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Abstract: The Wufeng-Longmaxi organic-rich shales host thgdst shale gas fields of China. This study

examines sealed fractures within core sampleseoifnfeng-Longmaxi shales in the Jiaoshiba shale gas

field in order to understand the development ofrpressures (in terms of magnitude, timing and lhuina

Wufeng-Longmaxi shales and thus the causes of mrelse overpressure in these Paleozoic shale

formations as well as in all gas shales. Quartz caidte fracture cements from the Wufeng-Longmaxi

shale intervals in four wells at depth interval$ween 2253.89 m and 3046.60 m were investigated, an

the fluid composition, temperature, and pressurdunatural fracture cementation determined using

integrated approach consisting of petrography, Respactroscopy and microthermometry. Many crystals

in fracture cements were found to contain methaokisions only, and aqueous two-phase inclusiome we

consistently observed alongside methane inclusivia$l cement samples, indicating that fluid inatus

trapped during fracture cementation are saturatitld & methane hydrocarbon fluid. Homogenization

temperatures of methane-saturated aqueous inctugimvide trends in trapping temperatures that Th

values concentrate in the range of 198.5 °C-22€9 F96.2 °C-221.7 °C for quartz and calcite,

respectively. Pore-fluid pressures of 91.8 to 13¥iRa for methane inclusions, calculated using the

Raman shift of C-H symmetric stretching)(band of methane and equations of state for stipeat
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methane, indicate fluid inclusions trapped at nilaostatic pressures. High trapping temperaturd an

overpressure conditions in fluid inclusions représa state of temperature and overpressure of

Wufeng-Longmaxi shales at maximum burial and thdyestage of the Yanshanian uplift, which can

provide a key evidence for understanding the folomatand evolution of overpressure. Our results

demonstrate that the main cause of present-daypmgsure in shale gas deposits is actugiky

preservation of moderate-high overpressure devdl@gea result of gas generation at maximum burial

depths.

Keywords: Fluid inclusions, Raman spectroscopy, Geobaromé&tfyfeng-Longmaxi shales, Sichuan

basin.

1. Introduction

A debate has centred around the overpressure fiowatious shale gas basins, with a particular $oau

the cause of present-day overpressure in shaldegasits. Two hypotheses were proposeekjmain this

phenomenon (Bowker, 2007). Hypothesis 1 suggesistkie overpressured shales, which are both the

reservoir and the source rock for the shale gasreantering the hydrocarbon-generation window now,

regardless of the ongoing process of the upliftexttumation of overburden rocks; Hypothesis 2 assum

the present-day overpressure is actually preserfvech a normal pressure gradient (or slightly

overpressured gradient formed by the generatiohydfocarbons at the time of maximum heat flow)

established in the geologic past, and the extretmigly capillary pressure of the shale allows themad

pressure to be preserved to achieve overpressurigg dhe subsequent uplift and erosion of overbard

rocks. Since Bowker (2007) first explained somationalities inherited in hypothesis 1, hypothésisas
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become an increasingly more accepted model to atdouthe causes of present-day overpressures in
shale gas deposits. In this paper, in order tothesiabove hypotheses 2, we performed fluid inchsi
analysis and reconstructed the trapping time asdcésted temperature, pressure, and fluid-compasiti
conditions. In contrast to hypotheses 2, we firat the present-day overpressure in the Wufeng-Laexgm
shales is actually preserved from moderate-highpoegsesure formed by the gas generation. This dtady
obtained some new insights into the causes of presg/ overpressure in shale gas deposits as ieapp
to the Wufeng-Longmaxi shales as well to all gasdesh

As the first and largest producing shale gas fiel€hina, more than 200 horizontal shale gas eafiton
wells have been drilled in the Wufeng-Longmaxi skabf the Jiaoshiba shale gas field, and it has the
highest single-well daily shale gas production lira (Guo and Zhang, 2014). The marine shales mithi
the Upper Ordovician Wufeng and Lower Silurian Lowxi Formations, with estimated recoverable
resources of up to 8.1xfn’, have yielded about 50x4@° shale gas from 2012 to July, 2016. (Chen et
al., 2015).Abnormally high pore-fluid pressures are widely eleped in those high-yield shale gas wells,
the gas reservoirs pressure coefficients range fr@% to 1.55 at the bottom of Wufeng-Longmaxi shal
(Guo and Zhang, 2014). The overpressure is not arfigvorable evidence for the long-term effective
preservation conditions, but also a key factorghHerenrichment of shale gas in Wufeng-Longmaxiesha
The scientific question that the relation betwela preservation and enrichment of shale gas and the
overpressure evolution in Wufeng-Longmaxi shalepiires further study, and one of the basic research
question is to find whether there is a direct arlgjective evidence of paleo-overpressure in
Wufeng-Longmaxi shale gas reservoir. Fluid inclasistudies on fracture cements that formed
concurrently with fracture opening have providetuahle information on the pressure and temperatfire

mineral growth at the time of the fluid migrationdaentrapment as well as on the compositions of the
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fluids involved in diagenesis in shale gas resesv@Becker et al., 2010; Fall et al.,, 2012 and 2015

During and after fluid migration in subsurface,luting gas migration and entrapment in reservdugls

may be encapsulated as inclusions during mineegipitation (Parnell et al., 2001). Despite thelyems

of dealing with typically small and rare inclusigrasxd with the uncertainties involving extrapolatiof

the results from small fluid samples to a basidesduid inclusions are particularly useful in denining

(1) the temperature and pressure history (Burri889; Swarbrick, 1994; Aplin et al., 2000); (2) the

timing of fluid migration/entrapment relative toetlparagenesis (McLimans, 1987; Rezaee and Tingate,

1997) and the history of petroleum charge (Par2€li,0); and (3) the evolution in pore-water safinit

which may be critical for evaluating the possibiuence of fluid flow upon mineral cementation (Ey

et al., 1989; Wilkinson et al., 1998).

In this contribution we present a study of fluidlisions in sealed fractures from the Jiaoshibéeshas

field in the Sichuan Basin, which was designedddress the following questions: (1) how to obtia t

trapping pressures of methane inclusions; (2) wehtite initial state of pore-fluid pressure befteetonic

uplift that is preserved in the present-day ovesguee; and (3) What is the process responsibléhior

development of overpressures (in terms of magnijtticheng and burial) in gas shales. To achieve gioial,

we combined basin modelling techniques with miceatiometry and Raman microspectrometry of fluid

inclusions trapped in the fracture minerals to t@ms the fluid pressure, temperature and compmuusiti

during fracture opening and cementation in theskda shale gas field. Trapping temperatures ad flu

inclusions observed in fracture cements were aedlwith independently derived burial history mede

to determine the relative timing of fracture openifrluid pressure conditions during fracture opgnin

were determined based on gas concentration measotenn fluid inclusions and equation-of-state

calculations. The present research adopt the apipesadescribed in Lu et al. (2007a), Lin et al.0O@0
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Becker et al. (2010), and Fall et al. (2012; 20Hs)] builds on earlier diagenetic fracture cem&nd f

inclusion studies (Vrolijk et al., 1988; Goldsteand Reynolds, 1994; Worden et al., 1999; Eichhuldl a

Boles, 2000a; Parris et al., 2003; Hanks et abg20uncan et al., 2012).

2. Geological background

The Jiaoshiba shale gas field, located in the Gulistrict of the Chongging Municipality, is part the

Jiaoshiba structure of the Baoying-Jiaoshiba anédh the eastern Sichuan fold belt (Figure 1A &)d

The Jiaoshiba structure is controlled by two groofp&ults trending in a North-East/South-West cliken

and a nearly north-south direction (Figure 1C)peesively. The main body of Jiaoshiba structureictviis

a broad box-shaped faulted anticline with axiahdiag in NE, has tectonic stability and favorable

preservation conditions (Guo and Zhang, 2014; Uah.£2015).

This study area has been affected by the PalecZaledonian-Hercynian (541-251 Ma), Triassic

Indosinian (251-201 Ma) and Jurassic-Cretaceousshé@man (201-65 Ma) and Cenozoic Himalayan

(65-Present Ma) tectonic activities, which conw&dlthe tectonic evolution of the southeast SiclB@sin

(Guo et al., 1996). The regional tectonic direcisrNE, NNE (Figure 1B). Before late Cretaceous, th

study area was mainly characterized by subsidemme rainor uplift; while large scale tectonic

compression and denudation caused by uplift ocdwsirece late Cretaceous. Affected by the Yanshanian

and Himalayan movement, most of the Jurassic-Quatgrsediments are eroded with only a thin set of

Jurassic strata remaining in some areas (He 2Gdll; Yang et al., 2016). During the Late Ordauicto

Early Silurian, the Caledonian orogeny reachedniéximum, which placed the Upper Yangtze Platform

under a compressional regime, resulting in the Idpwmeent of the Central, North and Qiangzhong Siohua

Uplifting Zones in the west, north and south of amgtze Platform (Liang et al., 2009; Zeng et2012).
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Due to the compression and development of seveitting zones around the Sichuan Basin, the marine

phase was reduced to restricted areas in the @asifheast and southeast Sichuan Basin during egzisgid

relative rising sea-level (Huang et al., 2011). tA¢ same time, a relatively low energy, and anoxic

environment was predominant in the southeast SicBaein, which led to thick, organic rich shalerigei

deposited in this area (Wang et al., 2009). DutirggIndosinian orogeny, the collision between tlogth

China plat and the Yangtze plates occurred, resulin the closure of the Paleo-Qinling ocean and

termination of marine-phase deposition (Zhao e2&l03). During the Late Yanshanian Orogeny, thdyst

area experienced strong tectonic deformation, aladge scale thrust nappe developed in respongeeto

continuous SE-NW compression initiated by the tigiffthe Jiangnan-Xuefeng orogenic belt. The major

basin-controlling faults of the study area possidgurred in this period. During the Himalayan Grog

the long-range effects of the orogeny reactivakexdarly low-angle thrust faults, while the effestsre

much smaller than those in Late Yanshanian (Hé,&2Gi1).

The black marine shales from the Upper OrdovicianféaNg Formation and the lower part of Lower

Silurian Longmaxi Formation are the shale gas veser in the Jiaoshiba shale gas field. The Lower

Silurian Longmaxi Formation unconformably overligse Ordovician Wufeng Formation, which

comprises a set of thin siliceous shale and yiglisydant Amplexograptus, Dicellograptus, Tangyagsp

and Diceratograptus (Chen et al.,, 1986, 2000, 2@085). The organic-rich shales of the Wufeng-

Longmaxi Formation represent deep to shallow stheffosition. The high gas-bearing shales, which are

composed of silica-rich carbonate and rich in gbies and pyrites, mainly developed in deep shelf

sedimentary environments (Guo et al., 2014). Ddlliresults show that organic-rich shales vary in

thickness from 80 to 120 m, and the thickness gh hjas-bearing shales is about 38-42 m. The

organic-rich shales are divided into three layeid fave sub-layers based on the characteristitishalogy,
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electric property, physical property, geochemistng the gas content. The high gas-bearing shalead

to layer 1 (Figure 2). The current burial depthir@ shale gas reservoirs ranges from 2300 to 350thm

shale gas in the Wufeng-Longmaxi Formation is nyacdmposed of methane with a content range of

97.22%-98.47%. The contents of ethane and propan@ 245%-0.801% and 0.05%-0.232%, respectively.

The non-hydrocarbon components are low, and s® il detected. The present-day shale gas reservoir

temperature is around 82 °C, the geothermal gradseR.72 °C/100 m and the measured formation

pressure and pressure coefficient of the gas resemange from approximately 33.0 to 37.0 MPab1®3

1.55, respectively. The evolution histories of Byrthermal maturation and hydrocarbon generatidhe

Wufeng-Longmaxi Formation for well JY1 in the Jihim shale gas field were modelled and recalculated

by He et al (2015) and Jin et al (2015).

3. Samples and analytical methods

Twenty samples of completely or partially cementedural fractures in cores from wells JY1, JY11-4,

JY41-5 and JY51-2 in the Wufeng-Longmaxi Format&rdepths ranging from 2253.89 m3046.60m

were investigated. Of the twenty fracture samplest twere screened, ten samples contained fluid

inclusions large enough for microthermometry anthBa microprobe analyses. The locations of sampled

wells and the details of these ten samples are rshowrigure 1 and Table 1. The core samples were

prepared as thick doubly polished sections of apprately 100 um thickness for fluid inclusion

petrographic analysis, and Raman spectral and themmometric measurements.

Fluid inclusion petrography and fluid inclusion eisblages were first examined using a NIKON-LV100

microscope equipped with both transmitted white andident ultraviolet light (UV) sources.

Microthermometry of methane inclusions and aqudhudg inclusions was carried out using a calibrated



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

Linkam THM600 stage. Calibration and measuremeutimes have been described in earlier papers from
our group (most recently in Guo et al., 2012). Tbenogenization temperatures (Th) and ice final imglt
temperatures (Tm) were obtained by cycling (Goldsted Reynolds, 1994). Homogenisation temperature
measurements were determined using a heating fake °€/min. The final ice melting temperature
measurements, which are dependent on the quanmtigliopresent in solution, were determined using a
heating/cooling rate of 1 °C/min. The measured &afpre uncertainty for homogenization and ice
melting temperatures are 0.1 °C and 1 °C, resmdgtistretched or leaked inclusions will yield
homogenization temperatures (Th) greater than wncefd inclusions. To limit the possibility of
unknowingly measuring deformed aqueous inclusion$y inclusions from the same field of view were
measured during a single heating or freezing runrddtricting measurements to inclusions within the
same field of view, any sudden changes in liquiddvaratios due to inclusion deformation could be
observed and removed from consideration. Heating were conducted before freezing runs to reduee th
possibility of inclusion stretching by freezing (der and Crawford, 1983; Meunier, 1989). Where
possible, only the smallest inclusions and/or thetsle rounded and smooth walls were measured athe
should give the most reliable Th values (Ulrich &udiner, 1988; Osborne and Haszeldine, 1993).

The Raman microprobe analyses of individual fluidlusions were collected with a JY/Horiba LabRam
HR800 Raman system equipped with a frequency ddu¥teYAG laser (532.06 nm), whose output laser
power is 45 mW, a 50x long-work-distance Olympugedive with 0.5 numerical aperture. The aperture
of the confocal hole was set to 20f. Raman peak position calibration was verifiedutady with the
~520.7 cnit band of a polished silicon wafer. The 300 groawes/grating was used to obtain spectra of
the composition of fluid inclusions. Spectra weadlected in the range of 0-4000 ¢mThe acquisition

time was around 100 seconds with two accumulationgach spectrum to maintain high signal-to-noise
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ratio. Three to five spectra were usually colledigdeach individual methane. The average valugbef
Raman peak position were used, although the dem@bf the observations are generally very smalg)-

or undetectable. The 1800 grooves/mm grating wasl us acquire spectra of the methane at room
temperatures, for calculating the density in thiusions with measured Raman shifts (Lu et al.,7200
The emission lines of neon (Ne) laser at 2836.99 ($26.65 nm) and 3008.13 &nf633.44 nm) were
collected simultaneously with the Raman spectra Method for calibration of methane peak positions
described by Lin et al. (2007) was used. The acguoé the peak position in wavenumber scale is +0.2
cm’, resulting in an accuracy of +0.01 gftfor density estimation.

Microthermometric measurements and Raman micropaobdyses have been made in the Key Laboratory
of Tectonics and Petroleum Resources, China UniyesEGeosciences in Wuhan.

BasinMod-1D (Version 7.06) software of Platte Rivesociates was used to reconstruct the burial and
thermal histories by integrating the data of sjragphic thickness, lithologies, absolute ages, i@nos
thickness, measured borehole temperatures andateldwitrinite reflectance. Stratigraphic thickeesd
borehole temperature data were obtained from vestiptetion reports supplied by the Jianghan Oilfield
Company, Sinopec. Vitrinite reflectance data wasivdd from bitumen reflectance and FTIR
characteristics of kerogen. The modelling proceas wainly calibrated with vitrinite reflectance and

temperatures.

4. Results
4.1 Fracture cement petrography
Fractures in the Wufeng-Longmaxi stratigraphic ivés were differentiated into two general typesdzh

on the mode of origin: joints and veins, naturalbcurring planar vertical or subvertical fractutieat do
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not exhibit any offset parallel to the fracture salFigure 3A); and faults, slickensided, horizdrtta

steeply dipping fractures (Figure 3B). The vastarigj of the fracture types are joints and veinal€ 1).

The joints and veins generally occur singly or lessimonly as sets of closely spaced parallel frastu

within the core. The slickensided fractures ramgerientation from subhorizontal and bedding petatb

inclined at 60 degrees to bedding. The slickensgigtaces are reflective, with very fine striati@rsl, in

some cases, deep grooves.

Fractures were mineralized with calcite as the gmadant fracture cement in the Wufeng-Longmaxi

stratigraphic intervals. Quartz cement were obskwrither as the only cement present, or as a cement

phase postdating earlier calcite cement (FigureaBD E). Quartz fracture cement consist of euhedral

blocky crystals (Figure 3D). Calcite fracture cemeccurred as banded columnar calcite, and as fine-

coarse-crystalline blocky calcite (Figure 3C). Abhall of the veins are filled with syntaxial mia&r

which grows from both sides of the wall towards thedian (i.e. symmetric) (Table 1). The vertical

persistence of the fracture cement varies fromnatfemore than ten centimeters, whereas the vailthwi

ranges from several millimeters to a maximum ofckeg@timeters.

If minerals were stretched (deformed), their odgion of stretching relative to the wall of the vaeias

ascertained (Worden et al., 2016). The fabric efdeformed vein minerals is characterized as etenga

(stretched) or hybrid elongate—blocky. The deformenh minerals also show obvious lattice dislogatio

Because no stretched microstructure and lattideadison were observed in the fractured samplesedis

as most fractures in the Wufeng-Longmaxi shaledibed with blocky calcite and/or blocky quarthet

fractured samples in the Wufeng-Longmaxi stratigrapntervals are undeformed rock samples. Each

fracture opening increment was followed by a cenpetipitation event that trapped fluid inclusions.

Fluid inclusions occur as FIA (Fluid Inclusion Assglages) representing a group of fluid inclusidmet t
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were all trapped at the same time (Figure 4), diosvanterpretation of the fluid inclusion record fuid

temperature, pressure, and composition duringuractementation.

4.2 Fluid inclusions

4.2.1 Fluid inclusion petrography

At room temperatures, the observed fluid inclusessemblages (FIAs) in quartz are composed of

two-phase aqueous inclusions and single-phase neethelusions. Single-phase methane inclusions were

observed in all samples that we analyzed, whereast of the aqueous two-phase inclusions were

consistently observed alongside methane inclugibiggire 4 b and c). Many crystals in quartz cements

were found to contain methane inclusions only (Fégd a, d and e). The coexistence of the methane

inclusions and aqueous inclusions within the sdoid fnclusion assemblage indicates inclusion tragp

in the two-phase immiscible field (Goldstein andyR&ds, 1994), and that the aqueous inclusions are

methane saturated. Both aqueous and methane ortdusave irregular or rounded shape, some methane

inclusions even take negative crystal; The two-pHagiid-rich inclusions contain 5 to 10 vol. % wap

and range from <4 to 15um in size. The single-phasinane inclusions are <6 to 30 um in size (Figyre

Most of the analyzed fluid inclusion assemblagesjuartz that occur as being isolated or randomly

distributed within the center of the euhedral cetsieand are thus considered primary fluid inclusjon

possibly having been trapped during crystal grov@hlcite cements also contain coexisting two-phase

aqueous and single-phase methane inclusions, glhboth types of inclusions are much less abundant

compared to quartz fracture cements. Inclusionsalgite are up to 8 um in diameter with irregular t

ellipsoidal shapes (Figure 4f).
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4.2.2 Raman spectral analytical results of fluid inclusions
Raman spectroscopy is becoming a powerful tool doantitative analysis of fluid inclusions in
geochemical environments with various temperatpressure, and salinity (Wopenka et al., 1990). rAfte
accurate calibration of Raman spectroscopic sydRaman shift of C-H symmetric stretching)(band of
methane can be applied to accurately calculatepthesure and density in individual fluid inclusions
(Fabre and Couty, 1986; Ben-Amotz et al., 1992; 33l et al., 2001; Hansen et al., 2001; Lin eR807;
Lu et al., 2007a; Gao et al., 2015a).
Lu et al. (2007a) reported a unified cubic polynamequation between the Raman Lsymmetric
stretching 1) band shifts and the methane density:

p(g/cm®) =-5.17331x 10°D%+ 5.5308% 10'D2- 3.51387 18D Eq.(1)
with the correlation coefficienf = 0.9987, where D (ctY) is the difference between the measured peak
position of methane in fluid inclusiom,) and the known peak position of methane near gezssure\()
(D = Ve Vo ). The lab reference shift for our laboratory is 2917.52 éh{Zhang et al., 2015). The p—
relation is valid for pure CHand CH-H,O systems and for mixtures of ¢iith low concentrations (<10
mol %) of other components (e.g., §0O
In this study, we used this P+elation Eq.(1) to determine the density of methmclusions, and then the
trapping pressures of methane inclusions were Izl on the basis of this density and the
homogenization temperatures of coexisting aquendsisions. Firstly, a 300 groove/mm grating and a
spectral window of 0-3500 cby Raman spectroscopy were adopted to check thgpaeent of the
single-phase fluid inclusions trapped in the quaréns from wells JY11-4, JY41-5 and JY51-2,
estimating whether the single-phase inclusionsattable for Eq.(1). The results indicate thabalhlyzed

single-phase fluid inclusions (a total of 151 s#pghase fluid inclusions) from the eight quartzngei
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contain CH as the only detectable phase during Raman analggamination of the spectral regions
where the most intense peaks fo, 8O, and HS occur failed to detect any activity. The singhage
fluid inclusions, which are pure methane inclusjarg valid for the linear Dp—relation Eq.(1). Secondly,
the pure methane inclusions were studied with &) 1@@ove/mm grating and a spectral window of
2750-3080 cifto measure the C-H symmetric stretching peak position of methane, calibrated with the
neon lamp at room temperature (25 °C). Using thgednequation (Eq.1), we calculated the density of
these pure methane inclusions with the measuregs@idmetric stretchingv() band position.

Figure 5A gives two examples of Raman spectra of {DHoure methane inclusions “a” and “b”. The
measured methane peak positions were corrected tlsnNe lamp reference shifts and the following
equation (Lin et al., 2007): Using the measuredk gemsitions for the Ckisymmetric stretching band and
the measured and real peak positions for the N&.983and 3008.13 chlines, the corrected (true)

position for the methane peak is given by the foihg expression:

CH 1 CH Ne, ,2836.98 Ne, ,2836.98 CH Ne, ,3008.13 Ne, ,3008.13
4 4 : ' 4 ; ;
Voorr = 5 {lVmeas * Vre;le:l - Vme?as N+ [Vygas * (Vre;z - Vm:gs n Eq.2)

Thus, the measured Gleymmetric stretchingv() peak positions of 2907.79 61112908.13 crit for pure
methane inclusions “a” and “b” shown in Figure 5@respond to a “true” or corrected peak positmin
2911.11 crit, 2911.45 cnt based on the linear interpolation described nuralyiby Eq.(2), respectively.
Then the density of the methane inclusions carelmilated using the equation (1): The calculatest®
-6.41 cmt and -6.07ci for inclusions “a” and “b”, and the correspondidensity are 0.262 and 0.245
glent, respectively. The range of the Raman,Glmmetric stretchingv() peak positions and the density
of methane inclusions in each quartz veins fromsa@&Y11-4, JY41-5 and JY51-2 in the Jiaoshiba shale
gas field are listed in Table 2. The density of maee inclusions in each quartz vein are approximate

mainly ranging from 0.245 to 0.288 g/&Table 2).
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We also used the 300 groove/mm grating and a spedtidow of 900~4100 cihby Raman spectroscopy
to check the component of two-phase aqueous imclssiwhich are coexisting with pure methane
inclusions (Figure 6). The results indicate that dlgueous inclusions are methane saturated anithaioee
and/or carbon dioxide was detected in the aquemzigsions. Measured homogenization temperatures of

the aqueous fluid inclusions thus represent temyes of inclusion trapping (Hanor, 1980).

4.2.3 Fluid inclusion microthermometry

Microthermometry results of methaneinclusions

Microthermometry analytical technique can also thepded to determine the density of methane inchssio
(Roedder and Bodnar, 1980; Van den Kerkhof, 199ile compared with the Raman spectroscopy
technique, the microthermometry technique is timesaming, and is usually difficult to be applied to
small fluid inclusions (less than 5 pm), makingedigtination of the density based on microthermometry
difficult.

Homogenization temperatures of methane inclusioasewneasured for seven large inclusions in the
studied fluid inclusion assemblages from sample 13%1. Microthermometry of the single-phase
methane inclusions indicates that the fluid in #heusions is in the liquid state at room tempeamtu
owing to the fact that the fluid inclusions nuckeat vapor bubble upon cooling. The inclusions
homogenize to the liquid phase within the ranged6f8°C to -88.2 °C (Figure 7) (Gao et al., 201F&js
phase-change behavior indicates the presencelwiianith density above the critical density of imahe
(Goldstein and Reynolds, 1994), indicating methamdusions in the samples were trapped in a high
density supercritical system. Homogenization termjees below -82.1 °C (the critical temperature of

methane) are indicative of pure methane inclus{@mslersen and Burke, 1996). The corresponding bulk
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density of the methane inclusions ranges from apmately 0.256 to 0.290 g/cinwhich were calculated
from the equation described by Liu et al (Liu are§ 1999).

Microthermometry results of aqueousinclusions

Aqueous inclusion assemblages (FIAs), which coewigih methane inclusions, hosted in quartz and
calcite crystals from the Wufeng-Longmaxi Formatiehale gas reservoir were selected for
microthermometric analysis. Measured homogenizagomperatures (Th), final ice-melting temperatures
(Tm) and salinity data range are shown in TablEable 3 and Figure 8, respectively.

The homogenization temperatures of aqueous inclusgsemblage in quartz cements throughout wells
JY11-4, JY41-5 and JY51-2 mainly vary from 195.1t6226.9 °C, 191.8 °C to 230.5 °C and 199.5 °C to
230.6 °C, respectively, with treverage Th value of each FIA ranging from 198.56@29.9 °C. The Th
values of aqueous inclusions in well JY51-2 aratietly higher than wells JY11-4 and JY41-5. These
high homogenization temperatures are consistert thie fact that the Wufeng-Longmaxi shales were
buried much deeper in this well. Details of eaclthelse aqueous inclusion assemblages are giveable T
2. Several individual fluid inclusions in each Fl#ere measured to assess the reliability of observed
homogenization temperatures. Th variation withidividual FIAs in quartz are generally less than ,8°C
suggesting that the inclusions were not re-equaitdxf after trapping (Bodnar, 2003). The averagegalie

of each FIA is used to represent the trapping teatpees of coexisting methane inclusions in quartz
cements. Most of these temperatures are well witmnhydrocarbon gas-generation window of 105 to
220°C (Pepper and Corvi, 1995; Pepper and Doddg)199

The homogenization temperatures of the fluid inolus in calcitefrom well JY1 range from 196.0 °C to
245.8 °C, with Th variation of ~4-35 °C within angle fluid inclusion assemblage (Table 3). Thesgela

temperature variations within individual fluid ingion assemblages compared to inclusions in qaagtz
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probably caused by partial re-equilibration of usibns in calcite due to the low hardness and algawf

the host mineral (Goldstein, 1986; Bodnar, 2003)ilgVTh variation within ~4-8°C in several FIAs cha

interpreted as suggesting that the inclusions wetere-equilibrated after trapping, and those Thies

may represent the trapping temperatures of flutligions in calcite cements.

Variability in the salinity of the aqueous fluid clnsions in a sample can indicate the trapping of

palaeo-formation waters at different times. Initetd final ice-melting temperatures were generally

difficult to observe due to the small size of théad inclusions. However, final ice-melting tempienas

were measured for a few large inclusions in thelistu fluid inclusion assemblages. Final ice-melting

temperatures for inclusions were recorded in thegeaof approximately -3.7 te9.8 °C in quartz

throughout wells JY11-4 and JY41-5, correspondiaogsalinities of 6.01 to 13.72 °C wt. % NaCl

equivalent (Figure 8). Final ice-melting temperatufor inclusions in calcite range from -3.1 ta3-5C,

corresponding to salinities of 5.11 to 8.28 wt. %0\ equivalent (salinity calculation based on Bagna

1993) (Table 3, Figure 8). The salinities show dasing trends with increasing Th, with salinityisaon

within each sample varying by 0.35-5.86 wt. % Na@uivalent (Figure 8). Since the Wufeng-Longmaxi

shales clearly acted as closed overpressured sygtem permeability), the effect of external fluids

limited, and it is therefore plausible thiie associated water with hydrocarbon generatiahdafferent

degrees of water-rock reaction caused the salailyes of pore-filled water to shift toward lowealwes

with temperature increase in the Wufeng-Longmalesh The coexistence of aqueous inclusions and

methane inclusions within indvidual fluid inclusi@ssemblages indicates the presence of a two-phase

agueous and methane-saturated fluid. Measured remzagion temperatures and salinities of the agsieou

fluid inclusions thus represent fluid temperatuaed salinities of inclusion trapping.
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4.2.4 | sochore calculations and trapping pressure

Calculation of trapping pressure for fluid inclusso requires knowledge of the composition of the

inclusions. Because it is difficult to find pureiifi inclusions of single component in naturally weng

minerals and the concentration of each componehgaiid to be determined in a multicomponent fluid

inclusion, the calculation of trapping pressurethfa fluid inclusions would not be precise. Whiksbkd on

the results of Raman spectroscopy analysis of methrclusions from the Wufeng-Longmaxi shales & th

Jiaoshiba shale gas field, we found pure methaclasions, which are favourable for the calculatain

trapping pressure.

The density of methane inclusions can be used ltulete fluid pressure during fracture opening and

cementation. We followed the technique of Lu et(2007a) to determine the density within individual

methane inclusions using Raman spectroscopic awalyShe fluid pressure at inclusion trapping

conditions was calculated on the basis of the tielw§imethane inclusions, homogenization tempeeatur

of coexisting aqueous inclusions, and the equaifestate (EOS) for supercritical methane by Duaal et

(1992).

The fluid pressure over a wideplrange can be evaluated by the equation of statar([et al., 1992):

_PV _PV, _ B C D E F y y
Z=——=-Ltt=l+—+ S+t —+——(B+5)expl5)
RT T, V, V2 V' ov©E oy, Vv, Vv, Eq. (3)
Where
B:a1+_?—22+%
coT Eq. (4).
a,  a
C=a,+—5+=%
5T Eq. (5).
D:a7+_"|f182+_?93
eIy Eq. (6).
el Eq. (7).

T Eq. (8).
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P =—

P Eq. (9).
T =L

Tes Eq. (10).
v, =2

Ve, Eq. (11).
v -5

R Eq. (12).

Empirical parameters;ay,, a, B, v, Tc, and Pc in EOS for CHare compiled by Duan et al. (1992). Tc is
the critical temperature above which a gas canmotiduefied by an increase in pressure. Pc is the
minimum applied pressure required at the critieatperature to liquefy a gas. Vc is the volume txed
mass of fluid at Tc and Pc. V is the molar volunidlud, calculated by molar mass and density @& th
fluid. Given the density of methane inclusions #mel average homogenization temperature of coegistin
agueous inclusions, the trapping pressures caalbelated from equations (3)-(12).

Trapping pressures of methane inclusions range &pproximately 91.8 to 139.4 MPa (Table 2) and are
plotted in Figure 9 against estimated paleodeptio Ahown in Figure 9 are the hydrostatic gradant
10.00 MPa/km and the lithostatic gradient of 24M@a/km for comparison. The lithostatic gradient was
calculated with a depth-averaged rock density 85 2y/cni, an estimate based on density-log data for the
well JY1. The hydrostatic gradient was calculatada water column with an average seawater deaosity
1.02 g/cmi. Whereas most calculated trapping pressures plahaderately high to near-lithostatic
pressures, indicating pore-fluid pressures atithe of fracture opening significantly above the toglatic
pressure gradient. Alternatively, or in additiomJgndepth estimation, which is based on a basinemod
(He et al., 2015; Jin et al., 2015), could be in@ate because of the small variation in densityregions,
leading to variations in the lithostatic gradient.

4.3 Basin model

Well JY1 was selected for simulating the buriagrthal and hydrocarbon generation histories (Hd.get a
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2015). The burial history was modeled by back-ptrig the present day sedimentary thickness of each
stratigraphic unit chronologically with considecati of thickness changes by porosity-dependent
decompaction, and the porosity-depth relationsbipdecompaction correction of Falvey and Middleton
(1981) was adopted. The initial porosity and cortipacfactor of pure lithology (shale/mudstone,
sandstone, siltstone and limestone) were adopbed thhe default values in the BasinMod software. édix
lithologies were created by specifying percentagfethe pure lithology for modeling of single wedind

the mixed lithology properties (e.g. the initialrpsity, compaction factor, density) were calculdiggure
lithology propertiesPresent-day heat flow was calculated accordingheotliiermal conductivities of the
rock units and subsurface geothermal gradientsciwlare determined by the measured borehole
temperatures. The transient heat flow model inBhsinMod 1D softwarewas was used to calculate the
present-day heat flow. The calculated current fieatvalue of the well JY1 are 45 mW#nBased on the
geological evolution of the eastern Sichuan fold, libe modified Jarvis and Mckenzie (1980) alduoit

for the rifting heat flow model was used to calteléhe paleo-heat flows and assigned values tlat ar
typical for the evolution of superimposed basing ét al., 2007; Zhu et al., 2010; Shi et al., 2Q&ng et

al., 2015). The good correlation between the matsdlectance and temperature and the measured data
implies that the thermal history model adoptedusable for the study area (Figure 10). Maturitydan
hydrocarbon generation were calculated based onE#sy% Ro method proposed by Sweeney and
Burnham (1990) and the NULL chemical kinetic moflirnham et al., 1987), respectively. The kerogen
type and initial TOC content were adopted accordingctual geochemical results of the source rocks.
Figure 10 shows the reconstructed burial, thermdl faydrocarbon generation history for well JY1. The
modeling result of well JY1 shows that oil genematirom the Qw-S,| shales began from approximately

417 Ma with a temperature of 93 °C. The maturityhef Qw-S,| shales reached 0.7% Ro around 247 Ma
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and the peak of hydrocarbon generation (1.1% Royroed at 210 Ma. The thermal maturity for the

Osw-Syl shales reached 1.3% Ro at 182Ma (Early Jurassiigh are coincident with the end of the major

oil generation stage. The phase of the thermalkorgcinto shale gas from the kerogen and liquid

hydrocarbon in the @v-S;| shales occurred during 182-85 Ma, including tine ghs window during the

period of 145-85Ma. Since 85 Ma, the Yanshanian Bimalayan tectonic movements caused the

formation uplift and erosion, the thermal evolutfmocess of the -S| source rock tended to stop.

5. Discussion

5.1 Trapping conditions of fluid inclusions

We interpret trapping Th and pressures of fluidusions to represent trapping under methane satarat

as the P-T conditions within the reservoir systérally change over time at maximum burial depth.

Single-phase methane inclusions were observed! ith@lsamples that we analyzed, whereas aqueous

two-phase inclusions were consistently observedgasliole methane inclusions in several crystals ol ea

sample, indicating that the pore fluid was saturatéh methane and that a methane phase existed as

separate immiscible fluid phase at the time of filaetures formed. The separate immiscible phase of

methane was in the supercritical state determinethé high density characteristic, and this abseice

aqueous inclusions may reflect variations in gatiradon in the reservoir or, alternatively, in

fluid-mineral wetting properties, resulting in peedntial trapping of methane fluid in samples.

The coexistence of the methane and aqueous inohiswithin the same fluid inclusion assemblage also

indicates that fluid inclusions were trapped in the-phase immiscible field (Roedder 1984; Goldstei

and Reynolds, 1994). We infer aqueous inclusioppirag under water-saturated reservoir conditioas$ th

were in pressure communication with the superatitmethane phase. Pressure communication between
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these phases would ensure that any fluid inclusibapped in the water phase would remain

methane-saturated as P-T conditions declined imgbervoir during exhumation, and gas exsolved from

the liquid phase (Becker et al., 2010). The presexfanethane in the aqueous inclusions was confirme

by using Raman spectroscopy (Figure 6). We thusrpnét these fluid inclusion temperatures and

pressures as a record of the temperature and peesgalution of the reservoir rather than variation

temperature caused by advective heat transportiagssd with episodic upward fluid flow.

Rapid upward fluid flow is necessary to obtain ealty perturbed temperature anomaly (Eichhubl and

Boles, 2000b). In a reservoir of low matrix permégh such flow conditions require a hierarchical

network of well-connected fractures and faults fim some conventional fractured reservoirs (Eighhu

and Boles, 2000a). Such connected fracture systemgenerally not characteristic of unconventional

shale gas reservoirs that require hydraulic frecsimulation to get a flow response in the wekbor

5.2 Trapping time of fluid inclusions

The trapping time for methane inclusions can beimaséd by combining fluid inclusion

microthermometric data with burial and thermal drvigtmodels obtained independently using burial and

thermal maturity data, as was previously demoreiray He et al. (2015) and Jin et al. (2015).

This basin history model predicts that the sammece interval in well JY1 reached maximum burial

conditions of 6263.5 m at around 85 Ma, with subged uplift to present depth of 2413.5 m (Figurg. 10

Maximum temperature conditions, predicted by Halet2015) based on present-day geothermal gradient

and models of organic maturity evolution, are atb@h5°C for the stratigraphic horizon of sample <IY1

Because temperature evolution models of well J¥Inat available for each well we sampled, we adapte

the temperature evolution model of well JY1 for teempled wells JY11-4, JY41-5 and JY51-2.
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Temperature evolution were calculated for each simpcorrecting measured depth to vertical depth a

using the paleogeothermal gradient of 31.6 °C/krtaiobd from well JY1. All of these calculations

assume a mean paleo-surface temperature of 18 AChwvagrees roughly with mean annual surface

temperatures in the Yangtze region throughout tte¢aCeous (Lu et al., 2007b; Shi et al., 2012)dieted

maximum temperature for the stratigraphic horizérsamples in wells JY11-4, JY41-5 and JY51-2 are

around 214°C, 222°C and 239°C, respectively. Thssimate compares well to the maximum

homogenization temperatures of fluid inclusiongjurartz fracture cements obtained independentlizig t

study. This correspondence between the two estsmatemaximum burial temperature confirms our

interpretation that the fluid inclusion temperaturecorded the temperature evolution of the hosk ro

rather than of pulses of hot upward moving fluid oluthermal equilibrium with the host rock.

A comparison of the fluid inclusion temperaturenttdrom 199.8 °C to 221.4 °C in well JY11-4, 1985

to 226.3 °C in well JY41-5, and 203.8 °C to 229®if well JY51-2 (Table 2) with burial and thermal

maturity models, we infer that the trapping timenaéthane inclusions in the Wufeng-Longmaxi shales

vary from 130 to 85 Ma, which indicates the fluigclusions were trapped during maximum burial

conditions and corresponding to the stage of pairol cracking into dry gas. The general overlap in

timing of trapping fluid inclusions and gas geniemat in combination with the ubiquitous presence of

methane inclusions and with high pore-fluid pressurcalculated from fluid inclusion methane

concentrations, is consistent with, though not ssaely indicative of, natural hydraulic fracturidgiven

by gas generation.

The larger Th variation within fluid inclusion assielages in calcite (up to ~35 °C) compared to Th

variations in quartz (less than 8 °C) suggests #umhe of the inclusions in calcite were stretched

subsequent to trapping, resulting in homogenizagomperatures that are elevated compared to iocissi
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unaffected by stretching (Goldstein and Reynol@84] Bodnar, 2003). While the Th values in calcite

obtained in several FIAs, whose Th variation ishwit~4-8°C, are consistent with the lowest Th value

obtained in the stretched FIAs. Thus, Th variatigthin ~4-8°C and the lowest Th values obtainethim

stretched FIAs are interpreted to mean that thiesians were not reequilibrated after trapping, tdrabe

Th values may represent the trapping temperatufeffuid inclusions in calcite cements. Thus, the

trapping temperatures of fluid inclusion assemidagpecalcite cements mainly vary from 196.2 °C to

221.7 °C. On the basis of a comparison of thosedlbes with burial and thermal maturity models, we

infer that the fluid inclusions in calcite cememtsre also trapped during maximum burial conditions

(Figure 10).

5.3 Paleo-pressur e conditionsin the shale gas r eser voir

Fluid inclusion trapping temperatures and pressuepsesent a record of the temperature and pressure

conditions of the Wufeng-Longmaxi Formation shaservoir. Integrating the formation depth of quartz

and calcite veins with the trapping pressureswdifinclusion, the pressure state of the Wufenggroaxi

shales at maximum burial conditions can be confirme

Based on the geological data, the present-day taymaressure and pressure coefficients in the

Wufeng-Longmaxi formation shale gas reservoir raingen approximately 33.0 to 37.0 MPa, 1.35 to 1.55,

respectively (Guo and Zhang, 2014; Jin et al., 20The present-day excess pressure (the difference

between formation pressure and hydrostatic pressanges from approximately 9.0 to 13.0 MPa. Our

trapping-pressure estimates of fluid inclusions9df8 to 139.4 MPa indicate that paleo-pressure at

maximum burial reached near-lithostatic pressunes &re approximately triple as high as present-day

values. According to the data of strata erosiocktiess in the Jiaoshiaba shale gas field, whicherdiom
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3800 to 3850 m (He et al., 2015), we estimate duess pressures of Wufeng-Longmaxi shales during

maximum burial conditions range from approximat&8/9 to 83.6 MPa, and the pressure coefficients of

Wufeng-Longmaxi shales during maximum burial capndg range from approximately 1.53 to 2.26

(Table 2), which indicates that Wufeng-Longmaxilshavere in the medium-to-high overpressure stiate a

maximum burial and the early stage of the Yanshmaniglifting. The present-day overpressure in the

Wufeng-Longmaxi Formation shale gas reservoir wasuadly preserved from medium-to-high

overpressure state at the time of maximum buripttdeDuring uplift and exhumation, overpressure was

continuously released to the present-day overpressate.

The Wufeng-Longmaxi Formation is still overpressum@ present, suggesting the Wufeng-Longmaxi

shales remained closed systems during post-gemeratblution of the shales and little gas loss (Eiaal.,

2013). Due to closed fluid systems, much of thained overpressures and gases were preservecheand t

organic-rich Wufeng-Longmaxi shales have overpresswand high free gas contents at present. This

allows the development of a schematic model forgressure evolution in the Wufeng-Longmaxi shales

to explain the process of preserving overpressuthd process of intensive tectonic uplift and em®f

overburden rocks. On the basis of the trappingspiresof methane inclusions, and the burial anchibaker

history of the Wufeng-Longmaxi shales, we usedetipaation of state (EOS) for Gldystem by Duan et al.

(1992) to simulate the pressure evolution of theféNg-Longmaxi shale gas reservoir during tectonic

uplift and exhumation (Hanson and Lee, 2005; Gaoalet 2015b). Because the pores of the

Wufeng-Longmaxi shales are completely compacted @mainant in nano-scale pore structure, and

previous research also indicated that pore rebatfiride Wufeng-Longmaxi shales is less than 2% after

strata erosion thickness of 3850 m (Guo and Zh20#4), pore rebound of the Wufeng-Longmaxi shales

in the process of tectonic uplift is limited anchdae ignored. The main factors influencing the gues
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changes in the Wufeng-Longmaxi shales are the texyre and the total gas content.

Our trapping-pressure estimates of fluid inclusimin91.8 to 139.4 MPa indicate that the pressure

coefficients at maximum burial ranged from approadiety 1.53 to 2.26. Assuming that the initial uplif

pressure coefficient was 1.7 and no gas loss iprbeess of tectonic uplift (the density of gasasstant),

the present-day pressure coefficient calculate@®% can reach the rupture limit of shales (Figure 1

Under this ideal conditions, we observe that thesgure is reduced as a result of the decreasing

temperature in the process of tectonic uplift arduenation, but pressure coefficient is increasisgaa

result of the erosion of overburden rocks (Figukg In order to retain the present-day pressuréficmat

of 1.55, the diffusion of shale gas should reagbraximately 24.9% of the total gas content of thiéal

state of tectonic uplift. The good preservationdiban in Jiaoshiba shale gas field, the interacid the

extremely high capillary pressure of shale anddiffesion of gas permit medium-to-high overpressatre

the early stage of the Yanshanian uplifting wadiocoously released to the present-day overpresdate.

6. Conclusions

Fluid inclusions trapped in quartz and calcite tinee-filling cement provide a record of fluid congiton,

temperature, and pressure during natural fractereeat, allowing tests of some of the fundamental

aspects of the shale gas accumulation model, anibilbowing conclusions can be drawn.

(1) Many crystals in fracture cements were foundctmtain methane inclusions only, and aqueous

two-phase inclusions were consistently observedgsidle methane inclusions in all cement samples,

indicating that fluid inclusions trapped duringdiare cement are saturated with a methane hydrocarb

fluid.
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(2) Homogenization temperatures of methane-satliageeous fluid inclusions provide trends in tragpi

temperatures that Th values concentrate in theerahd98.5 °C-229.9 °C, 196.2 °C- 221.7 °C for tar

and calcite, respectively. Pore-fluid pressure®bB to 139.4 MPa for methane inclusions, calcdlate

using the Raman shift of C-H symmetric stretching pand of methane and equations of state for

supercritical methane, indicate fluid inclusiorspiped at near-lithostatic pressures. We interpeehigh

trapping temperature and overpressure conditioriligh inclusions represent a state of temperature

overpressure of Wufeng-Longmaxi shales at maximuriaband the early stage of the Yanshanian uplift.

(3) On the basis of these microthermometric resrits previously published thermal-maturation madels

we infer that the trapping time of fluid inclusioascurred at 130-85 Ma. Independent estimatesyofjds

generation in the Wufeng-Longmaxi shales overlaghwthe trapping of fluid inclusions in the

Wufeng-Longmaxi Formation suggest that fluid ovegsure have been generated during gas generation.

(4) Compared with the previous studies, our resultsathstnate that the cause of present-day overpressure

in shale gas deposits is actugtiseservation of moderate-high overpressure devdlagea result of gas

generation at maximum burial depth. The good pwvasien condition in Jiaoshiba shale gas field, the

interaction of the extremely high capillary pressof shale and the diffusion of gas permit somalved

fluid overpressure were preserved to the presentedaperatures and pore-fluid pressures.
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Figure Captions

Figure 1. (A) and (B) Location map of the studyaashowing the sub-tectonic units of the eastertqiar

Sichuan Basin; (C) Distribution of the Jiaoshibalshgas field and faults within gas field with the

locations of representative sampled wells.

Figure 2. Stratigraphic column of the Upper Ord@neLower Silurian of well JY1 in Jiaoshiba shakesg

field, showing sedimentary facies evolution stagied the thickness and TOC content of high gas+hgari

organic-rich shales.

Figure 3. Photomicrograph of quartz and calciteseinder transmitted light hosted in marine orgsicic

shales in Jiaoshiba shale gas field: (A) Core pkbtows the fracture type is joint that do not eilaby

offset parallel to the fracture walls (Sample J¥43; Wufeng Formation, measured depth 2616.718)); (

Core photo shows the fracture type is the slicldatsifracture, and the slickensided surface is cile

(Sample JY41-5-2, Longmaxi Formation, measuredd@p6.45 m); (C) Fracture in C is completely

cemented by blocky calcite veins (Sample JY11-Aeh)gmaxi Formation, measured depth 2339.22 m);

(D) Fracture in D is a crack-seal composite veihjclv is partially cemented by blocky quartz in the

interior of the fracture and partially cemented lidgcky sparry calcite in the each wall of the fraet

(Sample JY41-5-3, Wufeng Formation, measured d2pt6.71 m); (E) Photomicrograph mosaic of a

thick composite vein section illustrating the relattiming of fracture cements in the Wufeng-Longima

Formation (Sample JY41-5-3, Wufeng Formation, messdepth 2616.71 m).

Figure 4. Photomicrographs under transmitted lajltepresentative methane inclusions and the ciegis
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agueous inclusions in quartz and calcite veins fnaetls JY11-4, JY41-5, JY51-2 and JY1 in the Jidosh
shale gas field. (a) and (b): Representative methagiusions and the coexisting aqueous inclusizere
trapped in quartz veins from the sample JY11-4dnflmaxi Formation, measured depth 2253.89 m); (c)
and (d): Representative methane inclusions anddbgisting agueous inclusions were trapped in guart
veins from the sample JY41-5-2 (Wufeng Formatioaasured depth 2526.45 m); (e): Methane inclusions
were trapped in quartz veins from the sample JY&1(®/ufeng Formation, measured depth 2616.71 m);
(f): Representative methane inclusions and theistieg aqueous inclusions were trapped in calciies/

from the sample JY1-1 (Wufeng Formation, measuegtit2413.50 m).

Figure 5. (A) Laser Raman spectra collected fromepmethane inclusions “a” and “b” with 300
groove/mm grating. (B) Laser Raman spectra of, @Hpure methane inclusions “a” and “b” with 1800
groove/mm grating. Neand Neg are two bands corresponding to the Ne lamp saagtéands of 2836.99
cm® and 3008.13 cih respectively. Fluid inclusion “a” was trappedtire sample JY11-4-1 (Longmaxi
Formation, measured depth 2253.89 m), and fluitbgians “b” were trapped in the sample JY41-5-4

(Wufeng Formation, measured depth 2619.83 m).

Figure 6. Laser Raman spectra of dissolved (DHhe aqueous phase of inclusion “c”. Fluid irsodun “c”

were trapped in the sample JY41-5-4 (Wufeng Foomatineasured depth 2619.83 m).

Figure 7. Micrographs of phase transition processemg determination of homogenization temperature
for methane inclusions from well JY11-4-1 in thao¥hiba shale gas field. (a), (d) Micrographs shgwi

individual methane inclusions at 20.0 before temperature determination on microscopéreatage; (b)
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Micrograph for vapor bubble formation in a methanelusion at -103.&; (c) Micrograph for vapor

bubble disappearance from the same methane inglasiin (b) at Th = -95™; (e) Micrograph for vapor

bubble formation in another methane inclusion 8t8%, (f) Micrograph for vapor bubble disappearance

from the same methane inclusion as in (e) at T88-6C.

Figure 8. Cross plot of homogenization temperatanel salinity of aqueous inclusions coeval with

methane inclusions from the Wufeng-Longmaxi Fororatshale gas reservoir units. Note that the

salinities show decreasing trends with increasihgwith salinities variation within each sample wag

by 0.35-5.86 wt. % NaCl equivalent.

Figure 9. Calculated trapping pressures plottethagaferred maximum burial depth, including an

estimated 3850 m of Cenozoic section removed bsgi@nan the last 85 Ma in the Sichuan Basin.

Figure 10. Burial history, thermal history and hyclrbon generation evolution modeling of the

Wufeng-Longmaxi Formation in well JY1, showing tlagproximate trapping times of the aqueous

inclusions vary from 130 to 85 Ma.

Figure 11. The simulative pressure evolution of \tthefeng-Longmaxi shales under ideal conditions that

no gas loss in the process of tectonic uplift almdien. Assuming that the initial uplift pressucetficient

is 1.7 and no gas loss in the process of tectaplitt,uthe main factor influencing the pressure res

under this ideal conditions is the formation tenapare, thus the present-day pressure coefficianteach

the rupture limit of shales.
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Table Captions

Table 1. Details of shale samples containing quanit calcite veins selected from wells JY1, JY11-4,

JY41-5 and JY51-2 for fluid inclusion analysis imakhiba shale gas field, Sichuan Basin. Samples

investigated in this study include location, detinatigraphic position, host lithology, fractuneemtation,

fracture type, width and length of fracture, typésnineral growth pattern, morphology of crystatslahe

mineral phase of the fracture fill.

Table 2. Raman ClHsymmetric stretchingv() peak position, calculated density, measured ag€bTh,

and reconstructed trapping pressure of methanesiocis in quartz fracture cements in the Jiaosstitade

gas field.

Table 3. Measured Th of aqueous fluid inclusionsdltite cements from well JY1 in the Jiaoshibadesha

gas field.



Table 1. Details of shale samples containing quartz and calcite veins selected from wells JY 1, JY 11-4, JY 41-5 and JY 51-2 for fluid inclusion analysis in Jiaoshiba
shale gas field, Sichuan Basin. Samples investigated in this study include location, depth, stratigraphic position, host lithology, fracture orientation, fracture type,

width and length of fracture, types of mineral growth pattern, morphology of crystals and the mineral phase of the fracture fill.

Width/ length o ] Dominant
) Depth ) ) ) ) Vein fill relative to Morphology of crystals )
Location Sample Stratigraphy Host lithology Orientation Fracture type of fracture ) o mineralogy of
(m) median invein )
(cm) vein
Jy1l Jy1-1 2413.50 Wufeng Formation Silica-rich carbonaceous shales Horizontal Slickensided 0.3/None Syntaxial (symmetric)  hybrid elongate-blocky Calcite
JY11-4-1  2253.89 Longmaxi Formation Turbidite siltstone Sub-vertica jointsand veins 0.4/15 Syntaxial (symmetric) Blocky Quartz
Jy11-4 JY11-4-2  2319.76  Longmaxi Formation Carbonaceous siltstone Horizontal jointsand veins 0.4/None Syntaxial (symmetric) Blocky Quartz+Calcite
JY11-4-3  2339.22 Longmaxi Formation  Silicarich carbonaceous shales Sub-vertica jointsand veins 0.2/12 Syntaxial (symmetric) Blocky Calcite
Jy41-5-1 2508.11 Longmaxi Formation Turbidite siltstone High angle jointsand veins 0.4/20 Syntaxial (symmetric) Blocky Quartz
JY41-5-2  2526.45 Longmaxi Formation Silty shales Sub-horizontal Slickensided 0.2/None Syntaxial (unitaxial) Blocky Quartz
Jy41-5
JY41-5-3 2616.71 Wufeng Formation Silica-rich carbonaceous shales High angle jointsand veins 0.3/None Syntaxial (symmetric) Blocky Quartz+Calcite
JY41-5-4  2619.83 Wufeng Formation Silica-rich carbonaceous shales High angle jointsand veins 0.1/14 Syntaxial (symmetric) Blocky Quartz
Jy51-2-1 303750 Longmaxi Formation Turbidite siltstone Sub-vertica jointsand veins 0.4/None Syntaxial (symmetric) Blocky Quartz
Jy51-2
Jy51-2-2 3046.60 Longmaxi Formation Turbidite siltstone Sub-vertica jointsand veins 12/None Syntaxial (symmetric) Blocky Quartz




Table 2. Raman CH, symmetric stretching (v4) peak position, calculated density, measured aqueous FI Th, and reconstructed trapping pressure of methane inclusions in quartz fracture
cements in the Jiaoshiba shale gas field

Calculated density Th of coexisting Measured Reconstructed
Veorr Of methane Measured number . . .
Depth ) ) of methane aqueous inclusions number of trapping Pressure
Sample inclusions of methane . . .
elions inclusions (range and mean) | aquet.)us Pressure coefficients
(m) (cm™) (g/em’) (C) inclusions (MPa)
Well Jy11-4

Jy11-4-1 2253.89  2910.7583-2910.7603 3 0.279 217.5-219.3 2184 2 126.2-126.3 2.08
2910.5711-2911.2660 5 0.254-0.288 214.7-225.9  220.3 5 130.9-137.1 2.16-2.26
2910.7583-2911.1055 4 0.262-0.279 195.1-203.8  199.8 4 104.0-119.5 1.72-1.97
2910.7583-2910.9185 2 0.271-0.279 - - - - -
2910.7603-2911.1055 3 0.262-0.279 201.6-206.9 203.7 4 105.2-120.9 1.74-2.0
2910.7603-2911.1072 4 0.262-0.279 201.8-206.4 204.2 3 105.3-121.1 1.73-2.0
2910.9337-2911.1072 5 0.262-0.270 198.8-203.7 201.3 2 104.4-111.9 1.72-1.85

Jy11-4-2 2319.76  2911.1072-2911.4544 3 0.245-0.262 204.1-214.7  209.7 6 93.6-107.1 1.53-1.75
2910.7603-2911.1072 4 0.262-0.279 217.4-2251 2214 3 110.9-127.3 1.81-2.08
2910.9187-2911.2661 5 0.254-0.271 - - - - -
2910.9185-2911.2659 4 0.254-0.272 215.8-226.9 219.6 4 103.7-118.9 1.69-1.94

Well Jy 41-5

JY41-5-1 2508.11 2911.1072-2911.4544 6 0.245-0.262 216.2-223.7 219 4 96.2-110.1 1.53-1.75
2911.1075-2911.4544 4 0.245-0.262 222.9-230.1 226.3 3 98.3-112.4 1.56-1.78
2911.2809-2911.4544 3 0.245-0.253 - - - - -

2911.1482 2 0.260 - - - - -

2910.7603-2911.1075 3 0.262-0.279 207.6-216.9 210.7 5 107.4-123.4 1.70-1.95
2911.1075-2911.4544 3 0.245-0.262 - - - - -
2911.1072-2911.1075 4 0.262 206.9-208.5 207.9 4 106.5 1.69

Jy41-5-2 2526.45 2910.7603-2911.1072 4 0.262-0.279 207.9-2184 2121 3 107.9-123.9 1.71-1.96
2910.4798-2910.7603 3 0.279-0.293 196.8-203.1 1985 5 119.0-133.6 1.88-2.11
2910.7603-2910.9337 3 0.270-0.279 - - - - -
2910.7603-2911.4542 4 0.245-0.279 213.3-222.6 2176 5 95.8-125.9 1.51-1.99
2911.1055-2911.2806 3 0.253-0.262 217.3-221.8 2189 3 102.8-110.1 1.63-1.74
2910.7603-2911.1072 2 0.262-0.279 - -



JY41-5-3

JY41-5-4

Well JY51-2
Jy51-2-1

JY51-2-2

2616.71

2619.83

3037.50

3046.60

2910.7256-2911.4399
2910.9186-2911.2661
2911.0925-2911.6135
2910.9187-2911.6135
2910.5712

2911.1072-2911.2806
2910.7603-2911.1072
2910.9187-2911.4399
2910.5712-2911.2662

2910.9186-2911.2660
2910.5712

2910.9187-2911.0923

2910.9187-2911.2661

2910.7641-2911.1110
2910.4172-2910.7641
2910.7643-2911.1110
2910.7641-2910.9376

w N O w s~ b~ b = A~ b~ O W

w o1 b~

0.246-0.281
0.254-0.271
0.238-0.262
0.238-0.271
0.288

0.253-0.262
0.262-0.279
0.246-0.271
0.254-0.288

0.254-0.271
0.288

0.263-0.271

0.254-0.271

0.262-0.279
0.279-0.296
0.262-0.279
0.270-0.279

220.8-224.2
214.8-218.9
214.3-230.5
180.6-182.9

224.4-230.3
191.8-203.2
215.8-218.7
205.9-219.7

220.3-228.5

208.9-217.8

223.8-230.6
229.9

199.5-208.4
216.8-225.1
214.3-217.9

221.9
216.6

223.6
181.8

226.3
199.2
217.4
212.8

225.7
212.8
228.5
229.9

203.8
222.3
214.9

A~ O

N O

o b N~

= 0 W b

w o w

97.6-129.3

102.7-117.8

91.8-120.2
122.0

105-1-112.4
103.7-119.2
96.3-118.1
101.6-134.2

105.5-120.9
116.5-134.2
113.8-121.9
106.7-122.4

120.7-139.4
110.9-127.4
116.3-124.8

1.52-2.01

1.60-1.84

1.43-1.87
191

1.63-1.75
1.61-1.85
1.50-1.83
1.58-2.09

1.54-1.77
1.70-1.96
1.66-1.78
1.56-1.79

1.76-2.03
1.61-1.86
1.70-1.82




Table 3. Measured Th of aqueous fluid inclusions in cacite
Jiaoshiba shale gasfield

cements from well JY1 in the

Sample

Depth /m

HA

Number

Th/C

TC Salinity (wt.%)

NaCl Equivalent

FIA-1 6 196.2-202.4
FIA-2 5 196.0-204.7 -3.9~-4.1 6.30~6.59
FIA-3 5 201.6-238.4

Well Y1 24135 FIA-4 4 207.5-214.8 -3.8~-4.2 6.16~6.74
FIA-5 3 2135-217.4 -3.6~-3.8 5.86~6.16
FIA-6 5 214.8-236.0
FIA-7 4 217.6-245.8 -3.1~-5.3 5.11~8.28
FIA-8 6 215.8-239.7
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Highlights

1. Raman shift of C-H symmetric stretching (v;) band of methane is used to calculate the density
of methane inclusions

2. The trapping pressures of methane inclusions are calculated on the basis of the equations of
state for supercritical methane

3. Constrain and reconstruct paleo-pressures and paleo-temperatures during the post-depositional
history of the Jiaoshiba gas shale formations from fluid inclusions

4. Demonstrate that the cause of present-day overpressure in shale gas deposits is actualy

preservation of moderate-high overpressure developed as a result of gas generation.



