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Abstract

The Anyue field is a supergiant gas field which w&overed recently in the Sichuan Basin,
China where the Sinian Dengying Formation and thenklian Longwangmiao Formation are
principal gas reservoirs. Gas in the Anyue fielchtaims mainly methane (>98%) and a low
content of heavy hydrocarbons, with minopSHcomponent. Reservoirs commonly contain
bitumen and produce formation water. It is curyestiggested that natural gas in the Anyue field
is derived from the secondary cracking of crudelddwever, carbon isotopic ratio of methane is
significantly less negative than that of bitumerhick contradicts the isotopic signature oil
cracking process would predict. Besides, this phesrmn also cannot be explained by the process
of thermochemical sulphate reduction (TSR), becdluse is no remarkable correlation between
the §'%C, values and b5 contents as suggested in previous studies. Beth gas and
water-dissolved gas from the Anyue gas field werayzed in this study for their stable isotopes.
Results show that thi>C, of the gas derived from the formation water is less negative than
that of free gas. Therefore, it is inferred that kbss negativa™C, values in the free gas reservoir

are attributable to addition of natural gas thatpigviously dissolved in formation water.



Geological setting of the gas reservoirs in Dengynd Longwangmiao formations of the Anyue
gas field is favorable for the formation and preagon of water-dissolved gas. In addition, both
formations had experienced significant structugdifting before the gas reservoirs were formed.
Reduced temperature and pressure in the formatipngyeological uplifting could cause
super-saturation of methane in the formation waterd as a consequence, water-dissolved
methane gas could exsolve from water phase intplgase. Therefore, it is concluded that natural
gas in the Anyue field is a mixture of free gas gag exsolved from the formation water. As a
result, the carbon isotope of methane gas in thedrield became less negative than that of a

single free gas component would predict.

Key words: Sichuan Basin; Anyue gas field; Sinian-Cambriaas geservoirs; Geochemical

characteristics; Origin of gases

1. Introduction

Industrial gas flow was produced in 1964 from tlwig Dengying Formation in the Weiyuan
structure of Leshan-Longnisi paleo-uplift in SichuBasin, China, thereby revealing the
discovery of Weiyuan gas field (with a proved reseof 408.61x18m%, which was the largest
and oldest mono-block gas field in China at thaieti Since then, exploration was carried out in
the Sinian formation at the slope and axial arethefpaleo-uplift, but no large-scale gas pools
have been discovered until 2011. In July 2011, \@albshi 1 (Fig. 1) was drilled in the Gaoshiti
structure of the paleo-uplift, and achieved higblgyigas flow from the Sinian formation at a rate
of 102.14x10md. Anyue giant gas field was then discovered assalt of this exploration

drilling. Later on, many wells produced industrgds flow from the Sinian formation in the



Gaoshiti and Moxi structures of paleo-uplift, ahitk gas reservoir was also found in the Lower

Cambrian Longwangmiao Formation of the Moxi struefuepresenting the great achievement of

gas exploration in the Sinian-Cambrian formatiomghie Leshan-Longnusi paleo-uplift. So far,

the reserves of the Sinian and Cambrian gas rasgimothe Gaoshiti and Moxi structures have

exceeded trillions of cubic meters (Wei et al., 28)1

In the Anyue gas field, the gas reservoirs are Iypailistributed in the Sinian Dengying

Formation (4dn) and Cambrian Longwangmiao Formatiodf) (Fig.1). The natural gas is

composed of predominantly hydrocarbon gases (maidthane with small fraction of ethane).

There are also small amount of non-hydrocarbonggéesg. CQ, N, and HS), and trace amount

of rare gases. Dry coefficient of the gas in the/denfield is very high (€C,. close to 1). The

natural gas is mainly generated by the highly owature argillaceous source rocks of Lower

Cambrian Qiongzhusi Formation (Zheng et al., 20Wei et al., 2015b).
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Fig. 1. Location of Anyue gas field and petrolewstem of Cambrian-Sinian reservoirs

In the reservoirs, solid bitumen is widely presdhtis a product generated from secondary
cracking of crude oil, implying the possible exigte of ancient oil reservoir or dispersed liquid
hydrocarbon in the reservoirs in the early stagee feflectivity of reservoir bitumen (BRO) is
2.5-3% (Tian et al., 2013), indicating that crudkio the ancient oil reservoir was cracked
sufficiently and the highly evolved reservoir bitemwas developed. Accordingly, it is suggested
by many researchers that the natural gas in theidffigld is originated from the secondary oil
cracked gas (Cai et al.,2017; Liu et al., 2008; ®¥ell., 2015a; Xiong et al., 2016; Yao et al.,200

Zhou et al., 2015).



In the process of crude oil cracking, carbon isetop both gas phase and solid phase undergo
fractional distillation. The carbon isotopic rafio methane is much more negative than that of
bitumen. However, our previous pilot study showeat the carbon isotope of methane in the gas
reservoirs of Dengying and Longwangmiao formatioras less negative than that of reservoir
bitumen. This phenomenon has not been studied tiail.dén this paper, the abnormally less
negative methane carbon isotope of natural gasethangas reservoirs of Dengying and
Longwangmiao formations were studied from the aspetcharacteristics of free gas, reservoir
bitumen and water-dissolved gas, with consideratotihhe geological setting of Anyue gas field.
The major aim is to understand the sources of gages Anyue field with the isotopic signatures

persevered in the gas reservoirs.

2. Geological setting

2.1. Structure

The Anyue gas field is located in the gentle teictoegion of central Sichuan Basin, China, the
eastern end of the Leshan—Longnusi paleo-uplifictvis a NEE-trending and W-NE-plunging
long-term inheriting giant paleo-uplift (Song, 199®ue to the Tongwan Movement (570 Ma)
and Caledonian Movement (439 Ma), the strata balmvPermian structure in the paleo-uplift
were eroded and even absent. Particularly, theasiBiengying Formation and the Cambrian
Longwangmiao Formation were weathering-erodedngitirth to two sets of modified reservoirs
by dissolution which provides good reservoir caodis for the formation of the Anyue gas field.
The core of this paleo-uplift is located at thethgpart of western Sichuan Basin, and its oldest

stratum is denuded to the top of Sinian Dengyingrfadion. Outward from the core, the strata is



denuded to Cambrian, Ordovician and Silurian inusege (Fig.1). During the Late Hercynian—

Early Yanshan, the paleo-uplift was constantly édideeply. Since the Late Cretaceous, the areas

inside the Sichuan Basin have been uplifted, makirgy structural high of Leshan—Longnusi

paleo-uplift shift to the current location of theeluan gas field as a new structural high after

uplifting by about 4000 m (Liu et al., 2008). Duerhuch less deformation in the eastern part of

the paleo-uplift, the structures at the tops of gwangmiao Formation in Gaoshiti and Moxi

structures are gentle (Song, 1996; Xu et al., 2d@) uplifting amplitude of about 2500 m (Liu

et al., 2008; Liu et al., 2015).

2.2. Sratigraphy

In the Anyue gas field, the strata include (fronp to bottom) Jurassic, Triassic, Permian,

Ordovician, Cambrian and Sinian. The principal lggers are distributed in Cambrian and Sinian

strata. The Cambrian stratum consists of Middle dpder Cambrian Xixiangchi Formatiors(

2+3X), Middle Cambrian Gaotai Formatiofk6g), and Lower Cambrian Longwangmiao Formation

(€4, Canglangpu Formation € ;c) and Qiongzhusi Formation<;q). The Xixiangchi

Formation is mainly composed of light gray, graydayellowish gray dolomite, occasionally

interbedded with oolitic dolomite, dolorudite angjilaceous dolomite. The Gaotai Formation is

composed of purplish red and gray mudstone, acgitlas siltstone and yellowish gray linen

gypseous dolomite. The Longwangmiao Formation isnipaomposed of gray and dark gray

dolomite, locally interbedded with thin dolomitidtstone and dolomitic shale. The Canglangpu

Formation is mainly composed of gray sandstone silitstone with interbedded mudstone,

argillaceous siltstone and dolomitic siltstone. Tengzhusi Formation is composed of black and

dark gray shale, silty mudstone and argillacedtst@ne.



The Sinian system consists of Dengying FormatiosurfY and Doushantuo Formation

from top to bottom. The Dengying Formation is mgiobmposed of algal dolomite, interbedded

with thin dark mudstone at the upper middle pafteke Doushantuo Formation is mainly

composed of dolomite interbedded with thin dark stade.

The principal source rocks in the Anyue field al&ck mudstone and shale of Lower Cambrian

Qiongzhusi Formation, with thickness of over 40 engt They remain at high over-mature stage

with TOC averaging 1.95% (Wei et al., 2015b). Thimgpal reservoirs in the Anyue gas field

comprise the Lower Cambrian Longwangmiao Forma#od the Sinian Dengying Formation.

The Longwangmiao Formation reservoir is mainly cosgtl of grain dolomite and crystalline

dolomite, with its reservoir space formed by intargilar pores and intercrystal pores, as well as

dissolution vugs (Jin et al., 2015). The Dengyingniation reservoir is mainly composed of algal

dolomite, with its reservoir space formed by see@mpdlissolution pores and dissolution vugs

(Wei et al., 2015b). The Longwangmiao and Dengyasgrvoirs are filled partially with bitumen.

Gaotai Formation siltstone, gypseous dolomite anddstone acted as the direct caprocks.

Permian mudstone and the Lower Triassic thick gypsalt rock are the most important regional

caprocks.

2.3. Type of gas reservoirs

The Gaoshiti and Moxi structures in the Anyue figce relatively gentle. Longwangmiao

Formation is developed into complete traps. The gad water distribution is controlled by

reservoirs and local structures, and gas-watelacbrg complex, suggesting a structural-lithologic

gas reservoir. In the Dengying Formation, the ugpet acted as a structural-stratigraphic gas

reservoir and the lower part as a structural gasrveir with water at the bottom (Wei et al.,



2015b). The Longwangmiao Formation gas reservaif ligh temperature and ultrahigh pressure
with reservoir temperature about I@0and pressure coefficient 1.5-1.7. The Dengyingrfation
gas reservoir is of high temperature and normague with reservoir temperature about ‘C60

and pressure coefficient 1.07-1.10.

3. Sample collection

The samples of natural gas and formation water waken from the development wells in the
Gaoshiti and the Moxi structures. These developmeslls produced gas and water
simultaneously. Both gas sample and water samptbeosame well were taken from the same
formation. In order to avoid the impact of condeasaater on formation water, the development
wells with higher water production rate were seddcBesides, in order to eliminate the external
interference, the sampled development wells wereommal operation for a long time without
injecting any chemical additives in the wells thalp to increase gas production recently (e.qg.
foam drainage agent).

The samples of formation gas were taken at theheatls by using a steel cylinder, and
sampling was performed at Christmas tree gaugehdnprocess of sampling, the gauge was
removed, and the steel cylinder was connectedesdmpling pipeline. Before sampling, it was
necessary to flush the air out of the steel cylirm®mpletely by using the wellhead natural gas,
and then filled it with the wellhead natural gastie wellhead pressure. The formation water
samples of gas field were taken by using 500 mdgleottles at gas-water separators of the well
sites. After sampling, the bottle was sealed witlruaber plug to ensure that the organic
components of formation water were not leaked d@uitfire process of transportation.

The samples of reservoir bitumen were taken froendhilling cores of Gaoshiti and Moxi



structures. The reservoir samples which were fillégti bitumen were selected for analysis.

4. Analytical methods

4.1. Degasification workflow of formation water

In order to study the geochemical characteristitsvater-dissolved gas, water heating
vacuum system was used to extract the gas in famatater that had been taken from the
developing wells. The degasification experimentsyvater-dissolved gas were carried out in a
system as shown in Fig. 2. The extraction proceéturevater-dissolved gas was as follows: (1)
Piston 7 is opened to fill a solution saturatechvtaOH into a U-shaped tube. This drove the
liquid into a gas collection tube through the Umthtube. When the liquid level reached position
A and was slightly lower than the cross point Oaleetn the U-shaped tube and the coiled tube,
then piston 7 was closed. (2) The degasificatiatesy is evacuated by a vacuum pump that kept
the system in a vacuum less than 0.0999 MPa. (B)uti a separating funnel, 200 ml of water
sample was added into a flat bottom flask, anddukat a hot water tank to 60 °C for 20 minutes
in order to release the natural gas dissolved irewéd) Piston 7 was re-opened and the system
was filled with saturated NaOH solution till theask was filled up, and the released gas was
driven through a coiled tube into the gas collectiobe. Then, a syringe was inserted into the

rubber plug to extract the gas for the analysifiefcarbon isotopic composition.
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Fig. 2. Schematic diagram of degasification prodessvater-dissolved gas

4.2. Analysis of natural gas composition and carbon isotopic composition

The samples were analyzed in the Key Laboratoryhef Research Institute of Petroleum
Exploration and Development of PetroChina.

Natural gas compositions were determined using gifedt 6890N Gas Chromatograph (GC)
with He and N as the carrier gases. Double thermal conductoatgctors (TCD) and a 30m x
0.25mm x 0.2pm quartz capillary column were used. The inlet terafure was 150 °C, and the
TCD temperature was 200 °C. The initial oven terapee was maintained at 40°C for 7.5min
isothermally, then rose from 40°C to 90°C at 15°@/increment, and finally rose from 90°C to
180°C at 6 °C/min increment.

The off-line analysis was conducted for the measerg of carbon isotopic compositions with
a MAT 253 gas isotopic mass spectrometer. Natuaal gamples were separated to methane,
ethane, propane, butane and ,GBrough the chromatography column of an SRI 86426

chromatograph, which were then transferred into lmastion furnace by carrier gas (He) and



oxidized into CQ by CuO at 850°C. All of the converted species wemasferred by carrier gas
(He) into MS to measure the isotopic compositiddsal inlet analysis was performed with
international measurement standard of NBS-19 (B@CVPDB:1.9510.04%0, International Atomic
Energy Agency, 1995) and the stable carbon isotegites were reported in tlenotation in per

mil (%o) relative to the Peedee belemnite stand®f@B). Reproducibility and accuracy were

estimated to be +0.2%. with respect to VPDB standard

4.3. Analysis of carbon isotopic composition for reservoir bitumen

Firstly, pure solid bitumen was obtained from bigmrcontaining reservoir core samples using
the method of kerogen preparation. Then the bitumas burned into COin the combustion
furnace. Finally the carbon isotopic ratios wereaswed with MAT 253 isotope mass

spectrometer.

5. Results

The composition and carbon isotope of free gashm gas reservoirs of Dengying and
Longwangmiao formations are in agreement with previstudies (Wei et al., 2014; 2015b). The
free gas of both gas reservoirs is dry gas withharet content of 98.73-99.32% (Table 1). As for
heavy hydrocarbon gas, only trace ethane is deteatel its content is 0.03-0.16%. There is a
small amount of C®and N in the gas. In this project,,8 content is not measured. The carbon
isotope of methane in free gas ranges between%34uad -32.5%o, averaging -33.3%o (Table 1).
The carbon isotope of methane in water-dissolvedtgken from formation water is much less
negative than that of free gas (Table 1, Fig.3jlicating the apparent distillation effect of

formation water on carbon isotope in methane. Baseprevious research on water-dissolved gas



from coal gas reservoirs in the Sichuan Basinctreon isotope in methane from the gas derived

from water is much less negative than that of f@e which was taken from the same well at the

same time (Qin, 2012).

The carbon isotope in reservoir bitumen has alsnlmnalysed. It is shown that the carbon

isotope in reservoir bitumen from the gas resesvofrDengying and Longwangmiao formations

is much more negative than that of free methanthéngas reservoirs. The carbon isotope in

reservoir bitumen ranges between -36.1%. and -34 &%&aging -35.3%. (Table 2), which is ~2%o

less negative than that of free methane shownhieTh

Table 1
Composition of free gas aid’C, values of free gas and water-dissolved gas frenDingying-Longwangmiao

reservoirs in Anyue gas field.

_ 3°C(%.)VPDB 83C(%.)VPDB
Main component (%)
Well Strata (Free Gases) (Water-dissolved Gas)
CH, CHs CO N, 8%,  8°c, 8%,

GaosShi 1 4dn 99.21 0.03 0.37 0.38 -32.5 -30.1 -30.2
GaosShi 2 el 98.92 0.04 0.38 0.66 -34.2 -30.5 -30.5
Moxi 8 el 99.05 0.14 0.21 0.60 -33.6 -32.5 -29.8
Moxi 008-7-H1 &4l 99.20 0.13 0.25 0.41 -34.0 -32.1 -24.4
Moxi 008-H1 €4l 99.32 0.13 0.22 0.33 -32.6 -32.2 -28.9
Moxi 11 el 98.73 0.12 0.20 0.95 -33.5 -31.5 -31.4
Moxi 16C1 = 99.18 0.13 0.13 0.56 -33.2 -31.5 -28.4
Moxi 205 el 99.16 0.16 0.13 0.55 -33.7 -32.8 -30.1
Moxi 204 el 99.87 0.13 0.07 0.66 -32.8 -31.5 -26.4
Moxi 10 el 98.90 0.11 0.14 0.84 -33.3 -31.3 -31.6
Moxi 12 el 98.96 0.11 0.35 0.58 -33.2 -31.9 -30.6
Moxi 009-3-X1 &4l 99.14 0.12 0.16 0.57 -33.5 -30.8 -23.9
Moxi 9 el 99.14 0.09 0.05 0.73 -33.1 -31.6 -30.4

Moxi 13 el 99.09 0.11 0.15 0.65 -33.2 -31.5 -28.4
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Fig. 3. Comparison df'*C values between free and water-dissolved methaBerigying and Longwangmiao

reservoirs in the Anyue gas field.

Table 2

The 5'°C values of bitumen and methane in Dengying and Longwangmiao formations of Anyue gas field

Reservoir 8C(%)VPDB  8%C1(%)VPDB A (8°C;—8"*Chirymen)

well Strata Depth(m) ] )
Lithology (Bitumen) (Free gas) (%0)VPDB

Gaoshil 2Zdn 4958 Dolomite -34.7 -32.5 2.2
Gaoshil Zdn  4982.98-4983.07 Dolomite -34.7
Gaoke 1 4dn  5175-5175.12 Dolomite -35.0 -32.4 2.6
Gaoshi2 Zdn  5395.87-5395.95 Dolomite -35.7 -33.1 2.6
Moxi 8 Z,dn  5114.54-5114.64 Dolomite -35.5 -32.3 2.2
Moxi 13  Zdn 5101 Dolomite -35.6 -3279 2.7
Moxi 17 Zdn 5066 Dolomite -35.3 -335 1.8
Moxi 21  Zdn  5054.5 Dolomite -35.7
Moxi 21  Zdn 5084 Dolomite -35.5
Gaoshi6 Zdn  5035.68-5035.73 Dolomite -36.1 -32.9 3.2
Gaoshi6 Zdn  5035.76-5035.84 Dolomite -35.7 -32.8 2.9
Moxi 12 €4l 4620.8 Dolomite -34.7 -33.2 1.5
Moxi 16 &4l 4777 Dolomite -35.3 -32'5 2.8
Moxi 17 €4l 4140.38 Dolomite -35.0 -327 2.3
Moxi 17 el 4626.46 Dolomite -34.9
Moxi 202 &4l 4666 Dolomite -35.3 -3477 0.6
Moxi 204 €4l 4672 Dolomite -34.9 -32'8 2.1

* Data cited from Hu et al, 2003; ** Data cittom Wei et al, 2014; *** Data cited from Wei at, 2015a

6. Discussion



6.1. It is difficult to explain why the carbon isotope of methane is less negative than that of

bitumen

The gas reservoirs in Dengying and Longwangmiam#bions in the Anyue gas field are
associated with a large amount of highly evolvelidsbitumen. It is usually deemed that the
natural gas and reservoir bitumen are the prodfctscondary oil cracking and the natural gas is
mainly derived from the secondary cracking of crodeHowever, the carbon isotope of methane
in the Anyue field is much less negative than tdfaeservoir bitumen (Table 2), which cannot be
explained from the aspect of oil cracked gas. Ie throcess of crude oil cracking,
low-molecular-weight hydrocarbons are cracked mthane continuously and solid bitumen is
finally generated from high-molecular substanceth aromatic nucleus due to the condensation
polymerization. During the formation of bitumen aatkane gas, carbon isotopes undergo
fractional distillation, and their ratios follow e¢horder of6™*Chirumen>8""Cerude o> 8" Caikane gas
(Dai et al., 1992). The crude oil in the reservairshe Anyue field had been completely cracked
and the bitumen and methane were generated. lex@escted that the carbon isotope of methane
was much more negative than that of bitumen. Howehe results showed opposite direction.
Therefore, it is difficult to explain why the carnbésotope of methane is less negative than that of

bitumen from the viewpoint of oil cracking as thigon of gas.

6.2. TSR cannot explain less negative carbon isotope values in methane

Since HS is common in Dengying and Longwangmiao reseryeome researchers argue that
it is the TSR that makes the methane carbon isdaggenegative during the,8 generation (Cai

et al., 2013; Cross et al., 2004; Liu et al., 20R3inulation results show that TSR can increase



H,S content while making methane carbon isotope egmtive (Yao et al., 2003). Clearly, the
stronger the TSR is, the morg3is produced and the less negative the methaherceotope is.
This trend that methane carbon isotope becomesbsative with the increase oL$l content,
however, cannot be identified in the gas reservairsthe Dengying and Longwangmiao

formations (Fig.4). Therefore, TSR may not be these for less negativé’C, values.
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Fig. 4. Thes'3C; variation with HS content for natural gases from the Dengying asmglvangmiao reservoirs of

Anyue gas field (The data are from Wei et al., 2@015b; Zou et al., 2014)

6.3. The less negative 5°C, values may be due to the release of water-dissolved gas

Most of the oil/gas-bearing basins in China havenbmfluenced by the Himalayan orogenic
movement. Tectonic movement leads to the upliftihgtrata and the decompression exsolution of
water-dissolved gas. The released methane flowdrieé gas reservoirs and supplies gas for traps
as a supplementary source. Based on analyticdigeduvater-dissolved gas, the carbon isotope
of methane in gas released from the formation wateruch less negative than that of free gas. If
the gas released from the water migrated intogesereservoir, the methane carbon isotope in free
gas would become less negative.

Under certain favorable geological conditions, ¢ixsolution of water-dissolved gas can make



great contribution to gas accumulations. For exampitevious studies in other gas fields in the

Sichuan Basin suggested that water-dissolved ggistmmigrate and accumulate in gas reservoirs

(Wang et al., 1997; Xu et al., 2004). A similardstwof the natural gas in Hetianhe giant gas field

in Tarim Basin, China supports the water-dissolgad as the main source of the gas in the field

(Wang et al., 1997; Xu et al., 2004). It was alserded that the water-dissolved gas was

contributing to the natural gas of Kela 2 giant ielsl in China (Li et al., 2003; Qin et al., 2007,

Wang et al., 2004). Furthermore, the natural gagadt3-1 gas field, the largest offshore gas field

in China, was derived from water-dissolved gas(@wen et al., 1997). In addition, the natural gas

in reservoirs in northern Siberia was related ® rtlease of water-dissolved gas (Cramer et al.,

1999; Littke et al., 1999). There is abundant faromawater below the gas reservoirs of Dengying

and Longwangmiao formations in the Anyue gas fi€lis geologically satisfies the requirements

for the formation and release of water-dissolvesl afger deep burial and uplifting afterwards.

6.4. Geological setting of Anyue gas field is favorable for the formation, preservation and release

of water-dissolved gas

6.4.1. Favorable conditions for the formation of water-dissolved gas

Sufficient gas and abundant formation water are pherequisites for the formation of

water-dissolved gas. The black shale of Lower C@anbQiongzhusi Formation is distributed

extensively in the Anyue gas field and the souowi iis at over-mature stage with large thickness

and high TOC. The distribution of reservoir bitungows that ancient oil reservoir and dispersed

liquid hydrocarbon were once distributed in a lapgetion in the reservoirs, and their cracking

may provide abundant gas source. Besides, theramiked gas could well be in contact with



formation water, and as a consequence, water-gdesglas is formed.

Abundant formation water is another key factortfe formation of water-dissolved gas. In the
Anyue gas field, gas is dominant in the gentle d4&00-4500 m) of the Longwangmiao
Formation gas reservoir, and water is dominanh&rhonocline zones (below 4500 m). In some
parts, however, water is produced from the inteofad400-4300m, and in other areas, water is
produced below 4385 m (Luo et al., 2015; Wei et2015a). Water is common in the lower part
of Dengying Formation. The Gaoshiti and Moxi stuwes have their own gas-water contacts and
they are located at 5159.2m and 5167.5m respegtieérefore, the formation of water-dissolved
gas in Dengying and Longwangmiao formations is ijpssince they have abundant edge water

and bottom water.

6.4.2. Favorable conditions for the preservation of water-dissolved gas

The Anyue gas field is located at the eastern giatihe Leshan—Longnusi paleo-uplift. In the
Indosinian—Early Yanshan period, a large ancielntesiervoir was formed at the high part of the
paleo-uplift. At the late stage of Yanshan peritite crude oil in the ancient oil reservoir
underwent in-situ cracking at high temperature. Whee structure was finally formed in the
Himalayan period, the current structure was sugessad with the high point of palaeostructure
(Wei et al., 2015a). Thus, the ancient oil resentbe oil cracked gas reservoir and the curreat ga
reservoir containing water-dissolved gas are bigiaecordant, which make the natural gas in the
Moxi and Gaoshiti structures not easy to migratetteer areas or escape while water-dissolved
gas is formed, exsolved and accumulated. In thig Waprovides favorable structural conditions
for the preservation of water-dissolved gas.

The overpressured mudstone of Upper Permian Chagigeid Longtan formations and the



gypsum salt rock of Middle-Lower Triassic Leikoupmd Jialingjiang formations are widely
developed in the Sichuan Basin and they are 20@380m thick respectively. They are good
regional cap rocks with the overpressured sealapgcity (Chen et al., 2003; Zhang et al., 2015).
Therefore, the reservoir fluid loss is reduced ifiggmtly and water-dissolved gas can be well
preserved.

The chemical characteristics of formation water akso reflect the quality of conditions for oil
and gas preservation. Following Sulin’'s classifmat(Sulin, 1946), the formation water of
Dengying and Longwangmiao formations is of Ga§be (Table 3), indicating that the study area
is in the regional hydrodynamic detention environtnsolated from the surface. Salinity of
formation water is high, mainly in the range of 2#B45mmol/L, indicating good sealing
capacity. Overall, the formation water of Dengyiagd Longwangmiao formations is ancient

primary water, and favorable for the preservatibnadural gas.

Table 3
The ions and water types of Dengying and Longwaagmeservoirs in Anyue gas field (The data was keg by

the laboratory of Southwest Oil and Gas Branch CompéietroChina)

Main ions (mmol/L) Water  Salinity
Well Depth (m)  Strata

Na®* Cc&" Mg¥* B&* CI SO HCO;, type (mmol/L)
Moxi 11 4684-4734 €4l 61 1433 49 18 11 1824 1 12 CaCl 3426
Moxi 16C1 5055-5530 &4l 56 1324 40 17 9 1662 1 8 Cagl 3134
Moxi 18 4608-4659 €4l 35 733 40 28 6 894 1 7 CaCl 1752
Moxi 26 4915-4925 €4l 87 1542 183 105 14 2374 0 0 CaCl 4326
Moxi 27 4763-4777 €4l 92 1295 137 110 5 1948 O 0 Call 3599
Moxi 203 4725-4742 €4l 86 1304 197 94 15 2007 O 0 Call 3717
Moxi 203 4765-4782 &4l 180 1527 56 35 2 1805 O 0 Cagl 3608
Moxi 204 4700-4710 €4l 102 1942 60 9 19 2265 0 0 Cagl 4427
Moxi 205 4588-4654 &4l 50 1141 41 13 9 1423 1 13 CagCl 2705
Gaoshi 10 4613-4640 €4l 140 1862 170 65 12 2509 O 7 Call 4791
Gaoshi 1 4956-5399  ,@n 20 303 367 304 9 1815 O 0 CaCl 2989
Gaoshi 6 5334-5345  ,@dn 66 678 478 265 2 2267 O 4 CaCl 3763



Moxi 8 5102-5172 Zn 144 939 419 260 4 2071 O 0 CaCl 3837
Moxi 10 5449-5470 &n 59 973 385 289 6 29570 0 CaCl} 4676
Moxi 17 5062.5-5073 #in 108 1695 259 190 10 35720 0 CaC} 5845

6.4.3. Sructural uplift facilitates the exsolution and accumulation of water-dissolved gas

The solubility of methane in formation water iseafied by the salinity, temperature and

pressure (Duan et al., 2002). The Anyue gas fialsl lbeen structurally uplifted since the Late

Cretaceous (Fig.1). In the process of structuréftung, the natural gas which was dissolved in

the formation water at high temperature and pressuthe Yanshan period was released with the

decrease of temperature and pressure of Dengyidd-amgwangmiao reservoirs. The released

water-dissolved gas mixed with the oil crackedigdsee phase. As a result, the carbon isotope of

methane in the natural gas from Dengying and Lomgyvaao formations became less negative.

7. Conclusions

The carbon isotope of methane in the gas released formation water is less negative than

that of the reservoir bitumen. The carbon isotop@amosition of natural gas in the gas reservoir

would be influenced, if significant amount of naflugas is released from the formation water and

mixed with free gas in the gas accumulation pracelss less negative carbon isotope of methane

in the gas reservoirs of Sinian Dengying Forma#ind Cambrian Longwangmiao Formation from

the Anyue gas field may be explained by the reledseater-dissolved gas in gas reservoirs.

There is abundant formation water below the gasrvegs in Dengying and Longwangmiao

formations, and the ancient formation water is we#iserved. These provide suitable conditions

to preserve the natural gas dissolved in the foomatater. The Sinian-Cambrian reservoirs in the

Anyue gas field are geologically favorable for tfeemation of water-dissolved gas. In the

Himalayan period, the gas field was finally fornagter uplifting at large amplitude. The methane



which was dissolved in the formation water at higmperature and pressure exsolved into the
water due to the uplifting of strata, it was thandrporated into the gas reservoirs in the form of
free gas. As a result, the methane carbon isotofee gas from the gas reservoirs became less

negative than that in reservoir bitumen.

Acknowledgements

This study was jointly sponsored by National Ndt@eience Foundation of China (Grant No.
41372150), PetroChina Science and Technology Rrg¢@mant No.2014B-0608), PetroChina
Science and Technology Major Project (Grant No.FH33201) and RIPED Science and
Technology Innovation Project (Grant No. 2012Y-Q0Y¥e thank editor for handling this
manuscript and two anonymous reviewers for the fakelpomments and suggestions that

improved the manuscript.

References

Cai, C., Zhang, C., He, H., Tang, Y., 2013. Carboroetfractionation during methane-dominated TSR st ea
Sichuan Basin gas fields, China: a review. Marine Rettioleum Geology 48, 100-110.

Cai, C., Xiang, L., Yuan, Y., Xu, C., He, W., Tang, Borjigin, T., 2017. Sulfur and carbon isotopic gmsitions
of the Permian to Triassic TSR and non-TSR alteodid itumen and its parent source rock in NE Sahu
Basin. Organic Geochemistry 105, 1-12.

Chen, H., Fu, X., Yang, J., 1997. Natural gaseseréglhment in Yal3-1 gas field in Ying-Qiong BasiSsuth
China Sea. Acta Petrolei Sinica 18(4): 32-37 (in €6@).

Chen, Z., Zha, M., Qu, J., 2003. Conditions and raeitm of hydrocarbon accumulation in overpressured

systems in sedimentary basins. Natural Gas Geascibh(2):97-102 (in Chinese).



Cramer B, Poelchau HS, Gerling P, Lopatin NV, Litkke 1999. Methane released from groundwater: theceou

of natural gas accumulations in Northern West $bédarine and Petroleum Geology 16: 225-244.

Cross, M. M., Manning, D. A. C., Bottrell, S., H., Vidlen, R. H., 2004. Thermochemical sulphate redug¢i@R):

experimental determination of reaction kinetics &nglications of the observed reaction rates farggeum

reservoir. Organic geochemistry 35(4), 393-404.

Dai, J., Pei, X., Qi, H., 1992. Natural gas geolagyhina Vol.1. Petroleum Industry Press, Beijing, p02-104

(in Chinese).

Hu, S., Wang, T., Fu, X., Chen, S., Lin, F., Lug,2003. The exploration potential of natural ga¥ell Gaoke 1

Predicted by the method of geochemistry. Natura Gaoscience 14(6): 492-495 (in Chinese).

Jin, D., Tan, X., Li, L., L., Zeng, W.,, Lian, C., buB., Shan, S., Zhou, T., 2015. Characteristicsdistibution of

grain bank of the lower Cambrian Longwangmiao Forwnain Moxi-Gaoshiti area, Sichuan Basin. Journal of

Palaeogeography 17(3): 347-357 (in Chinese).

Li, M., Li, Q., Zhang, Q., Peng, Y., Wang, H., Y1, 2003. Deep water-soluble natural gas at thesthuplift belt

in Kuche Foreland Basin. Natural Gas Geoscience)13@-370 (in Chinese).

Littke R, Cramer, B., Gerling, P., Lopatin, N.V., Pdeu H. S., 1999. Gas generation and accumulaticghe

West Siberian Basin. AAPG Bulletin 83(10): 1642-1¢B5Chinese).

Liu, Q., Worden, R. H., Jin, Z., Liu, W,, Li, J..aG, B., Zhang, D., Hu, A., Yang, C., 2013. TSR versus- TSR

processes and their impact on gas geochemistrycarimbn stable isotopes in Carboniferous, Permian and

Lower Triassic marine carbonate gas reservoirs hia Eastern Sichuan Basin, China. Geochimica et

Cosmochimica Acta 100, 96-115.

Liu, S., Sun, W., Li, Z., Deng, B., Liu, S., 2008&cTonic uplifting and gas pool formation since L&etaceous

Epoch. Natural Gas Geoscience 19(3): 293-300 (inéai).



Liu, S., Sun, W,, Zhao, Y., Wang, G., Song, L., BeB., Liang, F., Song, J., 2015. Differential accletion and

distribution of natural gas and their main contngjifactors in the Upper Sinian Dengying Fm,SichBasin.

Natural Gas Industry 35(1): 10-23 (in Chinese).

Luo, B., Zhou, G., Luo, W., Xia, M., 2015. Discoveirpm exploration of Lower Paleozoic-Sinian system

Central Sichuan Palaeo-uplift and its natural gasmidance law. China Petroleum Exploration 20(2)228in

Chinese).

Qin, S., Zhao, J., Li, M., Liu, Y., 2006. A caseidy: geochemical tracing indices on the migratiérwater-

soluble gases in Hetianhe Gas Field, Tarim BasirthEzcience Frontiers 13(5): 524-532 (in Chinese).

Qin, S., Li, M., Hu, J., Zhang, Q., Lu, Y., 2007nglication to Kela 2 Gas Field from water-solublasg

accumulaton in Hetianhe Gas Field. Natural Gas Gepnse, 18(1): 45-49 (in Chinese).

Qin, S., 2012. Carbon isotopic composition of watgtble gases and their geological significancéaéSichuan

Basin. Petroleum Exploration and Development 3%3%-342.

Song, W., 1996. Research on reservoir-formed camditiof large-medium gas fields of Leshan-Longnisi

Palaeohigh. Natural gas industry 16(S1): 13-2&Cfimese).

Sulin, V. A, 1946. Waters of petroleum formatidnghe system of nature waters. Gostoptekhizdatsddw, 96

pp. (in Russian).

Tian, X., Hu, G., Li, W,, Li, X., Su, G., Xu, Y., GaD., Wei, H., 2013. Geochemical characteristicsl a

significance of Sinian reservoir bitumen in Leshamgnvsi paleo-uplift area Sichuan Basin Natural Gas

Geoseience 24(5): 982-990 (in Chinese).

Wang, L., Gou, X., Liu, G., Wang, L., Wang, W., WaM., 1997. The organic geochemistry and origimatiural

gases in Sichuan Basin. Acta Sedimentologica Siti€2): 49-53 (in Chinese).

Wang, Q., Zhang, Z., Zhong, N., Zhang, S., Li, €heng, X., Liu, H., Wen, J., 2004. Influence of



solution-releasing on gas reservoir formation—tgkitela-2 Gas Field as an example. Natural Gas tnglus

24(6): 18-21 (in Chinese).

Wei G., Xie, Z., Bai, G., Li, J., Wang, Z., Li, Aj, Z., 2014. Organic geochemical characteristiod arigin of

natural gas in Sinian-Lower Paleozoic reservoiigshi&n Basin. Natural Gas Industry 34(3): 44-49 (in

Chinese).

Wei, G., Du, J., Xu, C., Zou, C., Yang, W., ShenXte, Z., Zhang, J., 2015a. Characteristics and rac¢ation

modes of large gas reservoirs in Sinian-CambriaBarfshiti-Moxi region, Sichuan Basin. Acta Petrolic&a

36(1):1-12 (in Chinese).

Wei, G., Xie, Z., Song, J., Yang, W., Wang, Z., i, Wang, D., Li, Z., Xie, W., 2015b. Features anmigjin of

natural gas in the Sinian-Cambrian of central Siohpaleo-uplift, Sichuan Basin, SW China. Petroleum

Exploration and Development 42(6): 702-711(in Chines

Xiong, Y., Jiang, W., Wang, X., Li, Y., Chen, Y., &hmg, L., Lei, R., 2016. Formation and evolution ofics

bitumen during oil cracking. Marine and Petroleusoegy 78, 70-75.

Yao, J., Chen, M., Hua, A., Gao, Z., 2003. Formmatibthe reservoirs of the Leshan-Longnvsi Sinialago-uplift

in central Sichuan. Petroleum Exploration and Degelent 30(4): 7-9(in Chinese).

Zhang, J., Liu, W., Teng, G., Wang, X., Pan, L., Yy Fu, X., Zhang, J., Qing, Y., Liu, J., 201&fluences of TSR

on gaseous hydrocarbon components and carbon éot@yelations from high-temperature and highsunes

simulation experiments. Petroleum Geology & Experiti34(1): 66-77 (in Chinese).

Zheng, P., Shi, Y., Zou, C., Kong, L, Wang, L., Lid, 2014. Natural gas sources in the Dengying and

Longwangmiao Fms in the Gaoshiti-Moxi area, SichBagin. Natural Gas Industry 34(3): 50-54(in Chinese)

Zhou, Q., Tian, H., Wang, Y., Xiao, X., 2015. Thengration and evolution characteristics of the Lo@ambrian

shale in the central Sichuan Paleo-uplift. Nat@a$ Geoscience 26(10): 1883-1892(in Chinese).



Zou, C., Wei, G., Xu, C., Du, J., Xie, Z., Wang, Hqu, L., Yang, C., Li, J., Yang, W., 2014. Geocheryisf the

Sinian-Cambrian gas system in the Sichuan Basin,aCkirganic Geochemistry 74, 13-21.

Xu, H., Wei, G., Jia, C., Yang, W., Zhou, T., Xie,., Wi, C., Luo, B., 2012. Tectonic evolution of the

Leshan-Longnvsi paleo-uplift and its control on gascumulation in the Sinian strata, Sichuan Basin.

Petroleum Exploration and Development 39(4): 406(#lChinese).

Xu, Y., He, Z., Zeng, F., 2004. Characteristics af @ccumulation in Northeastern Sichuan Basin. OG&s

Geology 25(3): 274-278(in Chinese).

Zhang, L., Xie, Z., Wang, Z., Zhan, M., Guo, Ji, V., 2015. Caprock characteristics and sealinditgbi

evaluation of Sinian - Cambrian gas reservoirs ingh#i - Moxi area, Sichuan Basin. Natural Gas Gerse

26(5): 796-804 (in Chinese).



w

Highlights

The §*C, in Dengying and Longwangmiao gas reservoirs is abnormally less negative than that in
reservoir bitumen.

TSR may not be responsible for less negative §°C, values.

The less negative §"°C, values may be explained by the release of water-dissolved gas.
Geological setting of Anyue gas field is favorable for the formation, preservation and
release of water-dissolved gas.



