€,q and Z,dn shales are considered major source rocks for
petroleum in the Sinian-Cambrian strata.'” The Ro value of
Sinian source rocks in the basin is generally greater than 3.0%,
and the Ro value of Cambrian source rocks is generally greater
than 2.5%, both of which are in the high-over mature stage.30

Multiple sets of reservoirs are developed in the Penglai gas
area. The reservoirs are vertically superimposed and horizon-
tally connected, forming a Sinian-Cambrian multilayer stereo-
scopic reservoir. Controlled by the pattern of “platformal
trough”, the Dengying Formation in the Penglai gas area
develops large-scale retrograde platform margin deposits,” and
the mound-shoal complex is its favorable facies zone. The
width of the platform edge of the Deng-2 Member is 40—
130km, and the thickness is 650—1000m. The width of the
Deng-4 Member is 20—70 km, and the thickness is 350—450
m.” Compared with the Anyue gas area, the width, thickness,
and beach scale of the platform margin in the Penglai gas area
are larger. On this basis, during the Tongwan movement, the
Dengying Formation was uplifted twice to expose the sea
surface, and the weathering leaching zone was formed on the
surface of the Deng-2 Member and Deng-4 Member, so the
reservoir was reformed.” The main sedimentary environments
of the Canglangpu Formation and Longwangmiao Formation
are shallow shelf and restricted platform, respectively, and the
granular beach is a favorable facies zone for the development of
high-quality reservoirs in these two layers. Similar to the
Dengying Formation, the Cambrian reservoirs in the Penglai
gas field, are also controlled by the comprehensive effect of
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“sedimentary facies + karstification”,” which provides a strong
reservoir foundation for the formation of large gas fields.

The Sinian-Cambrian gas reservoirs in the northern slope
mainly develop § sets of reservoir and direct cap assemblages:
(1) Deng-2 Member dolomite & Deng-3 Member shale; (2)
Deng-4 Member dolomite & Qiongzhusi Formation shale; (3)
Canglangpu Formation dolomite and sand-mudstone; (4)
Longwangmiao Formation dolomite & Gaotai Formation
dolomite-mudstone; (S) Xixiangchi Formation dolomite and
middle Permian limestone (Figure 1). The widely distributed
Upper Permian mudstone deposits also provide favorable
regional preservation conditions for the underlying gas
reservoirs. Furthermore, the interbank compact sediments in
the updip direction of the slope and the cap rock together
sealed the scale mound beach body, which is the key factor for
the preservation of the Dengying Formation gas reservoir.

3. MATERIAL AND METHODS

Natural gas samples were collected at the wellhead using
pressure resistant steel cylinders. The conventional geo-
chemical analyses, including gas components, carbon isotopes,
and hydrogen isotopes, were done at the Laboratory of Gas
Reservoir Formation and Development, CNPC, on the Sinian-
Cambrian representative natural gas samples from the wells in
the Penglai gas area. Agilent 7890A gas chromatograph was
used for routine analysis of natural gas components and C,—C;
composition analysis by large injection volume.”'® The carbon
isotope composition of natural gas was performed by the
Finnigan Delta PLUS XL GC/C/IRMS, with the carbon
isotope composition of trace ethane enriched by liquid
nitrogen freezing.”'® The hydrogen isotope composition was
detected by the Finnigan Mat 253.”'

According to the caprock lithology of the Sinian-Cambrian
reservoirs in the Penglai gas area, S representative lithology

https://doi.org/10.1021/acsomega.3c10109
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Figure 2. Histogram of methane and ethane content distribution in the central Sichuan Basin.

combinations were selected to conduct the high temperature
and high-pressure rock breakthrough pressure test to compare
their sealing performance. The test was conducted at room
temperature. For the step pressurization breakthrough test, the
pressure is repeatedly maintained for a specific time and then
the pressure is increased until the gas breaks through.®" For the
constant pressure test, a constant pressure of 14 MPa was
maintained until the gas broke through the rock sample.

4. RESULTS

4.1. Natural Gas Composition. Natural gas is primarily
composed of saturated light paraffins; among them, CH, is
usually dominant in the Sinian-Cambrian natural gas in the
Penglai gas area (Table 1, Figure 2), albeit with varying
proportions in the strata. After normalizing the hydrocarbon
composition, the drying coeflicient of all samples is greater
than 0.9972 showing the strata contains the gas feature of dry
gas. Specifically, the CH, content in Deng-2 Member, Deng-4
Member, and the Cambrian natural gas is in the ranges of
79.2%—92.83%, 23.03%—88.02%, and 69.74%—96.82%, re-
spectively.

C,Hg is another hydrocarbon gas that exists in all samples,

whose content is significantly lower than that of CH,.
Specifically, the proportion of C,Hg in Deng-2 Member,
Deng-4 Member, and the Cambrian natural gas lies in 0.04%—
0.09%, 0.02%—0.06%, and 0.10%—0.26%, respectively. There
are also certain nonhydrocarbon gases existing in the studied
samples, including CO,, H,S, N,, He, and H,, of which H,S
and CO, are dominant. The CO, and H,S in the Deng-2
Member samples account for 3.23%—15.43% and 0.95%—
4.5%, respectively, with the maximum values lower than the
Deng-4 Member (9.48%—59.47% for CO,, and 1.81%—15.75%
for H,S). And the corresponding values for the Cambrian
natural gas are 1.27%—27.41% and 0.01%—2.1%, respectively.
The Sinian Dengying Formation bears the highest content
ranging from 14.87 to 227.35 g/m?, which is followed by the
Cambrian Longwangmiao Formation ranging from 0.3 to
36.17 g/m3, and then the Cambrian Canglangpu Formation
(0.14-0.66 g/m*) and Xixiangchi Formation (0.23—0.36 g/
m®).
Regarding N, and He, both the Deng-2 and Deng-4
Members bear the proportions of 0.46%—10.24% and
0.01%—0.05%, respectively, and the corresponding values in
Cambrian are 0.20%—1.70% and 0—0.01%, respectively.
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4.2, Carbon and Hydrogen Isotope. The carbon and
hydrogen isotopes of the methane are important parameters
related to the condition of the aqueous medium and the degree
of thermal evolution of source rocks." Most 6*C, of natural
gas from the Sinian and Cambrian systems in the Penglai gas
area is lighter than —33%o. The average §'°C, values for the
studied samples show a decreasing trend in the sequence from
Deng-4 Fm., Deng-2 Fm., Xixiangchi Fm., Canglangpu Fm.,, to
Longwangmiao Fm. (Figure 3). 8’Hcy, of natural gas is
—144%—137% in the Deng-2 Member, —146%—140% in the
Deng-4 Member, and —136%—126% in the Cambrian system.

24 -
-26 |
-28 |
30}
O 32
;@ [l Xixiangchi Formation
-34 [JLongwangmiao Formation
[l Canglangpu Formation
-36 | @Deng-4 Member
@Deng-2 Member
-38 |
40 1 1 1 1 1
-40 -38 -36 -34 -32 -30 -28 -26 -24
3"C, (%)

Figure 3. Carbon isotope frequency distribution histogram of
methane and ethane in the central Sichuan Basin.

4.3. Breakthrough Pressure. The breakthrough pressure
varies with the lithology combination (Figure 4). The tight
dolomite first reached the breakthrough pressure of 3.5 MPa
after 24 min, while the marlstone and shale recorded the
breakthrough pressure and time of 3.5 MPa after 56 min and
6.5 MPa after 56 min, respectively. In comparison, the
lithology combination of tight dolomite + dolomite +
marlstone holds a higher breakthrough pressure (14 MPa)
and longer duration time (2281 min). The combination of
tight dolomite + dolomite + marlstone + semsle seems to bear
the best sealing ability, which was not broken through in 14
days at 14 MPa.
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5. DISCUSSIONS

5.1. Natural Gas Type. The classification of natural gas is
crucial for assessing its sources and exploration potential, and
the covariation of In(C,/C,) and In(C,/C;) diagram is a
widely used approach to identifying the types.’> According to
Figure S, for the Sinian-Cambrian natural gas samples in the
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Figure S. Identification of genetic types of natural gas from the Sinian
Cambrian in the Penglai gas region (the data for the Anyue area
comes from ref 1, 9, and 19). Adapted with permission from ref 32.
Copyright 2016 Elsevier.

Penglai gas area, all the samples belong to oil-cracking gas with
R, > 2.5%, same as the Anyue gas field.” It is pointed out that
the source rocks of the Sinian-Cambrian source rocks entered
the overmature evolution stage in the Middle Jurassic, and then
reached the maturity peak in the Cretaceous, during which
period the crude oil massively cracked and generated
substantial amounts of natural gas." Besides the distinguishing
plate, the existence of a large amount of reservoir bitumen
under the reflected polarized light microscoge (Figure 6) also
suggests the occurrence of oil cracking.3 73 It has been
reported that the bitumen contents in the reservoirs of the
Deng-2 Member, Canglangpu Formation, and Longwangmiao
Formation can reach 4.7%, 1.9%, and 2.1%, respectively,1

proving the development of paleo-oil reservoir with favorable
gas generation capacity in the Penglai gas area.

5.2. Effect of Maturity and Water Salinity on Gas
Composition. The gas geochemical features vary with
formations, as shown in Figure 2, which signifies the various
processes of natural gas accumulation. After eliminating the
interference from nonhydrocarbon gases, the normalized dry
coefficient (C,/C,,) exhibits a decreasing trend from the
Deng-2 Member (0.9990—0.9998), to the Deng-4 Member
(0.9990—0.9996), and then to the Cambrian system (0.9970—
0.9990) (Table 1). In this area, the Cambrian source rock
seems to be one of the main gas sources for the Dengying
Formation and the Qiongzhusi Formation.”® Meanwhile, the
underlying old strata, the Sinian source rocks provide gases to
the Dengying Formation, leading to a higher maturitg of the
natural gas in the Deng-2 and Deng-4 Members.'®*°~** Owing
to the high maturity, the content of CH, originating from the
Sinian source rocks increases, and correspondingly, the content
of heavy hydrocarbon components decreases like C,Hg.

Thermal maturity not only affects the relative proportions of
different hydrocarbon components but changes the values of
5"3C, which tends to rise with depth, except for the Xixiangchi
Formation bearing the gases from the Permian hydrocarbon
source (Table 1). Also, maturity could increase the §C,
values of the natural gas with a more obvious range.“w’40 Li et
al. (2016) carried outgas generation experiments by thermal
simulation on sapropelic source rocks and found that as the
temperature increases to the maximum, the weight change
amplitude of §"°C, was significantly greater than that of §"°C,
(11.7% vs 5%), leading to the increase in A'*C,_,. Therefore,
A"C,_, of the Sinian-Cambrian natural gas shows a significant
correlation with the dry coefficient (Figure 7). Regarding the
Dengying reservoir with mixed gas sources, the larger the
contribution of Sinian source rocks, the heavier the §"°C, and
the greater the A®C,_,.

The change of 6Hcyy in natural gas is related to many
factors, such as the thermal evolution degree of source rock,
the type of organic matter, and the salinity of water in the
sedimentary environment of source rock.””° In this case, the
natural gases of different formations are generated by in situ
cracking of ancient gases formed by sapropelic hydrocarbon
sources, and thus, the organic matter types may not be the
major controlling factor. Regarding the effect of thermal
evolution and salinity, both of them can lead to a heavy
Hep '~ However, the *Hyy, of the Sinian natural gas is
lighter than that of the Cambrian, suggesting maturity is also
not the dominating factor influencing the isotopic variation,
which means that salinity might be the principal controlling
factor. The salinity of the ancient water medium in the
sedimentary environment of the Cambrian Qiongzhusi
Formation source rock is 18.5%," which is higher than that
of the Sinian source rock (about 7.5%—7.7%)," resulting in
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Figure 7. Relationship between the humidity coeflicient and carbon

isotope difference of methane and ethane in the central Sichuan Basin.

heavier 6*Hcyy, of natural gas. Because the Sinian natural gas is
mixed sources of Sinian and Cambrian, while the Cambrian
natural gas is only from the petroleum-cracking of the
Cambrian, the Cambrian natural gas is more obviously affected
by the high-salinity source rocks and thus has heavier 6*Hcyy.

5.3. Effect of Thermochemical Sulfate Reduction
(TSR). H,S is a common component of oil and gas production,
reaching concentrations up to over 4% in the Penglai gas
region, far exceeding other strata (Figure 8). It is normally

6
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0 . .
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Figure 8. H,S content in Sinian-Cambrian natural gas in Penglai and
Anyue gas areas. Further evidence of the TSR effect comes from the
carbon isotope.

accepted that thermochemical sulfate reduction (TSR) is the
most important process to generate abundant H,S in carbonate
gas reservoirs."® This redox reaction occurs between oxidative
sulfates and reductive hydrocarbons, generating CO,, H,S,
organic sulfur compounds, and/or diamondoids. In addition to
the high H,S content, the generated natural gas also has a high
dryness coefficient, and heavy 5"°C,. During the TSR reaction,
the *C-poor C,H, will be preferentially consumed, thus the
carbon isotope of residual C,Hg in natural gas gradually
becomes heavier.*” In the studied case, some natural gas from
the Dengying Formation with a depth exceeding 6000 m in the
Penglai gas area has abnormally heavy §'*C, carbon isotopes,
such as Well DB1 and Well PS1, reaching —26.28% and
—26.7%, respectively, heavier than that of the corresponding
kerogen (Figure 9, Figure 10). The results seem counter-
intuitive since normally the 5"*C, of natural gas is lighter than
that of kerogen. Therefore, it is supposed the heavy carbon
isotope in the natural gas is not entirely caused by the

Figure 9. Relationship between H,S content of natural gas and burial
depth in the Dengying Formation and Cambrian in the central
Sichuan Basin.
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Figure 10. Relationship between H,S content and 5'*C, of natural gas
in the Dengying Formation and Cambrian in the central Sichuan
Basin.

difference of source rocks, but TSR reaction may be the main
causer of this phenomenon in this area. Furthermore, the TSR
reaction will affect the coke structure of the reservoir asphalt,
which will lead to the isotropic-fine-grained mosaic structure of
the coke asphalt.** The distribution of the fine-grained mosaic
structures wra7pped in fibrous structures in the reservoir asphalt
of Well PT1% also proves the existence of a TSR reaction.

Generally, the rate of hydrocarbon TSR reaction can be
accelerated by higher temperature.”””” The H,S content in
natural gas directly from source rocks or crude oil is usually
less than 3%.°>°"** In the studied region, the samples in wells
buried deeper are more obviously influenced by hydrothermal
activities, thus bearing an H,S content of more than 10%,
larger than other wells (<3%). Laterally, the Dengying
Formation in the Penglai gas area is deeper than that in the
Anyue gas area, thus maintaining a higher H,S content in the
Penglai gas area.

5.4. Preservation Conditions. Preservation condition is
also a key factor deciding the natural gas components, and
generally better preservation could result in a lighter 6"°C, of
natural gas because the early generated light gas components
tend to be better preserved. In the Penglai gas area, Deng-2
Members in Well PT1, PT101, PT103, and PT106 are buried
between 5600 and 5900 m, and their natural gas bears §"°C; as
—34.7%, —34.6%, —33.7%, and —34.5%, respectively. The
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buried depth of Deng-2 Member in Well ZJ2 is more than
6600 m with a 6"°C, around —35.1%. By contrast, in the
Gaoshiti-Moxi area of the Anyue gas field, the §'°C, of the
Deng-2 Member of Well GS1, GS11, MX8, and MX17 are
—-32.3%, —33.3%, —32.8%, and —33.3%, respectively,’
generally heavier than that of the Penglai gas area, and the
formation depths are between 5100 and 5500 m, shallower
than their counterpart in the Penglai gas area.

In general, the §°C of natural gas generated from the
sapropelic kerogen becomes heavier with thermal evolution,
and thus the deep reservoirs tend to maintain heavier §"*C as
they may experience higher thermal pressure. However, in the
Penglai gas area, the gas from the Deng-2 Member is 1000 m
deeper than that in the Anyue gas field but with lighter §"°C,,
which is contrary to the conventional understanding.
According to gas cracking simulation experiments, the 5"°C
of gas generated in the late stage is heavier than the 5"°C of
crude oil (Figure 11). Here, it is speculated that the lighter
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Figure 11. Hydrocarbon gas yield and methane isotope characteristics
of crude oil cracking

carbon isotope in the Penglai gas area is related to the natural
gas storage stage; i.e., the gas reservoir in the Penglai gas area
captured almost all the generated gas including the early
formed lighter gas and the later formed heavier gas, and thus its
gas isotope results from the mixing gas characteristics. This
incredibly favorable gas preservation benefits from the multiple
tight overlying layers spreading the large proportion of the
Sichuan Basin. While for the Anyue gas field, albeit the
favorable caprocks, its bottom directly contacts with the
permeable layers which causes the escape of the early

generated gas from the reservoir bottom under the increasing
pressure from the accumulation of the late generated gas. The
loss of the isotopically lighter gas generated earlier increase the
total gas isotope values measured with the mixing gas currently
stored in the reservoir.”> Thus, the §"3C, is lighter, and the
proportion of early cracking gas is smaller, the 5"°C; is heavier.

The breakthrough pressure of the caprocks could effectively
indicate the sealing ability of the caprocks. According to the
evaluation experiment of the sealing ability of multistage
caprock (Figure 4), when there are dense layers inside the gas
reservoir (multiple sets of reservoirs) and multiple sets of
caprocks above, the breakthrough pressure of caprock increases
obviously, and the speed of gas breakthrough slows down. The
study of deep gas accumulation in the Sichuan Basin indicates
that the cumulative diffusion amount calculated by the
diffusion model of multilayer caprock is significantly lower
than that calculated by the single caprock.”® These together
mean that the stacking of multiple sets of caprocks overlying a
gas reservoir can have a better blocking effect on the escape of
natural gas. In the Penglai gas area, because there are many sets
of caprocks such as tight dolomite in the Dengying Formation,
shale in the Cambrian Qiongzhusi Formation, and Permian
Longtan Formation above the Sinian gas reservoir (Figure 1),
the natural gas is well preserved. Based on the rock physical
characteristics reflected by logging data,®>°® combined with the
burial history analysis of the caprock, the history of the
breakthrough pressure evolution can be obtained. According to
the results, several sets of caprocks had possessed sealing
ability since the early stage of crude oil cracking' (Figure 12),
and thus present the current geochemical characteristics.
Therefore, owing to the favorable preservation condition, the
Sinian gas reservoir in the Penglai gas area sealed the gas from
the early to late stages of crude oil cracking, and retained the
difference in the geochemical characteristics of Sinian-
Cambrian natural gas.

6. CONCLUSIONS

(1) Both Sinian and Cambrian natural gas in the Penglai gas
field belong to dry gas, which was originated from the
cracking of crude oil, although they have different gas
sources and geochemical characteristics. The natural gas
of the Sinian Dengying Formation has relatively lower
C,Hg content, higher drying coefficient, heavier §°C,
and lighter §*Hyyy, compared with the natural gas of the
Cambrian system.
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Figure 12. Evolution of the breakthrough pressure of caprock of the Qiongzhusi Formation in different periods.
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(2) The natural gas of Dengying Formation in some low
structural areas of the Penglai gas area is more
significantly affected by the TSR reaction, showing
higher sulfur content, resulting in a low methane content
in the components and heavier §"*C.

(3) The continuous sealing ability of the caprock and the
overlapping sealing of multiple caprocks provide good
preservation conditions for the Dengying Formation in
the Penglai gas area, preserving both the early generated
gas and the late thermal-cracked gas, thus showing a
relatively low maturity.
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