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Abstract: Shale gas is one important kind of natural resources, which occurs in reservoir by free state and absorbing state. In
order to reveal its accumulation mechanism, it is significant to study and illuminate the TOC content, main controlling factors,
evolution rule of shale gas. In this study, we analyze the main controlling factor of free gas and absorbed gas in reservoir com-
prehensively by high temperature and high pressure adsorption isothermal experiment, FE-SEM, CO, adsorption experiment,
N, adsorption experiment and mercury injection experiment. The results show that free gas is controlled by pore types and pore
structure of shale, temperature and pressure in reservoir; while absorbed gas is controlled by TOC, maturity and moisture. In
different stages of hydrocarbon generation, the content of free gas and absorbed gas changes regularly. Free gas occurs in the
highly mature stage, and increases the process of hydrocarbon generation and the evolution of pores. It transforms into ab-

sorbed gas in the lifting stage because of the changes of temperature and pressure, which results in free gas decrease and ab-
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sorbed gas increase.
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N, % BFF 52 36 5 o8 o] — HeodE 5 U0 3 it i A7 R R
I AR JE B = A 4 R3S Y PR A BI R i 0US R Y
EfLRAT .
2.3 HYR(CH,)FB WXL

U B — W B AR T, DR B 5 A RO
FEDLITE B 5T DU 1) W B RE 7 55 0 B AL 38 A S
SR FH AR BR R TR T B 098 S0 45 00 5 DT 5 1) T A 4 e
W GUERE S IR 2 60~80 H , ¥4k &b RS B A 45 L
W B ASCRE & 6 s R B0 iU 5 T 2 46 T O B 56 S0 50
JE S fem % 16 MPa. 45 i W 52 56 3= 2 7E 30 °C
1) 25 AF R 58 B A AR SR T 30 °C L85 °C M A i B
Mk s 28 5 W Langmuir 243X A 5 ) Langmuir
e KWL B A Langmuir &, i 5 R E# 2 JE 5

R Hh 2 I R A 3 b AR R 0 W B . Langmuir
AS U AP

V=V, «P/(P, +P), (D
K.V RR W Ve AR Langmuir 5 KW
i P ®nET1 Py /8% Langmuir JE 7.
3 TUAERR AR A 1A]
3.1 FLpRHEE
U R E A R B FLBRE 3225 S ke
WAL kL E] FL A AL BORE N AL 8 — A LA
il fL ( Loucks 2009, 2012; Slat and

et al.,



1188 HERBLY:  http://www.earth-science.net

42 %

Bl 2 BT il — Jp HRg 2 DU LB R
Fig.2 Pore types in the Wufeng-Longmaxi shales of well JY1
&l a FIIE bk AREM JY1-2; 8 ¢ FIE d >k ARER TY1-5

O’Brien, 2011; Curtis et al., 2012a,2012b; Mil-
liken et al., 2013; HMEFE, 2013; Cardott et al.,
20155 RN VESE, 20155 R AR E S, 2015 ; 4R 4 fE 4%,
2015) . A5 A1 WL W — Jg ThiR 4] A v &k R
AL VRLIE] AL AT BILALANAT BIL BT 5 AL (BT 2D, 38 AT
AR EERETRLN AL,

Yk AR o A PLAL A ECE s T
BLAL. AR T 2E 5 Se it 45 3, TTHLAL T FLZ R 0.25 % ~
0.64% .34 0.51 % s A HLAL T AL Ky 0.06 %0 ~
0.91% ,F-¥2 0.43 % A HLALFI TCHLAL 14 180 L 23 AH
223N T HLAL A BLAL LA B M5 38 50 A s i &
LR T E T AE 50~70 nm, 5 & FLAE FIEAE
10~30 nm. K1, ToALFL SR $iis AH 2 RALKE,
A HLFL & R 22 (5 R 2 B LA /).

F B AF (2014) 38 i # 7 A A I R
AR E T IUA I E R LB AL e, @ A AL
Bt 1) 1 45 20, DU R A S R L2 S AT AL RS
Yy a1 GX HL AR BRAT HLBT RS 07 ) 2 Sh R B
AHYD AR DU B FLBR AR Ry H =R 4 v
AR LB 2 A5 LU, S B e A A AL BT RS
W) R A R o ZaRE LG
AR AL AP P LB Ve Ve Vioe
A U LB A

D =p X Api X Vg +p X Aciy X Vay + 0 X
AT()C XVT()C ’ (2)
Ko RRVUAHE  g/cm’ s A RANWEET W) T
SR 05 Vi B BALIE M T 4 i L B A B
em’ /g5 A e R LW A 3 E AL V05V, Ron B

2.5 (a)

ATHLIL W AL W AL

FLBRIZ (%)

JY1-1 Jy1-2 Jy1-3  JYl-4 JY1-5 JYI-6

80
®) ATHLEL WAL W AL

FLBRLL(%)

Y11 JY12 JYL3 Y14 JYLS  JYL6
B3 B BRI ) T — g B 2 DU AR [ 28 R AL
I 1 FL B2 Ca) K L L 81 ()

Fig.3 Porosity (a) and relatively ratio (b) of different pore types

in Wufeng-Longmaxi shales using mathematic models
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WG b E AR T TR ) AR B AR A AT 0E )
BAF o W RSP AT 0 S T R L TR eE Ty
PR AFTE LAR JLAS J7 A9 5] 8. (1) 33X o AR 4l T 4
032 o T M SRS R R T K AR5 (2) 78 M 5 I s i
0, B B, v oA LT 23 R A SR A R
Z& XA 3 AR 3 R T T RO - D BE A A AL BT AR
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it A AL 2 o B AT o AT AT ML T 5 o 4 o) T R A
M EENRZ — P BARLE B A (E 6)
QOEHEBRAYLR & B T, & A LR TUAfEAR
VT AR R fiff 3k R v 2 7 A — e g R LB, 5 3RO
s CE 7).

B UL, 26 3 25 6 SE PR A% D0 43 B sk i 0 2 v mig
SRE AR - (D) R BB BE T AR, R TF 4R 2R
S, HAT WL B e e i Y 5 I o B S K S i e
7K e B0 I8 R0 3K T 9 2004) , [a] I FL B v 78 0 K
i FL R SR SR IR AT R U AR W L A I sk 4 K]
BT U5 W B 2 WA R 1 o F DL 28 3 A T T Y e
W B A AR T R RE A T B R B Y 50 %0 A2
Fs (O BUAR B iU FF IR R A8, TOC & &= %
K s T B AR R 07 38 AR A B/ e Eh A I T AR
ARGy | AL G, XA B B LA A R 32, HUE
B B R AR T HR AR R TR, B i
BEANT s T A MR B R R IR R 2 T R Y (A
105 (3) fr BB B B A BIL T IR AR R0 RAR Aok
22 VRS AR B /D I HLF 4R 240 L TR B O R
I R B2 B AR AL, SEMRRE R 07 T Lh 3 s BE B
B AR F 4k S2E AT, FLBR b S K Rl b L o -
A H K B A R Y B Y 33 Y0 (O B Rk
2000 MRAE A DF TR HESE 29 4 00) . 28 H R A 4
P12 JE AN GE 45 e, A B B T 4, U O A
SR B IF IR B I L 7) 5 AS W A 0 UL D i B
AERL T T 2 (1 fifh 4R 3 (R DR Ui R AR AN T
JCE 10D 5 (4) 33 A B Be . A8 BIL ST RS & 76 1= TR
PR 246 T3 B AL A @i S #E R 7= A LB
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A F T 5UA MR e, Langmuir J7 #4553 BT,
T E R AH BT W B e B s [ R 5 430t B X
S A8 SR R B D R BRI (TR 10,3 2).
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(3) 2 T 52 50 I R 30 L R B AR BRI L B 3
N T — e B 2 GUA LA B RO R
B2y 5500 0 W B A B2 0 45 060 R AF IE X

FEETUE TOC & it AR Ko S % YA C.

(D) g — e HEAAHLT R T AT EEAR , B
By B AR W) KRR R 2 DL SO0 A7 7 5 = K
S BT H i A, B B A A R A AL B A T
B AR T B B W B R 40 e Ak D WA PR
T g = > U/ 7T A A > 3 .

Bl B P B AL d 7 A 8] R AR A K AR S B
H I AR FHRAATGREF B RHE L F
RAS AL R BN ETE LA EIL)

References

Bernard,S., Wirth, R., Schreiber, A., et al., 2012, Formation
of Nanoporous Pyrobitumen Residues during Matura-
tion of the Barnett Shale (Fort Worth Basin). Interna-
tional Journal of Coal Geology»103:3 — 11.doi: 10.
1016/j.c0al.2012.04.010

Bowker, K. A., 2007. Barnett Shale Gas Production, Fort
Worth Basin:Issues and Discussion.AAPG Bulletin ,91
(4):523—533.d0i:10.1306/06190606018

Cardott,B.]J.,Landis,C.R.,Curtis. M.E.,2015.Post-Oil Solid
Bitumen Network in the Woodford Shale, USA—A Po-
tential Primary Migration Pathway. International Jour-
nal of Coal Geology+139:106—113.doi:10.1016/j.coal.
2014.08.012

Curtis. M. E., Cardott, B.]J.. Sondergeld., C. H., et al., 2012a.
Development of Organic Porosity in the Woodford Shale
with Increasing Thermal Maturity. International Jour-
nal of Coal Geology,103:26— 31.doi:10.1016/j. coal.
2012.08.004

Curtis. M.E. ,Sondergeld.C.H. . Ambrose,R.]J.,et al.,2012b.
Microstructural Investigation of Gas Shales in Two and
Three Dimensions Using Nanometer-Scale Resolution
Imaging. AAPG Bulletin, 96 (4): 665 — 677. doi: 10.
1306/08151110188

Dai,].X.,Zou,C.N., Liao,S.M., et al.,2014.Geochemistry of
the Extremely High Thermal Maturity Longmaxi Shale
Gas, Southern Sichuan Basin. Organic Geochemistry s
74:3—12.do0i:10.1016/j.orggeochem.2014.01.018

Deng,B.,Liu.S.G.,Liu,S.,et al.,2009.Restoration of Exhu-
mation Thickness and Its Significance in Sichuan Basin,
China. Jowrnal of Chengdu University of Technology
(Science & Technology Edition),36(6):675—686 (in
Chinese with English abstract).

Gasparik, M., Bertier, P., Gensterblum, Y., et al.,2014.Geo-
logical Controls on the Methane Storage Capacity in Or-
ganic-Rich Shales. International Journal of Coal Geol-

0gy+123:34—51.doi:10.1016/j.c0al.2013.06.010



WOy S5 < R 45 40 30 T W — T T i A TR A BIL B B R s R R 1193

Gasparik, M., Ghanizadeh, A.. Bertier, P., et al.,2012. High-
Pressure Methane Sorption Isotherms of Black Shales
from the Netherlands. Energy & Fuels,26(8):4995—
5004.doi:10.1021/ef300405g

Guo, T. L., Zhang, H. R., 2014, Formation and Enrichment
Mode of Jiaoshiba Shale Gas Field, Sichuan Basin. Pe-
troleum Exploration and Development ,41(1) ;28— 36
(in Chinese with English abstract).

Guo, X. S., Hu, D. F., Li, Y. P., et al., 2016. Analyses and
Thoughts on Accumulation Mechanisms of Marine and
Lacustrine Shale Gas: A Case Study in Shales of Long-
maxi Formation and Da’anzhai Section of Ziliujing For-
mation in Sichuan Basin. Earth Science Frontiers, 23
(2):18—28 (in Chinese with English abstract).

Hao,F.,Guo, T.L.,Zhu, Y.M. et al.,2008. Evidence for Mul-
tiple Stages of Oil Cracking and Thermochemical Sul-
fate Reduction in the Puguang Gas Field, Sichuan Ba-
sin, China. AAPG Bulletin, 92 (5): 611 — 637. doi: 10.
1306/01210807090

Hao,F., Zou, H. Y., 2013. Cause of Shale Gas Geochemical A-
nomalies and Mechanisms for Gas Enrichment and Deple-
tion in High-Maturity Shales.Marine and Petroleum Geol-
ogy»44:1—12.doi:10.1016/j. marpetgeo.2013.03.005

Hao,F.,Zou,H.Y.,Lu,Y.C.,2013.Mechanisms of Shale Gas
Storage: Implications for Shale Gas Exploration in Chi-
na.AAPG Bulletin, 97 (8):1325 — 1346.doi: 10.1306/
02141312091

Hu,H.Y.,2013.Porosity Evolution of the Organic-Rich Shale
with Thermal Maturity Increasing. Acta Petrolei Sini-
ca »34(5):820—825 (in Chinese with English abstract).

Hu,H.Y.,Zhang,T.W., Wiggins-Camacho, J.D., et al.,2015.
Experimental Investigation of Changes in Methane Ad-
sorption of Bitumen-Free Woodford Shale with Thermal
Maturation Induced by Hydrous Pyrolysis. Marine and
Petroleum Geology,59:114 —128.doi: 10.1016/j. mar-
petgeo.2014.07.029

Jarvie,D.M., Hill, R.]J., Ruble, T.E., et al., 2007. Unconven-
tional Shale-Gas Systems: The Mississippian Barnett
Shale of North-Central Texas as One Model for Ther-
mogenic Shale-Gas Assessment. AAPG Bulletin, 91
(4):475—499.doi:10.1306/12190606068

Ji.L.M.,Zhang, T.W., Milliken, K. L., et al.,2012. Experimental
Investigation of Main Controls to Methane Adsorption in
Clay-Rich Rocks. Applied Geochemistry .27 (12):2533 —
2545.doi:10.1016/j.apgeochem.2012.08.027

Lohr, S.C., Baruch, E. T., Hall.P. A., et al.,2015.1s Organic
Pore Development in Gas Shales Influenced by the Pri-

mary Porosity and Structure of Thermally Immature

Organic Matter? Organic Geochemistry ,87:119 —132.
doi:10.1016/j.0orggeochem.2015.07.010

Loucks,R. G., Reed. R. M., Ruppel, S.C., et al., 2009. Mor-
phology, Genesis, and Distribution of Nanometer-Scale
Pores in Siliceous Mudstones of the Mississippian Bar-
nett Shale.Journal of Sedimentary Research ,79(12) .
848—861.doi:10.2110/jsr.2009.092

Loucks,R.G., Reed. R. M., Ruppel, S.C., et al., 2012. Spec-
trum of Pore Types and Networks in Mudrocks and a
Descriptive Classification for Matrix-Related Mudrock
Pores. AAPG Bulletin, 96 (6): 1071 — 1098. doi: 10.
1306/08171111061

Ma,Y.S., Guo, X.S., Guo, T. L., et al., 2007. The Puguang
Gas Field: New Giant Discovery in the Mature Sichuan
Basin,Southwest China. AAPG Bulletin,91(5):627 —
643.doi:10.1306/11030606062

Mastalerz, M., Schimmelmann, A., Drobniak, A., et al.,2013.
Porosity of Devonian and Mississippian New Albany
Shale Across a Maturation Gradient: Insights from Or-
ganic Petrology, Gas Adsorption, and Mercury Intru-
sion.AAPG Bulletin ,97(10):1621—1643.doi:10.1306/
04011312194

Milliken, K. L., Rudnicki, M., Awwiller, D. N., et al., 2013.
Organic Matter-Hosted Pore System, Marcellus Forma-
tion (Devonian) , Pennsylvania. AAPG Bulletin ,97(2) .
177—200.doi:10.1306/07231212048

Modica,C.].,Lapierre.S.G.,2012.Estimation of Kerogen Po-
rosity in Source Rocks as a Function of Thermal Trans-
formation: Example from the Mowry Shale in the Pow-
der River Basin of Wyoming. AAPG Bulletin, 96 (1)
87—108.d0i:10.1306/04111110201

Montgomery,S.L., Jarvie, D. M., Bowker, K. A., et al., 2005.
Mississippian Barnett Shale, Fort Worth Basin, North-
Central Texas:Gas-Shale Play with Multi-trillion Cubic
Foot Potential. AAPG Bulletin 89 (2):155— 175.doi:
10.1306/09170404042

Ross, D. J. K., Bustin, R. M., 2007, Shale Gas Potential of the
Lower Jurassic Gordondale Member, Northeastern British
Columbia, Canada. Bulletin of Canadian Petroleum Geolo-
gy»55(1):51—75.doi:10.2113/gscpgbull.55.1.51

Ross, D. J. K., Bustin, R. M., 2008. Characterizing the Shale
Gas Resource Potential of Devonian-Mississippian Stra-
ta in the Western Canada Sedimentary Basin: Applica-
tion of an Integrated Formation Evaluation.AAPG Bul-
letin »92(1) :87—125.doi:10.1306/09040707048

Ross,D.J. K., Bustin, R. M., 2009. The Importance of Shale
Composition and Pore Structure Upon Gas Storage Po-

tential of Shale Gas Reservoirs. Marine and Petroleum



1194 HERBLY:  http://www.earth-science.net 42 4

Geology »26 (6): 916 — 927. doi: 10. 1016/j. marpetgeo.
2008.06.004

Slatt.R.M., O’'Brien, N.R., 2011. Pore Types in the Barnett
and Woodford Gas Shales: Contribution to Understand-
ing Gas Storage and Migration Pathways in Fine-
Grained Rocks. AAPG Bulletin, 95 (12):2017 — 2030.
doi:10.1306/03301110145

Su, X.B.,Zhang,L.P.. 2004, Prediction of Reservoir Pressure
for Coal-Bed Gas.Natural Gas Industry ,24(5) :88—90
(in Chinese with English abstract).

Tian,H.,Li, T.F.,Zhang, T.W., et al.,2016.Characterization
of Methane Adsorption on Overmature Lower Silurian-
Upper Ordovician Shales in Sichuan Basin, Southwest
China: Experimental Results and Geological Implica-
tions. International Journal of Coal Geology s156:36—
49.doi:10.1016/j.c0al.2016.01.013

Wang.Y.M..Dong.D.Z., Yang. H.. et al.,2014.Quantitative Char-
acterization of Reservoir Space in the Lower Silurian Long-
maxi Shale,Southern Sichuan, China. Science in China (Se-
ries D),57:313—322 (in Chinese with English abstract).

Wu,S.T.,Zhou,C.N.,Zhu,R.K. ,et al.,2015.Reservoir Qual-
ity Characterization of Upper Triassic Chang 7 Shale in
Ordos Basin. Earth Science, 40 (11):1810 — 1823 (in
Chinese with English abstract).

Zhang,L.Y.,Li,J.Y.,Li,Z., et al., 2015. Development Char-
acteristics and Formation Mechanism of Intra-Organic
Reservoir Space in Lacustrine Shales. Earth Science ,40
(11):1824—1833 (in Chinese with English abstract).

Zhang, T.W., Ellis, G.S., Ruppel, S.C.. et al., 2012. Effect of
Organic-Matter Type and Thermal Maturity on Meth-
ane Adsorption in Shale-Gas Systems. Organic Geo-
chemistry »47: 120 — 131. doi: 10. 1016/j. orggeochem.
2012.03.012

Zhao,W.Z.,Li,].Z., Yang, T.,et al.,2016.Geological Differ-
ence and Its Significance of Marine Shale Gases in South

China. Petroleum Exploration and Development , 43

(4) :547—559 (in Chinese with English abstract).

Zhu,G.Y.,Zhang,S.C, Liang, Y.B.,et al.,2006. The Charac-
teristics of Natural Gas in Sichuan Basin and Its
Sources.Earth Science Frontiers,13(2):234 — 248 (in
Chinese with English abstract).

Zou,C.N.,Dong,D.Z.,Wang,Y.M., et al.,2015.Shale Gas in
China: Characteristics, Challenges and Prospects ( [ ).
Petroleum Exploration and Development, 42 (6):
689—701 (in Chinese with English abstract).

B 3B % STk

Xz, XUBAR XU, 25, 2009, DU 1] 23 Hb 3t 26 340 ok i K &2 e L
B R TR A R CH SRR D L 36 (6D
675—686.

T BRI, 2014, 00 1| A b AR A T H S B RS & 4
PR A B S5 TF & . 41(1) ;28— 36.

SR TE L B4R KL 222 L 25, 20 16, W AT RN AR 05 SR B HL
AT S DL FE e SR AL A A K%
FEBON B M2 AT 2% .23(2) : 18— 28,

AT, 2013. 8 A LT Woodford TT 2 L B i 1k B9 A% 1) 52
B £ . 34(5) . 820—825.

TR TR P, 2004 88 2 A2 R B U5 2. KRR
b, 24(5); 88—90.

TR, KR, M. %L 20141 B T AR B S r TE 4
ff4E 25 8] 5@ & £ AE. b H R 2% (D ), 44 (6):
1348 —1356.

RN AR A BE R INYLL L2015 B R 2 L =B 5K
7 Bl A i SR MR RE. ML BR B 24, 40(11)  1810—1823.

SR AKME  ZE 40 U5 L 2R, 45 L 2015 I M T A A ML SE S R & F
A5 B ML R BR 2 . 40(11) . 1824 —1833.

RSO L 2R U 2L 2016, 70 [E RS 5 M AT T A RN 22
SRS B AMBER SR 43(40) : 499—510.

A L BRK BRI, 45,2006. 10 )1 453 K AR SRR AT 2K
PR ML 2ART S, ,13(2) . 234— 248,

ARARE R, TR W, 4, 2015, P [ A SRR AE L PR
A (=) A MRS FF 4 . 42(6) . 689—701.



