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Abstract: This paper is the result of oil and gas exploration engineering.
[Objective] Through the study of shale formation and shale gas enrichment mechanism, the current study aims at finding out main

factor controlling shale gas reservoir in the Carboniferous Tian’eping Formation in the Xiangzhong Depression as well as its
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enrichment patterns. [Methods] Carbonates carbon and oxygen isotopes as well as shale trace elements and major elements were
analyzed at Well Xiangxindi 4 in order to recover paleo—environment and investigate the origin for the shale formation. Combined
with the thermal evolution simulation of medium—low maturity shale gas reservoirs, the mechanism for shale gas enrichment is
identified through petromineralogy, organic geochemistry, physical properties of shale gas reservoirs, existence forms of shale gas
and tectonic preservation condition. [Results] (1) The organic—rich shale in Lower Carboniferous Tian’eping Formation were formed
due to seawater stratification and seabed anoxia caused by the intensive climatic fluctuations in the Early Carboniferous. (2) The
extensive and intense magmatic events in central Hunan led to the increase of locally paleogeothermal gradient and further caused
secondary hydrocarbon generation in the Lower Carboniferous organic—rich shale. Shale gas in the Tian’eping Formation was
formed owing to crude oil cracking and secondary hydrocarbon generation of organic matter. (3) Shale gas preservation was
promoted due to decollement in the Ceshi Formation of the lower Carboniferous blocking the vertical escaping channel of the shale
gas from the underlying Tian’eping Formation. [Conclusions] The shale gas of Lower Carboniferous Tian’eping Formation in
Xiangzhong Depression is the common result of favorable facies zone controlling the total organic carbon content, magmatic

thermogenesis controlling the reservoir physical properties and detachment structure controlling the preservation.

Key words: shale gas; organic—rich shale; genesis; enrichment pattern; Lower Carboniferous; oil and gas exploration engineering;
Central Hunan Province

Highlights: (1) Paleo depression in the continental margin during the major climate transition period is benefit for shale gas
exploration. (2) Organic matter thermal evolution in regional shale and shale gas preservation are limited by magmatism. (3) The
decollement footwall is the most favorable area for shale gas exploration.

About the first author: CHEN Xiaohong, male, born in 1964, researcher, mainly engaged in research on stratigraphy and

paleontology and shale gas geology; E—mail: yccxiaohong@163.com.
Fund support: Supported by the projects of China Geological Survey (No.DD20190558, No.DD20190559).

1 5 7

W e 2 R RS O bl A SR AR T AR R
SRR Y L IX 2 — . I 1978—1985 AR A
J 2 A, W G U T 3 I T
REGORFIA A L A3 | IS T TR T 98 R, I
TR U B8 K TT—A7 22 110 . HIBIH 10563 2 3 A A it A
2 B2 U1 B 100 S b DX AR A5 T AN () R B 1 e 0 R B
1995—2005 4741 X 3 Y5t 191 PR B4 i s s - g v
KIT—# RIS T 1 3F W 19
FUEE 1 IRER GO S m A . Bk TR B RIS
TR A E R 2B, (EE SR UIRG bty A S
JEHRERIR G IR, AR AT = R A

2011 A g AR AR AR 430 R AE T HA A 95 2
JILRE b, DL B R KB A R IKA R By
JZ, FE ) R A T TR AT Sk T BE S S S RE T Dt
13, IF4F X 600~620 m FH: B R 24003 3545 H 7=
2409 m® A=A, UESEIZ X KB i A A &
—E IR (TELIAE, 2021) . 2014 4F DSk
Tt J A 2 ey 2 V0L o 3R AT 0 2 S LA A A R

KA Ve 7 & A HA 4 o H 2 e85 R85 &
8 L, 8 2 (K 1), RGBT WA s
FMIK AV R A WA TS SEZ A AT
Yot M ERAL 2 W RS SO R O UM 45
2016; HI#45F, 2019a, b; FRARSE, 2021) . Rt —2
P T A b B A SR, 2020 AR 3 R YR
MR E RN TE B AR ILHLIX, L 2
£ e R RIG A TUA R H By 23 E 506
B4t 15 IR 1343.9~1367.5 m F I I 1390.5~
1416.8 m KIGHA P e KR B IUs 2 2. H
1 1343.9~1367.5 m B45 5T 014 & 23.6 m, &2 1{H
(TG) 1 2.163% 1 2 5.844%, FEEE(C,) H 1.693%
B3 5.322%:; B i W A KR 3.53~4.30 mt.
1390~1417 m Bk it v 77 & 26.3 m, 22 A (TG) H
2.47% 38 & 11.205%, I E (C) M 2.11% 3 =
10%. B ENT B S 3.53~430 m’/t . X—%&
PUASASUE S 3 340 B A e 2R R RS PR 2 e O LA
SIHIEAGHZ R, 1 H % B 3555 bR S R R AR
R 1 BB SO VA R T oUa SR fE R .
I, P9 R A R e RS B2 DU B R A T U

http://geochina.cgs.gov.cn F1 E ML T, 2025, 52(2)


mailto:yccxiaohong@163.com
http://geochina.cgs.gov.cn

E2EE 2

W L0465 P 1 5 R RSP AL A DL DU B S DU U AL 667

110°B0"

111°00’

110°B0’

111930’

SRS
Cretaceous
T e i &

Pre—-Devonian

Izl i Joi A I E
Geological well

FERgARY &

Upper Triassic—Jurassic

T B IIAE B A
Caledonian granite
KIRAI

Gas well

FoBG—F 8B4

Middle Permian—Lower Triassic

B AEACE A T b R Lite
Meso—Cenozoic granite 2D seismic line m Sag

R#ZEHE—TF &S

Devonian—Lower Triassic

P 1 3l et 5 7 15T () RN DU SR AR EE 121 (b)
Fig.1 Geological sketch (a) and shale gas exploration degree map (b) of the Xiangzhong Depression

777 2RV, SERLBI A BT 52 1) 8 5 R G B2 0
HOBNE RN ERNR, DRI R s
SR D BIAIR, A58 UA R E
SR
2 DX b b AR £

I PP B T M R A P R S AT X R
5L AR B L 687 B DR 23 31X 2 B 2 g L A 43

Do AER AL & (7 B L TR R i i LR b 5 4%
TR I DX — 23, R L TR P BH AN B

AATEG LA e P, Je i M SEas i 3 ANt 7 4>
WA 1 BT (] 1a), B AL 55600 km?, X
b2 R B RSE R, ot B35 DU R A 4
Hrp Mg F 2N R R — T =SSR
oA W A M R v I P A Y SO, R
FEIR 5000 m LA _b o MIRE 2% L e 28 40 9k i 4
(D) EME T ZEBEHN TR T ERGE—ER R
BAAR TR TS . THCE ST B TS
A BER R A ARG . A, AN LE
BOoMN L =S5 —K¥ ZAAEEESEAE LN E

http://geochina.cgs.gov.cn H1E LT, 2025, 52(2)


http://geochina.cgs.gov.cn

668 il =

Hb, Ji 2025 4

AARFMZZ o XA shsREL, ™ T
e 4 22 2 v DA B ZR A L B S B e L L 22 4
K Z Wy BEAIRAR TG ST i 42 20 2 (X e v 4%,
2013; 1R5E, 2015; BRI SE, 2016; B RWEAE, 2024)

(K 1b),

3 KA A B A S A HLR

i

3.1 TEMMZES SRR EIEE =

I TR b XA TR A R S
WA RN I BT Z b, DLk IR £ 5 Je e A
wlo RIS A A AR,
g RFGEEA | BES 34 2 1A 75 ¥4 (Hance et al.,

1993; HIFME4E, 1994) . #2288 1.5~2 m [a] X KB

CE S

1E L5

HOT 35 A

H 4 1T A R Gehk R AR ik AU R 2 DA B AT
A 2 B 1R R RS FEL A BELA ) 41 1A 354 TOC LA
Kog i TR B RGCRE ST, G5 R &
PRAE BTy 113 A b, 28 ) TOC 2
PN 05%, I K ik 3 2.84%, 4 1.05%. 1H
TOC & & iE L KT 1%, HHZEEHE T 10 m,
E@#unazgtﬂﬂfﬂk_%ﬁéﬂT%ﬁ(A}%) . R
(BJZ) LA K BEW 20 h ¥ (C J2) Al L3 (D J2)
(1 2) . Hrfr A ZXF 0 HIR 1402.4~1416.3 m, TOC
SARTE 0.96%~1.25%, “F-H41K 1.1%. B 2N %
1344.4~1363.6 m, TOC 431 7 1.04%~2.84%, “F- 1%
H1.46%, C JZXF R IR 1122~1143 m, TOC 4345
£ 1.04%~2.66%, “F- 14~ 1.86%. D JZXF W %
1021~1036 m, TOC 43 1ii £ 1.13%~2.83%, V-3 Ky

T S e e KR /% TG/%
gl ol an 1 vl 3r/m | 0-SR ;50 TOC/% 5"C/%o & KA /% —
1 2 -3.00 000 3.00  6.00 0 20 40 60 80100 0_GlU% 5,
|1 7950 o ' IR :
| B | N
) L1 | @ ° l : :!5
fE':, —111000 ‘: 5 : : ;@
e L1 e @ ! . : : ® oo
o B == ®." e Lo (@ Ll e
~ — . o ® : d S I P
i T b X ) : " : : : : :"
| =H[1050 ... ... e
= t AT ..‘ Pobol
L ¥ PO % | L e
L : : : : .
—r 1100 . .O. . K . . . .
E‘: : : : : Lo o°
" =| ¢ e%e: T REEER
= ° i ° B il e
v 1% 1 1150 ¥ : ‘ : : e
LN I el B : : : N
A B 5 S ! S
EAECT S g : Py R : P S
~ B L1200 ] s 0 8 | S R
T = .l ® 2 EEEE
i ' (@ e i i i i '
» 1250 .« $ e
Z | N Y : : :
: &9 : ' : : :
[ . . h . i .
L1300 ‘ ° | i" 5 o
] [ : : : : T
w B2 f s e
5 ETH1350 5 ;:,ooj o oy o |
2 - 0 h by ' h .
#t: A —lll o’ ® ‘ : I.‘E
W ] L & : : : o?
IXJ/I\ ! L 1400 i : .: I‘ :
="a e s ' So |
T P ® o, e
o B # n
b4l F1450 : : 00.
—— b7 W b U =0 /)\ el Y
L= Sandstone —— Siltstone Shale E= Marlstone Limestone
B 2 W 4 I T AREE . S BAENLK, 6°C. Sk E SME

Fig.2 Lithology, gamma, TOC, §"C, water saturation and gas content of the Lower Carboniferous in Well Xiangxindi 4

http://geochina.cgs.gov.cn H1E LT, 2025, 52(2)


http://geochina.cgs.gov.cn

522

WRZFLLA5 P 11 e 3R RIS IPL B A LB DU ORI SUA R AR LI 669

1.95%. MIFFUE A X AT s 4 2 & TOC
HZR A AT WHRAR . A RUR S RETS
R, B A SRR A G I 90%,
J& T MBI AL S . B Z RS FEE N £,
T A o s 50%, & TR A5 E A LT
. C 2 D JRLMERUR S R £, 7l & m
I 50%. EAR BRIV R E A LR A e A
WA A A 52 A AR A, B AT 78 J2 057 78 I 5 1
4 HAE TR TP B AT —E A S (181 2), IR
WL 4 T A G & M2 H )2 TOC #24i,
BA A AH A AR AR R X H o B 8T 3
4 15 = N AMEBL, el W AR BH U T A7 5 48
et R B )37 2% A 722 A A s A A ) 3 2 O 5 i 2R
(Hance et al., 1993; Brezinski et al., 2008; Yao et al.,
2015; Qie et al., 2015), Fik 4 DMEAHLEGUE)Z B
i, AZF B 2 RECSH NI Z A Y, C )2
1D J2 53 5115 2 76 157 W6 300 AR 5 7K 2 S0 L
JEXFHE, HUZE U LSS5 44 1 5UE U2 Barnett
T A 3T (Loucks and Ruppel, 2007; Abouelresh and
Slatt, 2012), #2124 i BUA IR IETZ &

K HBERLE, e TS, AR, JE HRLE
BT B i 32 4 b Ye 4L 20 i W HH ( Garzanti and
Sciunnach, 1997; Brezinski et al., 2008; Isaacson et
al., 2008 ) F1 PG 5 5 A7 e HH AL BT A oK) 1 DR I 5
(Garzanti and Sciunnach, 1997; Z= 445, 2008), L &
] P A/ ) S0 2 A Bk [l o 2% 2H 728 A 1 (M et
al., 1999; Saltzman et al., 2000; Yao et al., 2015; Qie
etal., 2015), FE/R AL ARWI LT A GErk N
r SN 2% 3K 0T v e S0 2 SR I L SR b R
Wil 01 XD FC A8 Rt ) 220K . 5 B IR U I g
I Rl BT 5 | ]2 A 7 TS R B THRE G, TR 4
b A A TTRUE B T BT R TR 5 .
FRAE BT 4 005y, B R b, T EHE R i
LLRE T AR A AR B A . e B, vhik 22
e~ R B A8 TR e (L) IR BT . BR A U
R G A PR AR A LG b R e e R
RELFLH R B8 & FAH R 0 DU, RGP IS |
TR—BEW I ZH S ARV A . PRAETUA R 6 1
2 5 MU BRFR #h a2 8. DAAR TG [ A 225 % 5L 111 o
AIRE TR 1T (LS1) —il T s 4 I (XXD4) —ii% I
3 (LS3)—% 1 (A1) —UETR 2 H(LS2) il ki >k

F (B 3, & 4a), BEIRMIBE R R TR O KRB
TR 3 2% 1 A, LiEs Lildm A A
BHAHIR ICH R = CH RS . T
G FEAIXT R, H LA AR 1) A T | P
TRERE e (E 3, B 4a) . MILAA . 127 L
PG A A LI R AT B TR 32, A ket
2R AR /N, HLLL A MO A (iR 1 5F)
ol R VDI CANGE TR 2 1) DTRU R RR . P, IF45
AR RIS —F AR I LA R K BT
VAR R IR 32, TR] S U DT, W s 3k 05 TV 6 7
L Bt I, PGSR AR B A T o B, R R
B Hiu, A8 1 Ty P AR A B A R R A A AL,
S AT, PRI R A T 2 b ([ 4b) o

3.2 TEEANESELRERSSHE

W HL 4 1T A s Ge AL B B A 11 20 R R
R R B e A R 2 A [ 67 2% T e 2532 LT AL
5. TURK AR R £h b 2 b, A R R it =
WARAE VS, & 2C A LB R g, K
BC T & Wy 45 B (Mii et al., 1999; Saltzman et al.,
2000; Cheng et al., 2020) . X bAoA i Hr b 4 H- &
BHHUR ARG ENL, A JZH B 2B A HLR A
HELZEAE NI 6BC BRFLIEME Z )5, 5 67°C T
ARG, T C 20 D 25 A BT GUE W H AR
HEE T 6"C BN IE B Z 1, 5 6°C Hik LI
XERE, AR, WHT L 4 T A G E B AL IUA R
TR T 5505 A8 v, A HILBT R R 3 A G b,
AT BB SRR WE | UK Rl A2 KRR A
T 51 B K 4 2 B, AR T AL S E A O
(Armstrong et al., 2009).

TELMEMBESE T, A ik 2 KA T 20 (CIA) LA
KAt 6 2 V/(VANI) Fil Rb/K 8 FE A8 B 23 59 R FE
A LB TV AR AR AR A 1 AT K R
() %5 13 5 A5 (Nesbitt and Young, 1982, 1989; Hatch
and Leventhal, 1992; Scheffler et al., 2006; #2441 55,
2018a, b; TFEIESF, 2020) o - FUTRWI Y HhEkfb2%
B TEAR KA FE B e T KA AE T 7 AR A 1Y
HERL 24 A, WA B 4 5 2 — A B AE DT
Py 0 WA RS FBEAZ IR 1) b 3Rk Ak 2= 4 11
I, ST B AR A Sl A R AR
FEVRTAE R AT UME 5C R, 3k SEFE bR (1) AR {45 S 45
AN AR A, AN R BB AR AR5 R .

http://geochina.cgs.gov.cn FE M1 5T, 2025, 52(2)


http://geochina.cgs.gov.cn

670 2l Hh Jit 2025 4F
LS1 T 4 (XX D4) LS3 3
| 1|
i 0 [

7y J/
fE .
K =1 "~ """ """ = - --=
w| B T T —
e - =
mles T =
== = mE =
== == = =
|2 | = =
A F=L - = =
] O === T =it ==
DIt SIETN N - =T EI=1]
AR EN== =L S =
. o= T ] ——
F == T S
e H =] - —
Zlog| B =5 S5
il B = —
4 . =T — =
4] LB — —
- gﬁ ‘1
= = o —
% 100m = ——
T+ v B F50m BN
e S
S s % Om ma-

e WA
- Sandstone

By b U
L=———I Siltstone Shale

o e K K
MT=T-] )
CT=T1 Marlstone @ Limestone

P 3 IR MR YR g — T f1 5 Gkl 3% He I (R & UL IET 1)
Fig.3 Upper Devonian—Lower Carboniferous division and correlation in Lianyuan Sag, Central Hunan Province (the locations of the
well are shown in Fig.1)

FHUH s 4 IR A 5 KRG IFL — BEWS 34 4 Y8 71
AR (BRBRES & /N T 10%) 1 Zo/Ti (-5 5 Ak
22 WAL TR L (CIA) LA S FRBE R bR V/(VANI) AR
KANE(E 4c. d), FIL, WHTHL 4 I T A 50
TR CIA {EAT V/(VAND) B2 ka3 —E
B EARER T 24 A o PR AR L # (Scheffler
etal., 2006) . SMA L7, W H L IX R A R 48 KRG P
2H—BEWR L 1Y) CIA B 5> 7 £ 70~80, J& T kL B%
9% S 5 ( Nesbitt and Young, 1982, 1989) (¥ 4c,
B 5). tE—Hoe &M, fE RIEPEA —BEIR e T
BB CIA 5 T, e & A CIA Hk

5 DI, BEWI 2 Rl A T A B B3 o T
4 I M ARGE CIA SRk RN R A ARSI
Rt AR A S — 2, B Zo/Ti (7R BEIG ) 21
S P e TR R ZU AR A AR B EIE, FE R R
Mo DX AEAR A ¢ AR JE v TR JR A AR T AT LR
¥, A rp 0 LR ORTE P2 —BEIR Y 2 R0
B H]) S IZ AL W e A B ALY

5 4 FE AR RS B s Ve, 1 X PL AN R
b 5GBTS TR R AR B, 98 3 X[ 39 7
JKH) BRI SR AL I IROR B e A T IR AR
Horr, Fh BB CHR AR RO/K (EAE W BT 4 JF RIG T

http://geochina.cgs.gov.cn FE M1 5T, 2025, 52(2)


http://geochina.cgs.gov.cn

55 52 % 5 2 WREZELT 55 I P B A e R RIS P B A MU DU TR LS TUA AR 4R 671
[111°00" _ |lll°30’__. |112°0Q'
@ h >
= S
= 5
= & B <
------ B
290 10 20km’ =
o % ~
N S ]
4/ ﬁ
Geojloglcal/;,ras well T
IHIKE/H}:;%_L
Boudary of sag/hump
= =
S KA ¥ e
3 =
N (]
[111°00’
(b) ks 95t 5 s
5 4
| MR | GO | 3 Al RS
0.07 (©) 0.07 (d)
0.06F % 0.06[ *8 o
[ ] L JPS ' ° o ° °
= 0.051 ®e : - & {;0.0S‘ L '..
= [ ] [} — B °
N 0.04} .5..&.. . N 0.04 .0 .'ﬁ‘ P
0.03f o0 g 30 0.03F "
s o ® o ®
0.02k o 0.02}F
68 7IO 712 714 7I6 7I8 8‘0 0.6 0.I7 0 I 8 0?9 1 .IO
CIA V(V+Ni)

K 4 T ARG s A HUB SUETE R R PR S R bR
a— A AH T HO IR R]; b—TTAARAR R 2 Kl c—Zr/Ti—CIA AHIEHEE]; d—Zr/Ti-V/(VANI) A5
Fig.4 Palacogeography, palacoenvironment and palacoclimate index of the formation of organic—rich shale in the Lower
Carboniferous, Central Hunan Province
a—Lithofacies paleogeographic map; b-Schematic diagram of sedimentary facies model; c—Correlogram of Zr/Ti-CIA; d—Correlogram of
Zr/Ti-V/(V+Ni)

HIEF /N T 6x107°, HAG JE 1E H 1 AHUTRL A HE S
(Scheffler et al., 2006; T 78155, 2020) . H K
R b —BE IS ) 2T 35 A Rb/K {353 KT
6x107°, JJ IEH M AH AR, (HA Bl CIA 3 KMk /),

T KR AL R 8 1, LA SRBE I8 34 21 b 3 O
Rb/K fE/NTF 6x107° [ AE IE 3 i AHUTFL (Scheffler et
al., 2006; F 220555, 2020) . BEWS ML 35 5T A )
Rb/K {H B %5 T 6x10°, B A B CIA B 722 /N T 1

K, MK FAL R AR 5) . K 23 J2 RIS 4R
AR JE IS AR AL Ty 1, W 4 I A G KRG HE
2H—EIA 4 26 5T TP Y V/(VAND) 1B 2 A 7E 0.64~
0.94, ¥ 0.76, SME FUIBIE LT3 EARE IR A
B, SRR B Y VI(VAND) KT 0.84, ATk
Oy EI T R . ELR BT L 4 R B Y
4 EEAVIICE L R T AJZH VI(VAND) [E3 A0
16 0.84 [k, fe s 2 0.88, Jak HAT wi Ak oy 12 i

http://geochina.cgs.gov.cn H1E LT, 2025, 52(2)


http://geochina.cgs.gov.cn

672 oL by J5t 2025 4F
lmEE Psor r o [Ewm: T : [ : : .
?%gﬁ = W P : ‘e | : P .
= P @ Coo% oo | 80 |4 i e
E | 000 Gy L 9 L o [ g9 ®e L (e g @
= I —w — ; o ; ' : 9. %% ]
[ . —0g 0 ¢ . " 0. . : ; ) " ——

T . .. . 3 . . o o ) . [ ) . . [ @ . .

— N i : L 3 L oy oL :

— hO2g: : : : : L e ee ! : ¢ :
— | % f. . @ : : : o . G g0 ! Lo :

3 P D ; P ; !O ° % :

T 1100: 8 %y .‘. L F el [ % e g I o :
== M . St e .«

# e ; — @ - . ;

Qg T 500 . @ B Db : :‘ - L S :
A == @0 ® : : Lo e ! .Q Dol @
4t % : : . e : . o :
% = I | : : ‘e ®: ol B
B | 0 %9 ® : 9 : .:' @ & :

— [1200. & : o ® S . :
el &gl g L0 te | el

=1 S TET AT el T ST e

O f2se . . e R

: P . O.ggq ! C oa @
={IR o o . e %, » O
= 1300:‘: 5 s .t bl gt @ L&,
1 -~ = . ® . . . I X X '@ s

?%é = Oy % : - : X P

iJ; LT : : ® . : ® N

T[T e, | e | TE ST,
% == w: . A : : % f @ Xy f .. o
i gy Mt Age ot '

== I o o L

t, b peso L L, : ; ; - : ; N W B T

i 0.03 0.06 |65 70 75 80 7 0.64 074 084 0.4 i 3 5

? Z1/Ti CIA 1000(Rb/K) V/(V+Ni) Moxs

=3 g M i i T K K
l——1 Sandstone L——- Siltstone Shale CT=T1 Marlstone Limestone

B S RN ARGEIR . B, AN A AR R £k

Fig.5 Provenance, salinity, climate and productivity index of the Lower Carboniferous, Central Hunan Province
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