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(a) carbonaceous shale (Xiapingcun); (b) carbonaceous shale rich in graptolites (Madugiao); (¢) carbonaceous shale, carbonaceous shale structure (Dashuitian); (d) black

siliceous rock (Dawucun); (e) radiolaria in siliceous rocks (Dagiaocun); (f) silty shale (Simayuancun); (g) turbidite sandstone with Bauma sequence (Sichangping); (h) tur-

bid sandstone channel mold (Sichangping); (i) thick interbedded layers of siliceous rock and carbonaceous shale (Shazitang)
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s

LSRR R NE SN P Gk R s YR AL (AT NE )

1821

23

MAREEEY

GIES

HUBIEBFH,

ELag Sl ap Uk ==y e EE|
BT R R e S, U BROK AR K

DRI Z AR LR G 5T A DR 3 (18] 2a)

SE IRV T B WA T A 7 R U
AR TR BCTR , KA i A ) (2 A28 (18]

Je b A ULER .

NAS! J D=4 > N 2% R Y N iz AR =0
Bt b 7 2K B A RN RE R DU AP TR AR S AL (L 4) , LA 2b) SR e 8 DU BN RS IRAT , T A & A LR
~ /A =) 1y
DK B AR /K AR 53 A B A
= Ay Fr=g s
HZRL | % Hh snppopge PBIREE | simroc | mmmoc |viovesn| vier | wico | urm
g [ e || ™ |ml| #0 W] w | 0——35[0——s|0——1|0——5]0——22{0——15
x 3
a TR, KEG sk kEce | B [ &’
5|0 20 | 19 RIS 28
4
o MGRER R SRR U TR, FE A | .
o JERERTZ: W F BRI e [ B =
19 [ 157 LR R e A LR eS| K
BRI T % = L.
e —r =— [
Fo[8 17 U e R % | & -
B[ 17 | 345 SRR 2 S B 0 TR % L I
6| 2 R i) — —
51 2 |o RS LR O T - =
14 3357 GRS R T )2 ﬁ -, —
3 | ass BRI BT s G ONRER s | —
: TR LS 8 2 S 2 i =
2 as RO IR I BTGk AR — [
: ECERI, T AR T .
L0 P2 5 R e MG L.
1| s BRSTE MR SUE SRS T T
- A -
=)
Blg |8 w BEREHRRICE LT R REmRTEE | w | L .
Mg | B g BRREREE, B ESCEEER A RERaR | | &
|| 4 10 [ 115 SRR S LA R U Je R P E L
Hiy —
BRSNS G RO S
5 |1ig FRTUE TR ORI b M G LR 2 —
(=3
s | 2 R A T, R Ak ., W L e —
7 | 35 I B RE R 5262, RERUZ B I
R % —
o | o FHARE ARSI L | X —
RS BT T ARERE 5 T8 T2 o —
533 REFCE S BT s
& g % B
- BT TS GRETCE T MR TR, % | & L
4 | 6 TR KRBT, FHEER o R iR % H
) —
N BEREREIHITIUE, FMBRICE RS, |
3 |56 LB R
2 |15 — RS . I =BT
i % |
I 1 s KT DR sl e
@ w|
#}fi}fﬁl)ﬁa e by RIS T

& 4

i v D J] 5 A AR T i S v B Bl 9 000 R AL 2 A AR 1

in central Hunan and its surrounding areas

Fig4 Comprehensive histogram of the Middle Ordovician Yanxi Formation from the Mianhuaping outcrop



1822 A

S

5424

GROR BRI 32284 77 PR AR B D e IR PR (il
JEREFUA TURR (18 2d) |, {ELB5 S5 5 v i U5 o e s
UikT3: E

PR BEAIAE 32 28 B e U R BOR D 5 D
DU e TCE P S A A U A A (181 2¢) [
AR BT AREK AL SR IR A TR
FRAIE o e T 5 i ORI D o e B A R ELJZOIR AN
SIS L JZAR SRR OB D 5 5 e R (1 26) o

T BB A AR LUy — 0D Ay 3, AT DL
H (P 2¢g) , B S T LTRSS RS (I 2h ), AL PR
PR ZE  SOBRE I S DU, T ER B A
B b BOAITSE DX 2R e A 8 Aty BT

3 DURRAH=S [ R A RFAE

31 AFRHERIEXTEE

T A TR AR T 0T BE R B, R 4 T ) — BT
X B RAFEXT e s T B AR K Bt TR
F 5 h Bz A R, R FHROK A
HOAR DR B R A Bk 5T 0L, PR Ak o1 05 7 X
AR IR R AR 5 B R R K R ROK
Bt TR o 3 3 g b ) %o ) AT AT TR K AR

KER #%oKup
" F ¥

™
B ||

Jb 1 BT AR T DU BB AR 4 (18] 5) o diid
ARV ) 0 FE T AT UA ), TORROKAR B 74 1] 4<%
AR IR G DX AR S B A 52 A8 S b By IR L 4 1) 52
M H B 2 A AR A R AL, T A6 S B D0 AR
(Ko6).
3.2 AR E R

Hh BB T B30 BRIV 4T BEOCAR I 38 , - T
T T )R AR R S P AR AR SR B
FEX PG (3 TR 4% ) T 20 7 BE D AU AR I
A TEAR BT R K B TRK B A
DRORZE AR (P 7a) , 1 g 3t DX i 3 R OK Bl
FHBE UG Rk U SR BT iU o X — I AR R A
Yyt T SR H 41 5 oK AR
WL A GRME AR K, SRBL I DI R e 3 b R
FHE o AR g TR I v DORBO B L —IRUu — %
Ao T U0 H PSSR, PR AR PR REHIAR
AL UL LAZEAT R SRR A A i DL = I ORI AL |
R AT o FRAR RN o ROK RESIAR , LA 2R
ERRIT T RE T A DR 325 KPR = B R
LAY LA N T AR = fEg e W —aly
i S BRSPS ORIV o T A 1, HEDURURR IR 5 AR rg
DU AR JC2E 5%

WS LTy [RESL]
3 "

g T 3 -
B | b | - i 1 B|E|Hn
Im Jm | -

llllllllll

EEXFH
W

ERXH
EL

M T mm|
T IEER

=
£

(RRENGT ]
I K
K

S iR B G O R A — 18 K b — b 30l BBl G 1 AL TR AR G L ) T

Fig.5 Sedimentary facies correlation section of the Middle Ordovician Yanxi Formation in Dawucun, Lengshuichong,

and Shazitang in central Hunan and its surrounding areas



Y He A g 2 Me Ll Mg inl, ==
553 TSR R TP K S b R B e SR B AR AR DUBVRRIE B PR 1823
KBS Wk %R iki2ag SHBEAY
w F T w E " i T
A EREE I’,ﬁ‘;;zta%%m HE AR A ESRE HEHEEE
o T Tl R PP B Sy B F P i .
[ulist] i ] H1 CLTEET 5 | [UTE i 14 RE [ ]
w "
=
é K i
i i " " 8
; E o i ®
L all B | % B it it M
B m™ # N s *E i
=
&
2 I
[-40
2 |
gl L% P - 50 %
o k| I i 2 X ' 5
] " |15 1 s B 2
ks o 60
[ &l B ilm L H
i al i
|
8] I
T " #
i3 & :é X L
B i S m o)
L i ¥ e 1% R ¥ nlw oL
i o I . d | H 3
[ R Ho I L
St | # féﬁ loo7 r.j
izl i M
i | ®| ol B
@ a "
W
A
)
-
|
i 3
| 140 it |
i L | 4
N B
w2 » . B g
B ok (RL T
o wokisty [ ok x5
T on i [
a1 H
w |
K
i
[
¥ |
w W
1 *
x|
i
K|
i |

L6 i rh B8 Gk R A — ] S 31 — 3l Bl A v B Bl 8 A48 20 0 ARURT G L 1 T

Fig.6  Sedimentary facies correlation section of the Middle Ordovician Yanxi Formation in Daqiaocun, Hejiadong,

and Pulongcun in central Hunan and its surrounding areas

AR L rp BETURR IR, I8 v gt DR A ] A 4k
THIRWAEE ST, - b F ks3]
R T P R L X R K Z T RN W R, B Jo D
AV o 5 DUARIE Pl K 8 A K 5 (] IR R T 1 R Pl
(6] PG JEAS W8 S5l il , 233 A TTCAR Hhos B AR T 1] 7
JEERE . WFFEIX UL ER LABR IR L 15 3 oK B Hl
G BT 3 FERIFSE X AR 1 0 & 3 R K il
B A B A L R B URR (J&1 7h ) o

ML BEOURURY, 32 L AR s sh 82, -
THT PR T B, PO AL BB IR £h e 13 3 K REHI AR K
Wi B A 9 L i) 2 i 7 ) LS O 9 P R X
2K B RGOK A TOK B . 528 5 b
JB MRS A3 2 0 2 T, IR R DX K R AT e AR
P 3 16 P AU R A, DUBGE W 38 K (P 7e) o 3
1 b X 2 AN W RS, ot i DX s e 8 R L
DX, v A R R L I R A

4 IR AR ERR A DU B

4.1 HEREFETRFERERIMNE

WF9E B, GE A AT B TS R DT R A, ik
Jo AT S YR Ml TR EL IR A TR 2
SR A TR M 52T HLAE IS ShARHE i
FHh . BIFST IXRE A R ik R IR B i R X X
DUREREE /b7 HLA 208 S AR RE A Ak 2l
Gy RO B HTas S (R 1) ZEHI N 0 B 3
TS 5 b DX IR 2 Ak A ot BEEAS S, AR 1 v r
W P, E AR 2 % 2 i X (5] 8a) o i R
w (AD) +w (Fe) +w (Mn) = £ & H 51 i i 5+ Sio, >k
P52 w0 (AD/[w (Al) +w(Fe ) +w (Mn) | FE{E 53] 0.4 DX
B RN Y L2 A T TR RS 5 Y% b
EI K ZE 0.6 LA, FoR Rk A i oA A P i
5 R RV X A YT T B P 5 A A R



1824

A

5424

B

[Annes AT s i
A wbiy D wdhis 60
[ —ggastin 5 0] Bok ki
L= =gt v I R AK B B

w f|f

i Wil 7

S )
I et
[ kb
1 gipoei % I ROk
L=1=gepoein I o

CAHR

[ =gpoein s I G . (a)

A =it [0 bt L (b)

CAnns (A s
e[ ka s R G
[ grpoe s e 0] ok ki
BRI EEEUEY  FURI ]
A =gripoe s [ s

(©)

BT R B 2 3t IX v BBl 4t A0 R 2 73 BEDD AR F- Tl (4]

(a) T BEIUBURHSF T REAT 5 (b) PR B URRAR TR A 5 (o) b BUARAR - T Ji Al

Fig.7 Sedimentary facies distribution in different sections of the Middle Ordovician Yanxi Formation

in central Hunan and its surrounding areas

(a) plane distribution of sedimentary facies in the lower section; (b) plane distribution of sedimentary facies in the middle section; (c) plane distribution of sedimentary facies in

the upper section
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Table 1 Major element mass fractions of samples from the Yanxi Formation (%)

RS Si0, ALO, Fe,0, Ca0 MgO K,0 Na,0 TiO, MnO TOC  w(AD/lw(AD+w(Fe)+w(Mn)]
DWC-5 65.48 15.15 374 0.13 151 3.64 031 0.68 0.03 2.10 0.75
DWC-7 72.24 11.20 3.42 0.21 1.32 2.93 0.25 0.50 0.03 275 0.71
NJK-2 7343 11.24 4.34 0.07 178 2.87 0.11 0.53 0.02 L12 0.66
NJK-3 58.76 13.47 6.75 0.23 0.97 3.87 0.52 0.73 0.02 3.40 0.60
SMS-3 89.92 432 0.78 0.07 0.24 131 0.03 0.19 0.06 241 0.80
SMS-4 89.08 3.24 2.34 0.08 0.25 0.88 0.20 0.13 0.06 1.32 0.51
MDg-3 88.18 3.63 2.38 0.05 0.26 0.94 0.15 0.15 0.05 1.45 0.53
MDg-4 89.89 327 133 0.84 0.24 0.84 0.07 0.13 0.05 1.26 0.64
MDg-5 80.57 7.76 2.28 0.06 0.55 2.26 0.22 0.38 0.02 0.57 0.72
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Fig.8 Determination of the formation environment of siliceous rocks in the Middle Ordovician Yanxi Formation

in central Hunan and its surrounding areas

(a) AlL0,/ALO,+Fe,0,-Fe,0,/TiO, scatter plot diagram of siliceous rock (revised base image from reference [15]); (b) Fe,0,+MgO-TiO, scatter plot diagram of siliceous rock; (c) Al

-Fe-Mn trigonometric diagram of siliceous rock (revised base image from reference [19])

x2 MWEATHERBETERESE(x10°)
Table 2 Trace element mass fractions of samples from the Yanxi Formation (x107)

GRLE v Ni Cu Zn M, Ba Th U Sr U/Th V/(V+Ni)
MHP-2 33.12 2.14 16.08 153.51 3.65 146.15 231 1.36 27.30 0.59 0.94
MHP-4 13.08 1.92 1.76 1.41 1.31 76.24 0.56 0.53 6.47 0.93 0.87
MHP-5 29.32 3.20 13.79 3.97 2.36 151.98 1.64 1.02 21.91 0.63 0.90
MHP-6 56.14 439 3.56 5.83 5.42 244.63 3.5 2.23 33.76 0.68 0.93
SZT-1 22.33 7.66 1.98 2.68 1.60 97.54 0.80 0.64 13.51 0.81 0.74
SZT-2 26.59 3.28 1.42 3.62 232 61.94 0.60 0.46 8.60 0.76 0.89
SZT-8 9.78 3.41 1.06 0.80 0.91 40.54 0.63 0.38 7.39 0.6 0.74
SZT-9 20.78 5.66 35.35 2.40 1.28 96.19 0.78 0.60 9.12 0.76 0.79
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Fig.9 Plane distribution map of trace elements from the Middle Ordovician Yanxi Formation

in central Hunan and its surrounding areas

(a) VA(V+Ni) mass fraction ratio plane distribution; (b) Mo/TOC mass fraction ratio plane distribution
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Fig.10  Standardized curves of rare earth elements from the Middle Ordovician Yanxi Formation

in central Hunan and its surrounding areas

(a) Madugiao outcrop; (b) Mianhuaping outcrop
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Sedimentary Characteristics and Environment of the Middle
Ordovician Black Fine-Grained Rock Series in Central Hunan and Its
Surrounding Areas
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Abstract : [Objective] The Middle Ordovician Yanxi Formation is a recently identified set of marine organic rich
black fine-grained rock series in central Hunan and its surrounding areas, with good shale gas exploration potential.
The research on the sedimentary characteristics of this black fine-grained rock series urgently needs to be strength-
ened.[ Methods ] The lithology and lithofacies combination types of the Yanxi Formation were identified through field
exploration and slice identification, and the sedimentary environment was determined through element testing. Basin
analysis technology, combined with regional tectonic movement history, was used to identify the nature and morphol-
ogy of the prototype basin, determining favorable sedimentary facies zones, spatiotemporal distribution, and sedi-
mentary patterns of the black fine-grained rock series.[ Results ] The lithology of the Yanxi Formation is primarily sili-
ceous rock and carbonaceous shale, followed by silty shale and siltstone. Siliceous rocks are mainly biogenic in shal-
low marine environments, and carbonaceous shale is formed in a quiet and anoxic deep water detention environment.
Four types of lithofacies combinations can be identified within the Yanxi Formation : thick pure carbon shale, carbon
shale and siliceous rock combination, silty shale and siliceous rock combination, and silty fine sandstone with thin
layer shale combination. Based on different rock facies combinations, the Yanxi Formation can be vertically divided
into three sections: upper, middle, and lower; the distribution thickness of the three sections in the region is relative-
ly stable and has good comparability. The thick layer of carbonaceous shale in the middle section is the most impor-
tant source rock series. The Yanxi Formation is characterized by a thick southeast and thin northwest distribution in
the study area, and the types of sedimentary facies include deep water basins, deep water continental shelves, shal-
low water continental shelves, and turbidite fans. The distribution positions of each sedimentary facies zone varied in
different periods of the Ordovician, with clear zoning and continuous changes. [ Conclusions ] The central and sur-
rounding areas of Hunan were in a stagnant hypoxic water environment during the Middle Ordovician and were a sta-
ble depression basin within the block. The deep-water continental shelf facies and deep-water basin facies are favor-
able facies belts for the development of organic shale in the Yanxi Formation.
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