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“Chemo-sedimentary facies” analysis: An effective method to
study fine-grained sedimentary rocks

Liu Keyu'?  Liu Chang’
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2. Laboratory for Marine Mineral Resources,Qingdao National Laboratory for Marine Science and Technology ,
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Abstract ; Fine-grained sedimentary rocks,a key rock type bearing shale oil and gas,are characterized by fine grain size,
colour uniformity and strong heterogeneity. Traditional sedimentological study based on visual observation and optical ima-
ges alone becomes inadequate to precisely characterize such fine-grained rocks. Therefore ,a “chemo-sedimentary facies”
model for analyzing fine core-scale samples is established based on the high-resolution( down to 30 pm measurement in-
tervals) 2D inorganic geochemical element mapping of rock slabs obtained by in-situ XRF scanning and optical images.
Through the model, it is possible to unambiguously recognize the rock compositions and sedimentary fabrics. And then
certain environment-sensitive elemental parameters(ratios) can be calculated in situ from individual chemo-sedimentary
facies at millimeter-centimeter scales for the effective interpretation of depositional environment and provenance of fine-
grained sediments,as well as their origin. Meanwhile , the method also avoids information interference in the conventional
bulk compositional analyses whereby homogenized sample powders are often used. In conclusion,the method can help to
establish more fine-scale sedimentary facies models and to provide reliable data for the exploration and development of
tight and shale oil & gas.

Key words:2D — XRF scanning, nonorganic geochemical element, chemo-sedimentary facies, fine-grained sedimentary

rock , depositional environment ,shale oil ,shale gas,Lucaogou Formation, Jimusaer sag
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Table 2 Depositional environments of fine-grained rocks

TR b TR Bigcee®
et K B0 A 8 T I U KL
SR, R KB 5 SR VU KL
LRI - R, A o AR
WA BOIRA s
PRI K15 Tk DU Te A=Y s AT R AL 1 i 20140
RV K B3 DTN R SN
e e — KR WOREUR A R,
SR KT AR K 5 DT g Lt
e P HUTORS - T AL I SRR
Ao 2 TR R 4 A PR AIEORIR
e R JE%R#‘B&#ﬁﬁ%E*ﬁiﬁ 9{{@‘@}[%,20167337
T , ih- B HURSURIRIE & o
SR g =)
PR — VAW, AR AR X 2 R U FR - 22 SN
AT KR A e e e -
KV 30 T AR HLEIR B a=
PR RN Kt b4 2017
BN KRB, Vi, BT R T £ Ik
HE W O SR
Sk, - S5 R kB o ok S b ER AN
B IR T vk - H 3 Rk
SRS , KRR A L S R
IR K 7 RABLRRE AR
VR 1 RRIRES KRR B e g 1 e i b
T AT LTI AT LIRS & SRR IR R R R
WIEREE KRR/ L (AT BT I AT LR 1 K R
TEESS , kB R FRIR A AR 14 25 R TR A 4 S t
KV P SE R TRERBE T K IR P
Bk 48 b A LTS SR
TR, B (G HLT GO TR - BRI




494 WS KRR MR

5540 &

A F TR AR DA R ANEE R 1 ARG
Hh S R SRR TR IR RACR . I AR )=
R SN ANELSZ 2 FLIGE /NS SR i 52 3 £L B EE A
B A e E LA R A KR Y
) FBL i) FL G P D 2 T3l , R T 0F A, e Ty
il A R 2 A 25 I 3 4 L s ) L o AN
Gy, ARITIF Ko X ARLTTRE il AT
T sf 3 5 2 A7 2R DR M ADRE TR B )
PG4 LA A R L R — R 4
ERVEPIE = 216 & SRl 1 ca (8 A 0 )
o M WA RE TR o I A oh 2 3 R A
W KA SRR — e
DUT MEPER™ ) & by, e M PRy, 5 TR
RARETS T 04E , (HoE A e 32 3 1 i kB4 1Y)
OIS, 2RI IS £ DA A0 b SR ECIR A i
it A1 M R A P Y L 7 20 B, AN T AR SR
AT A, PR AR A B O PR ) 5 4, SR
A RARMMEE o AP R AR B, MBS R T 4I0kE
DIRUE DU AR A 00 28 7 g, BAT B v R ¢
VR oA AR R A R AT A
I LA [ 2R A7 0 32 2 ph 25 A FH AR, 4 e A
J, AT LASE A7 e f) 5 i, o ml LUGE B i 45 44 A
TetE— B A R DR A O e 4
AR IR RS DR AT F 25 S AN TR AT RS AT
Ja e Wy HAT A R A JC WL 3R b 27 0 22 4R, PR i T
LA FHICHLHBER T~ T B AR o R e 0™ 490 1 oA U5
ARSI o 1 KPR 3 DR AR R PR 5 35 v il
i S S R H B B A RE LR /N RUBERE i, 5 5 1
IR BACR R IR, 14 58 XRF \XRD 4£J03K 73
i R A PR 2 — Ak, 25 5 1 B TE I B4
H A UG BRI BLR , A BEA RO 5 AR TR A DA
YA IR ARG A, Rt ol AR A~ - DURRAH T L3R 15
RIEEFFRA R TC R M ERAL 15 B, X518 3R a5
PEATICHLHER AL 272 23 B, AT 7 b e A AN AR SR R A
Yj—AuJa oA B w5 A U B A R, e KPR 52
B N R/ E Q1R IS E SRS G2V IR

ANTR] B8y PR R 2 M) T 4RI TR A AL
RIS TIAN G AR, R m 1 TR AR A LA
TEMFAAPRIEE 32 A A Ui A2 0 1) e A 7 0 R )
THPURGRAE RS AL DU AR T i & A Bl
JESRAA TUA M BE AR ZEREHIBIIAER B b, 0
AR BOBROKIIA T AR LU Je R 3 R
TEAEZ o JBOK I AE AR X M A B 5 e A e
M THEWES U UG e B IR, BEIREE S AR

7RG 3 ZEAFDOT 5000 I 30, 3 B A A T A
H, FEONE AR B, B U S AR AR, BRIR AR
AR KRR — e R R T
AT BRI U DR AT, — JBE DL R K X AR 3
IEHA B R IR 1, TOK IX L Ao 32, M T4
PUSTRIORATE o E H Tty PRI A0 AR A AL TR
JEJEE/INEA IR ERT, AR /0N B JBE I P 2 ) B 22 b oty PR
fiko M TFATRL DR 2 E 40 B 1 5] AR Y ik
5i, P G TURRARR 20 A Gk A 2 O ML AR AR U 2R B
1 T BERUURER T 19 15 8L, P 5 24 DL o A
BoR I 4 oe R kA= i 2= o A5 B AR AR G
HBBRA 7 2 B R IR ) S BNy PRI R4 T 5 7
REANFRAL

2 AesE = DUBAH S A R H

Ak JZ 2 ( chemostratigraphy ) 3 T — 4k 56 2 47
B, C8E) 12 R 2 XT EE 2 3 2 2= LA iR
HRMIE BT AR R — i L R R B
BT RAETUFAAEZS (8] ARS8 Bk . B o 4RIt
B AR SA BT PE A 0, 5 H 0% 9 26 R 4 1 Pl B 00
FEEAME ST /NG 1t oA B AR 4,
HHLI XRF F1 XRD SE508 0 1) 5307 T B s 2 HE i
HEATBREI — A A B, AS(EFE B JC 6 3R A% IR A6 43
Brabr O R AR AR, B 1 i TE IS B 27 7 A 2K
FEIIILG . X AR TR A Al B R Ak
HE XU AR AT LA FE e AL Bk 1k 22 0T R 19 T Bok
AT IR RAE , 3520 20 BRAE AR TR 5 b 9 1
WL T BN, 1 P8R AR AR R TR A R i 3R T ) D' o

2 T G

Bita TRV 43 A

i

VR P || i WG
AL oA
R4 - WUBU
| swwmaesesrerckig |
I Y
EmEEZa
[ |
i

| S A BT AL 22- DAL |

BT b2 — DUBURRE AL A 20 PRATE kL
TR R R
Fig. 1 A workflow for establishing “chemo-sedimentary facies”

model and its application to fine-grained sedimentary rocks
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Fig.2  Optical photographs and elemental maps of hand specimens for typical fine-grained sedimentary rock samples
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498 WS KRR MR

%540 &

SE 25 00 1 8 R I 2 A 4R A R A X R K
HREE® VU, Mo B 4 IHE 7R B 41O LU
BB RS N B (18] 5)  ZERE S T3 ALK, Si
AR T T S R S 2 — B HER
ARG RIS 32 Sr AR RT AR, Cu 5 B A 4
RN KRR R R, R U, VAR
XEHHS AT IR JEUEREE . £ TR BE Sk T AR LA
ST BRBE A A K TR L R AR I PR
B, RES EIRITE M Ak, TR ALK, Si S e 2y
ZRFLMERR VR B P 22 95 Ca, Mg 5 iR, 55 ALK,
Si fri X BT R AP REE 5 T A e A — 5, i RE ko

) Ca,Mg 01 St {H =, Ti, Cu, U Al V {EL{I, SR WIRE B AL
AR ISR T PR 50 R AR RS  JR5

SZALR BRI 38 4o B — 45 ) 1 0 3R P 1 5347 14
(e 222754k ) F i A BERE PRI 04 A O AL 5 -
HJZAT  MELATE B A T b 4] o, T A Y S 58
M B BEXTRE dh BEAT X — AR iE , 7 B s - U0
BARINE TR 2T, 0] A R IR — A vy PR X S alofs
3SR G B —& . At - DU ik
HR] DATE B — 5 3 P U B OT BB, 455 7 PR
HESHTLHAR Ry - DB BA U B2 %, 18
1, A SCHI ] St/ Cu AR A, 8 7 Sr/Cu > 10

object3

object2

2 Y

objectl

object4

g :

LB
8-}

Fe

50+ ' Ca Mn
Fe —— Objectl E
40 - ! - — - Object2 =
30
B
20+
Si
or, ‘s Fe(K,)
0 E%'A\Aj oMU A
5 10 15
fE&/KeV
50 F
—— Object3
40 - - - - Objectd

object5

object6

g

~objeth i object3
I
10 15 20
figft /KeV object]
50
—— Object5
40+ - - - Object6
\B)
Au e
10 15 20 0 é 1'2 1I6 2'0
gk /KeV .~
RER/KeV I

KI5 b ARER R MIBE 2 R 8 2 SRDB D )8 4 R i T R A
Fig.5 Samples of typical silty mudstone from the Lucaogou Formation, Jimusaer sag
a. Object 1 il Object 2 TCE R ETEIE] ;b. Object 3 Fll Object 4 PITH ML K ;¢ Object 5 Fll Object 6 MITH I ;d. A0 8 75
e. Al(ZI() K(&k@E) Ca(HE M) MgOBE) Si(FE )5 FOCERELE G- F oA



3 1]

PULTIEEI g A= R VIV 1 W3 Ry U 0 P RV S 2 ) SR SRS RN 499

e TRAME, 1 < Sr/Cu <10 $5R0808 <4 . AL
V/ Cr FRAE L AALE S 26l H V/Cr > 4. 25 57851
RIS 2 < V/Cr <4.25 18/ 55108 53R, V/Cr <2
RGP . AU Sr/Ba AR IR, Sr/Ba > |
FE7N K, Sr/Ba < 1 487R1%K . FIH (Al +Fe)/(Ca +
Mg) $87R KR, m {48 8 K ARMEHE R K 435
FEAN R AR S B BT HLHLBR fb 27 ST 3R A58, an &l 5
fii7n, Hirh Object — 1 Fl Object — 2 J& T [7] — #H 47,
Object —3F1 Object — 4 J& F [7] —AH 7, Object — 5 FI
Object -6 J& T[] —AH#T , 7EAH [A] B9 AR , JT R 1935 K]
FEAR—FOR TS, MAEAS [R] A AE A T R 1% EE B
HA W25, o0 € 5 B e A AR — 2,
AN [R] AR (] 22 A R (3R 3)

AL ol P58 145 78 240 J 7 Tk AL
K 6 fif/n, Object — 1 B 4% 1 #1858 p Sr/Cu =
456. 24 $5/ T A%, V/Cr = 13. 36, 3578 3R I8 IR 5T,
Sr/Ba =5.38 5758k, (Al + Fe)/(Ca + Mg) =0.33 #5
TRAHXT K FREE | Object — 2 4% 4 1l SR 55 S8 h S/
Cu =524 F575 T 5%, V/Cr = 13. 95, 45 75 58 348 Ji 2R
3% ,Sr/Ba =3.75 #5878 Jd@K , (Al + Fe)/(Ca + Mg) =0. 34
FEARAHRE K B EE , BAR Object — 1 il Object -2 7
Tl AL , {H il PREE S AR — B, Tk BB A8 A

A—F T84S, Object -3 & IS Hh S/
Cu=108.7 #8715 T 2545, V/Cr = 13. 62, 3§ /5 3838 J5
5%, Sr/Ba =3. 92 F8/n K, (Al + Fe)/(Ca + Mg) =
0. 73 $8 /R AHXT IR K IR EE, Object -4 1454 1 I EE 2
B Sr/Cu =111, 45 88 T 258, V/Cr = 13. 26,
FE/RIRIA IR, St/Ba = 3. 21 F5 )8 K, (Al + Fe)/
(Ca +Mg) =0.62 5§ 7~ #H X TR 7K P14 , Object — 3 Al
Object —4 T 3G SR AR — 3, RIS BRIE S REAR —2L,
8% Object —3 1 Object — 1, Object —4 F10bject —2 7£
T ARG (E T PREE S5 A 22 5, Object - 5 (1)
H RS EC St/Cu =70.45 $5R T 5A4%, V/Cr =
26.63 35 /R IR IA R FRE , St/Ba =0. 77 $8/R7% 7K, (Al +
Fe)/(Ca +Mg) =1.38 $§/RHHXT ¥R /K #4%, Object — 6
125 I R SE Sr/Cu =61, 67 /R T 5545, V/Cr =
16.93 45 /8384 JF 3RS | Sr/Ba =0. 75 $5/R1% 7K, (Al +
Fe)/(Ca +Mg) =1.32 $8 /R fHXF R K AL, Object - 5
F1 Object — 6 B iEEIEAREA 3,
3 45

1) “Ab2 - BB o0 dr i A WAL G T A Ak
Al 2R T R 53 HEEE (30 wm) (1) 4T 21T 40 A 5 2 R

®3 EAFERMBAEHHAARERMERERSNRMKEZTRSNER

Table 3 Elemental analysis of various measurement points in typical argillaceous siltstone samples from

the Lucaogou Formation, Jimusaer sag

) 5 Object — 1 Object —2 Object -3 Object —4 Object -5 Object —6
Na 1.18 1.09 2.74 3.64 3.22
Mg 5.96 6.26 3.21 1.49 1.40
Al 3.60 3.93 5.17 6.53 5.96
T& Si 17.76 18.91 27.10 25.33 32.19 31.09
fff K 0.01 0.01 0.02 0.19 0.11
o/
% Ca 19.31 20.38 8.81 4.33 4.27
Ti 0.19 0.22 0.32 0.37 0.29
Mn 0.18 0.20 0.08 0.05 0.04
Fe 4.72 5.08 2.29 1.50 1.55
v 184. 84 178.24 178.93 162.71 131.56 118.84
Cr 13.84 12.78 13.14 12.27 4.94 7.02
Ni 2.02 0 22.74 9.45 5.45
(& Cu 4.04 3.59 7.62 6.13 7.92
JLHR
s Zn 45.98 49.79 56.28 51.58 55.83 43.88
o/
10°° Rb 9.55 7.54 33.99 59.61 45.21 52.34
Sr 1 843.27 1 881.58 1012.58 849.83 431.81 488.23
Zr 60.72 106.99 169.51 191.21 260. 13 217.95
Ba 33.42 50.19 25.85 26.49 56.30 65.50




500 Al 5 R R R M R 5540 %
. Wk Z[(3Sr/Ba)]
Object’ L. Ak
4 7 \
TR K%
(0.05Sr/ Cu) 4 [10(Al+Fe)/(Ca+Mg)]
AR N\ ik
——— Object-2
- - - - Object-1
by
b 1 5 FULEIR(V/ Cr) b
i #h i (3S1/ Ba) W Eh £ [(3Sr/Ba)]
kA Ak
T N ik ¥ ok
(Sr/CuX0.05) “ [10(Al+Fe)/(CatMg)] (0.05Sr/Cu) [10(Al+Fe)/(Ca+Mg)]
A N / IR H / iR
N\ \ /
——— Object-4 4 ——— Object-6
i I "7 77 Objeet3 N -~ - - Object-5
# 4R (Y /Cr) c ARV / Cr) [d]

Bl 6 AN[RIERAL A% i BREE 15 Koo A1
Fig. 6  Paleoenvironmental indexes in different chemo-sedimentary facies
a. AICZL(R) K(&k() Ca(ifiR) MgOB ) \Si( B ()5 FhOTR MR LE S VM2 ;. Objectl F1 Object 2 )il PRI 8 £ ik 141 5
c. Object 3 il Object 4 BT M EEFE 50T K& ;d. Object 5 il Object 6 8 fy MR B 5 5 5 ik &

A AT FMRAFAE , n] LY B R AR DR A AR
MELAHEN I GO (A7) FRAE U0 5 A0 0 W i DO
e FIAL T, Mgt e 1 A GE T AR 2 R D5 1 A3 o
WFFEARLITRU A W58 M7 2 27 05 1 JC 1 3R AE
DUBUAE — 4= 8] b g AR el

2) M= 4e A=A e = b nl RLAE R R
PRA B A EAR A L (30 em x 15 em) EHRFFEANKL AR
JEPE, AT LABRAME GE 42 %a XRE A1 XRD 455246 I
FEREAE A TR — 1 BT T B JC A B A AR
SN i i SR FR BURE il L BR AL 27 0 B FR B 4
NS, REFUNTTRR W ok DR IR, B T A 23 B
w ST

AP EE B RTFLFARRAD L M+ %
WHHFE P EEBAFRN KA ETRE A
BAKXWEEHEER K, T 03X ARX
SR E S TiELH I, KA+ E BT
“OT3VEE fE R K B R FIE A R AR RAE A K R K
B

Z £ X #t

(1] Bk, AR, oo . vl [ A o A o <098 55 B8 P4 O R il o
[J]. A S HF % ,2012,39(2) 129 - 136.
Jia Chengzao,Zheng Min, Zhang Yongfeng. Unconventional hydrocar-

bon resources in China and the prospect of exploration and develop-

(2]

(3]

ment[ J ]. Petroleum Exploration and Development,2012,39 (2):
129 - 136.

ABARE, B L IKE A S B - ARE AL AU A IR A
PSR )] A ST % ,2014,41(1) 114 -27.

Zou Caineng, Yang Zhi, Zhang Guosheng, et al. Conventional and
unconventional petroleum®orderly accumulation” ; Concept and prac-
tical significance[ J]. Petroleum Exploration and Development 2014,
41(1):14 -27.

BRI I AR BRI NS 28 M A I IR AR b A B 1 S
LI AR5 I % ,2017 ,44 (1) o1 - 11.

Jia Chengzao. Breakthrough and significance of unconventional oil
and gas to classical petroleum geological theory[ J ]. Petroleum Explo-
ration and Development,2017 ,44(1) :1 - 11.

BP. Statistical review of world energy[ EB/OL]. [2013 -03 -01].
http ://www. bp. com/ statistics.

USGS World Petroleum Assessment [ EB/OL, 2013 - 03 - 01 ].
http://pubs. usgs. gov/dds/dds-060.

Zou Caineng,Jin Xu,Zhu Rukai, et al. Do shale pore throats have a
threshold diameter for oil storage? [ J]. Scientific Reports,2015,5;
1-6.

b, XBRA . b R AR A B B A [T ], Al AE 4R, 2012,33
(H1).1-5.

Qiu Zhongjian, Deng Shongtao. New thinking of oil-gas exploration in
China[ J]. Acta Petrolei Sinica,2012,33 (Supp. 1) :1 -5.
ORI, AR RE , 2R, A5 P R BRI bR v R
AFFAE R PHE TR T ] A M4 ,2012,33(3) 343 - 350.

Jia Chengzao,Zou Caineng, Li Jianzhong, et al. Assessment criteria,

main types, basic features A and resources prospects of the tight oil in



3 1]

PULTIEEI g A= R VIV 1 W3 Ry U 0 P RV S 2 ) SR SRS RN 501

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

China[ J]. Acta Petrolei Sinica,2012,33(3) ;343 -350.

BRI KRR, TR AE ML T B g RS (] A
A ,2014,35(1) .1 - 10.

Jia Chengzao,Zheng Min,Zhang Yongfeng. Four important theoretical
issues of unconventional petroleum geology[ J]. Acta Petrolei Sinica,
2014,35(1) :1 -10.

A, R, /N A R ECR I R BT A% 1 B B 4R
HZ ASSR St =B RIECH 7 BOW O[T ], AR S
% ,2017 ,44(1) .12 - 20.

Yang Hua, Liang Xiaowel, Niu Xiaobing, et al. Geological conditions
for continental tight oil formation and the main controlling factors for
enrichment; A case from the Chang-7 Member, Triassic Yanchang
Formation, Ordos Basin, NW China[ J]. Petroleum Exploration and
Development, 2017 ,44 (1) ;12 -20.

Aplin C A,Macquaker H S I. Mudstone diversity ; Origin and implica-
tions for source, seal, and reservoir properties in petroleum systems
[J]. AAPG Bulletin,2011,95(12) :2031 -2059.

Macquaker ] H S, Adams A E. Maximizing information from fine-
grained sedimentary rocks: An inclusive nomenclature for mudstones
[J]. Journal of Sedimentary Research,2003,73(3) ;735 -744.
Schieber J, Zimmerle W. The history and promise of shale research
[ C]//Schieber J,Zimmerle W, Sethi P. Shale and Mudstones ( Vol.
1) : Basin Studies, Sedimentology and Paleontology [ M ]. Stuttgart :
Schweizerbart’ sche Verlagsbuchhandlung,1998:1 —10.

A, G, S A S R AR TR B T B LA R [ T ]
£l 4R ,2013,34(6) :1031 - 1039.

Jiang Zaixing, Liang Chao, Wu Jing, et al. Several issues in sedimen-
tological studies on hydrocarbon-bearing fine-grained sedimentary
rocks[ J]. Acta Petrolei Sinica,2013,34(6) ;1031 —1039.

Baldwin B,Butler C O. Compaction curves [ J ]. AAPG Bulletin,
1985,69:622 - 626.

SRR, DRI, AR M B, 45, 8 5 A ot 2 L Bt YA 5 T
BERMRIF[J]. RIATHERFL S ,2013,24(3 ) 1439 - 449.

Guo Qiulin, Chen Xiaoming, Song Huangqi, et al. Evolution and mod-
els of shale porosity during burial process[ J]. Natural Gas Geosci-
ence,2013,24(3) :439 —449.

ZRfE IR AL, Pk, S T SR A VG 1M1 T 1) 280 38 AR 0L I
A BUZFHIE LB FE R SCLT ). b A i B4, 2015,21(1) 239 -
47.

Li Tingting, Zhu Rukai, Bai Bin, et al. Characteristics and research
significance of fine lacustrine sedimentary rock laminations of the
Xiagou Formation in the Qingxi Depression of the Jiuquan Basin[J].
China Petroleum Exploration,2015,21(1) ;39 —47.

Ackleson S,Balch W M, Holligan P M. 1988. White waters of the gulf
of maine[ J]. Oceanography,11:18 —22.

FIREER, B HASOZ MUTRWLIEAT R IR SR [T ]. A0
B W22 ,2004 ,24(3) .43 - 48.

Wang Guanmin, Zhong Jianhua. A review and the prospects of the
researches on sedimentary mechanism of lacustrine laminae[ J]. Acta
Petrologica et Mineralogica,2004 ,24(3) .43 —48.

Haschk M. The Eagle I BKA system,a novel sediment core X-ray
fluorescence analyser with very high spatial resolution[ M ]. Geolog-

ical Society, London, Special Publications,2006,267:31 —37.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[32]

Weltje G J, Tjallingii R. Calibration of XRF core scanners for quanti-
tative geochemical logging of sediment cores: Theory and application
[J]. Earth and Planetary Science Letters, 2008, 27 (3 - 4).
423 -438.

Rothwell R G,Rack F R. New techniques in sediment core analysis;
An introduction [ M ]. Geological Society, London, Special Publica-
tions ,2006 ;1 —29.

ARA e, MR AR, AR AER LM AT M. 2 Bz b s b
Sl ikt 2013 1188 — 196.

Zou Caineng, Tao Shizhen,Hou Lianhua, et al. Unconventional hydro-
carbon geology [ M |. Beijing: Geological Publishing House, 2013 ;
188 - 196.

B &t X SRR A3 [ M. JEst . 1B s ik, 1980.

X-ray phase analysis of powder crystal[ M ]. Beijing: Geological Pub-
lishing House, 1980.

e, BB, S 7 A5 XSO T [ M. Jbat: #5
HiMH:, 2003 155 - 165.

Ji Ang, Tao Guangyi Zhuo Shangjun, et al. X-ray fluorescence
spectrometry [ M ]. Beijing: Geological Publishing House, 2003 ;
155 - 165.

SRR IR, B35, 45 3P BRI - SRRR A - i B A
S5 TR BT RN H SR A T i 2 e R [T]. E I, 2011,
30(6) :737 —744.

Zhang Baoke , Wen Hongli, Wang Lei, et al. Quantification of multi el-
ements in geological samples by inductively coupled plasma-mass
spectrometry with pressurized decomposition hydrochloric acid extrac-
tion[ J]. Rock and Mineral Analysis,2011,30(6) :737 —744.

Picard M D. Classification of fine-grained sedimentary rocks [ J].
Journal of Sedimentary Research,1971,41(1) :179 - 195.

Loucks R G, Ruppel S C. Mississippian Barnett Shale ; Lithofacies and
depositional setting of a deep-water shale-gas succession in the Fort
Worth Basin, Texas[ J]. AAPG Bulletin, 2007 ,91(4) ;579 - 601.
Macquaker J H S, Taylor K G, Gawthorpe R L. High-resolution facies
analyses of mudstones: Implications for paleoenvironmental and se-
quence stratigraphic interpretations of offshore ancient mud-domina-
ted successions[ J]. Journal of Sedimentary Research,2007,77(4) .
324 -339.

Trabuchoalexandre J,Dirkx R, Veld H, et al. Toarcian black shales in
the Dutch Central Graben: Record of energetic, variable depositional
conditions during an oceanic anoxic event[ J]. Journal of Sedimentary
Research,2012,82(3 -4) :104 —120.

kg, skoTAR , R, S5 VO Fh T 20—k ThiR 2 AN [ K
B IR TUEEARFFIEL T ] A1, 2014 ,35(4) :623 - 632.
Wang Zhifeng, Zhang Yuanfu, Liang Xueli, et al. Characteristics of
shale lithofacies formed under different hydrodynamic conditions in
the Wufeng-Longmaxi Formation, Sichuan Basin [ J ]. Acta Petrelei
Sinica,2014,35(4) :623 - 632.

TR, KA , TRBE , . i (AT B ATURE 40 ) 43 B I S 5t
0= LG 1] 7 e v 0 J o 3 DXl B 2 S A [0 ] T 2%
2016,23(1) :107 —118.

Jiang Yugqiang, Song Yitao, Qi Lin, et al. Fine lithofacies of China ma-
rine shale and its logging prediction; A case study of the Lower Siluri-

an Longmaxi Marine Shale in Weiyuan area, Southern Sichuan Basin,



502 A5 R R R R 55 40 &
China[ J]. Earth Science Frontiers,2016,23(1) :107 - 118. spot analysis; A case study of the Kong-2 Member in the Cangdong
[33] kb, e K, AR AN, 25 FE AR 20t/ N i O I 4k A A sag, Bohai Bay Basin, China[ J]. Petroleum Exploration and Develop-
ARFAE S PR R R [T ], KRR BRFL 22, 2016,27 (2) ment,2016,43 (1) :24 -33.
309 -319. [41] Lemons D R,Chan M A. Facies architecture and sequence stratigra-
Zhang Shaomin,Cao Yingchang,Zhu Rukai, et al. The lithofacies and phy of fine-grained lacustrine deltas along the eastern margin of late
depositional environment of fine-grained sedimentary rocks of Xiaohu Pleistocene Lake Bonneville, northern Utah and southern Idaho[ J].
Subsag in Yabulai Basin[ J]. Natural Gas Geoscience,2016,27(2) : AAPG Bulletin, 1999 ,83(4) :635 - 665.
309 -319. [42] Barclay S A,Worden, R H. Effects of reservoir wettability on quartz
[34] SR, BB, T TS W, 2. WA 2 4n ki iR A S AR 2 A K i = cementation in oil fields| M ]. International Association of Sedimen-
R ——LLZR B IR VYRl A 2 R R (MBS L RS o I [ ] tologists , Special Publication,2000,29:103 - 117.
Wl K2 4) ,2016 ,45(3) 568 - 581. [43] Buckley J S. Effective wettability of minerals exposed to crude oil[ J].
Zhang Shun, Chen Shiyue, Pu Xiugang, et al. Lithofacies types and Current Opinion in Colloid & Interface Science,2001,6:191 —196.
reservoir characteristics of fine-grained sedimentary rocks in Paleo- [44] Chong K K,Grieser W V,Passman A et al. A completions guide book
gene, southern Bohai fault-depressed lacustrine basin[ J ]. Journal of to shale-play development: A review of successful approaches towards
China University of Mining & Technology,2016,45(3) :568 - 581. shale-play stimulation in the last two decades [ C]//Proceedings of
[35] ER4kAE  XSuc, i 5 W, 25, T 2 i e 45 1M BA FL — BRAn kL iR & Canadian Unconventional Resources and International Petroleum
PURUEHRAE R sl B 22 (0] A il 5 R 4R b 3, 2017,38 (1) Conference. Calgary, Alberta, Canada; CSUG /SPE,2010.
98 - 109. [45] Jarvie D M, Hill R J,Ruble T E, et al. Unconventional shale-gas sys-
Yan Jihua,Deng Yuan, Pu Xiugang, et al. Characteristics and control- tems ; The Mississippian Barnett shale of north-central Texas as one
ling factors of fine-grained mixed sedimentary rocks from the 2™ model for thermogenic shale-gas assessment [ J]. AAPG Bulletin,
Member of Kongdian Formation in the Cangdong Sag, Bohai Bay Ba- 2007,91(4) 475 —499.
sin[J]. Oil & Gas Geology,2017,38(1) ;98 —109. [46] JEE0 M=, 44K, 5. SUAHZE AT 24 e R BP0 vk
[36] Wang G C,Carr T R,Methodology of organic-rich shale lithofacies i- [J]. Hh2:mT4%,2012,19(5) 356 —363.
dentification and prediction: A case study from Marcellus Shale in the Tang Ying, Xing Yun, Li Lezhong, et al. Influence factors and evalua-
Appalachian basin [ J ], Computers & Geosciences, 2012, 49, tion methods of the gas shale fracablity[ J]. Earth Science Frontiers,
151 -163. 2012,19(5) :356 —363.
[37] MHJE, FE28, THber, 4. i iR Ak iR s A A & B R E [47] Sondergeld C H, Newsham K E,Rice M C,et al. Petrophysical con-
FeAEhIHZ [T, P EB Y RE2ER ,2017 ,46(2) :365-374. siderations in evaluating and producing shale gas resources[ J]//SPE
Yang Wangqin, Wang Xuejun, Ding Juhong, et al. Characteristics and Unconventional Gas Conference. Pittsburgh, Pennsylvania, USA.
control factors of fine-grained sedimentary rock lithofacies in Bonan SPE,2010.
subsag[ J]. Journal of China University of Mining & Technology, [48] Slatt R M, Abousleiman Y. Multi-scale , brittle-ductile couplets in un-
2017,46(2) ;365 —374. conventional gas shales: Merging sequence stratigraphy and geome-
[38] SRy, ZEAE%, B, 4308 M RA b i) 45 41 DU BE bV B4k AU chanics[ C]. AAPG Annual Convention and Exhibition. Houston
ARRRIE R S UTRR TR G R [ ]. Al *# 4z, 2017,38 (10) . Texas, USA: AAPG,2011.
1110 - 1122. [49] Nelson R A. Geologic analysis of naturally fractured eeservoirs; Con-
Wu Jing, Jiang Zaixing, Liang Chao. Lithofacies characteristics of tributions in petroleum geology and engineering[ M |. Houston ; Gulf
fine-grained sedimentary rocks in the upper submember of Member 4 Publishing Company, 1985 :320 pp.
of Shahejie Formation, Dongying sag and their relationship with sedi- [50] #t4&, mfe aEE, % ATHETUASMET X TN B
mentary environment [ J ]. Acta Petrelei Sinica, 2017, 38 (10 ) [J]. KRR T,2011,31(5) :6 -8.
1110 - 1122. Du Jinhu, Yang Hua,Xu Chunchun,et al. A discussion on shale gas
[39] Z=ikf, MRERFE, XUBE, 55, W2 A0k DURURRE 5 & A LR 005 45 exploration and development in China [ J]. Natural Gas Industry,
AR DUSR ZH A i e K2 K 7 i Z [0 ] iR 2011,31(5) :6 -8.
571 %,2015,42(1) :34 -43. [51]  RREAL. sEAEFE I TUA I RURHAE X W RAT R R B[ T]. K
Yuan Xuanjun, Lin Senhu, Liu Qun, et al. Lacustrine fine-grained SRA Tk ,2012,32(4) .1 =5.
sedimentary features and organic-rich shale distribution pattern: A Kang Yuzhu. Characteristics and exploration prospect of unconven-
case study of the Chang-7 Member of the Triassic Yanchang Forma- tional shale gas reservoirs in China[ J]. Natural Gas Industry,2012,
tion in the Ordos Basin, NW China[ J]. Petroleum Exploration and 32(4):1-5.
Development,2015,42(1) :34 -43. [52] HBis, ARED, T, 5. OF HEBE T R V80U A A F AR IE
[40] BUBEIE, W W, wscrh 4. ARIDTRR A SRRy ik S AR 2 XA RPERI R L) ] A7l SE g )5, 2016,38 (4) :489 -495.

FERLAAT « LU VS v AR I R L 20 — B il [0 . i i)
W5 % ,2016,43(1) ;24 - 33.
Zhao Xianzheng, Pu Xiugang, Han Wenzhong, et al. A new method for

lithology identification of fine grained deposits and reservoir sweet

Hao Yunging,Song Guoqi,Zhou Guangqing, et al. Influence of petro-
logical characteristics on fracability of the Paleogene shale, Jiyang
Depression [ J ]. Petroleum Geology & Experiment, 2016,38 (4)
489 —495.



3 1]

PULTIEEI g A= R VIV 1 W3 Ry U 0 P RV S 2 ) SR SRS RN 503

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Angel D L. Carbon flow within the colonial radiolarian microcosm
[J]. Symbiosis,1991,10(1 -3) :195 - 271.

Dennett M R, Caron D A, Michaels A F,et al. Video plankton record-
er reveals high abundances of colonial radiolarian surface waters of
the central North Pacific [ J]. Journal of Plankton Research,2002,
24(8) ;797 - 805.

XA, 28, S AREEAE. I A LA - e TR AL & A
AP SRS [T]. KR ERBL 22, 2016, 27 (2)
377 -386.

Zhao Jianhua,Jin Zhijun,Jin Zhenkui,et al. The genesis of quartz in
Wufeng-Longmaxi gas shales, Sichuan Basin[ J]. Natural Gas Geosci-
ence,2016,27(2) ;377 - 386.

Stow D A V,Huc A Y, Bertrand P. Depositional processes of black
shales in deep water[ J]. Marine and Petroleum Geology,2001,18
(4):491 -498.

BRI, XUSERK, i RV , 4. 9 28 DU B Sl PR [ M.
AU A Tl A, 2002,

Xue Shuhao, Liu Wenlin, Xue Liangqing, et al. Sedimentary geology
and oil exploration in lacustrine basin[ M ]. Beijing ; Geological Pub-
lishing House ,2002.

I, E PR [ M. Jb st 30 Tolk i iidt:, 2013 :706 —
811.

Feng Zengzhao. Chinese Sedimentology[ M ]. Beijing : Geological Pub-
lishing House ,2013.706 - 811.

Rowe H, Hughes N, Krystin R K. The quantification and application
of handheld energy-dispersive X-ray fluorescence ( ED — XRF) in
mudrock chemostratigraphy and geochemistry[ J]. Chemical Geology,
2012,324 -325.122 - 131.

Arthur M A, Dean W E. A holistic geochemical approach to cycloma-

(L% 490 W)

[21]

[22]

(23]

[24]

Vel 725 588, T K, S, 5. A T PG R S 3t 5 9 R S R
AR FUEELT]. A5 ,2012,31(1) 1139 - 147.

Tao Gaoqiang,Dong Qingshui,Nie hui, et al. Rearch on hydrocarbon
accumulation condion and distributive regulation of Siberian plat-
form, Russia[ J ]. Global Geology,2012,31(1) ;139 —147.

SRBTL, ELLAE, Ehae 4. P PYAA R 25 0 0k B 3R 0 i R
TESBEIE S [I]. A5 KA J5, 2016 37(1) ,101 - 108.
Zhang Xinshun, Wang Hongjun, Ma Feng, et al. Characteristics and
resource potential of Jurassic tight shale oil reservoirs in West Siberi-
an Basin[ J]. Oil & Gas Geology ,2016,37(1) :101 - 108.

Liang X P, Galushyn G A, Filippov V P. Conditions of Domanicites
Formation in the South-Eastern Part of the Russian Platform[ J]. Geo-
resursy,2015,3(62) :54 - 63.

Liang X P, Filippov V P, Galushyn G. A, Paleogeographicreconstruc-
tion and structural morphology of Domanik Formation in the Repubile
of Tatarctan[ R ]. SPE-176610. Society of Petroleum Engineers. SPE
Russian Petroleum Technology Conference 26 —28th October 2015,

nia examples from Cretaceous pelagic limestone sequences| C ]//Ein-
sele G, Ricken W, Seilacher A. Cycles and Events in Stratigraphy.
Berlin : Springer Verlag,1991:126 —166.

Norman M D, De Deckker P. Trace metals in lacustrine and marine
sediments: A case study from the Gulf of Carpentaria, northern Aus-
tralia[ J ]. Chemical Geology,1990,82:299 -318.

RS, BRI DI ERAL 2 SRS AT [ M ] 220 H R Rl 4
AR, 1993 :4 - 28.

Deng Hongwen, Qian Kai. Chinese sedimentology [ M |. Lanzhou:.
Gansu Science & Technology Press,1993 .4 - 28.

Algeo T J,Maynard J B. Trace-element behavior and redox facies in
core shales of Upper Pennsylvanian Kansas-type cyclothems [ J].
Chemical Geology,2004,206.289 -318.

Tribovillard N, Riboulleau A ,Lyons T, et al. Enhance trapping of mo-
lybdenum by sulfurized organic matter of marine origin as recorded by
various Mesozoic formations[ J |. Chemical Geology,2004,213 ;288 —
295.

XURN, JAR T e ST R 407 18 HU0 TURRERSE o 9 1 < DAY
AHIETLA BT ] Al e B M B, 2007 ,29(3) 2307 - 314.

Liu Gang,Zhou Dong-sheng, et al. Application of microelement analy-
sis in identifying sedimentary environment ; Taking Qian Jiang Forma-
tion in the Jianghan Basin as an example[ J ]. Petroleum Geology &
Experiment,2007,29(3) :307 -314.

Dill H, Teschner M, Wehner H. Petrography inorganic and organic ge-
ochemistry of Lower Permian carbonaceous fan sequences ( “ Brand-
Schiefer Series” ) -Federal Republic of Germany : Constraints to their
palaeogeography and assessment of their source rock potential [ J].

Chemical Geology,1988,67:307 —-325.

(/3 KREH)

Moscow.

Liang X, Barkov S L. Geochemical conditions of Domanic deposits
generation in the south-east area of the Russian platform[ J]. Geolo-
gy, geophysics and development of oil and gas fields,2015,10.:21 -
27.

3opun B. T. ,Ilerepcon/l. H. Crpaturpadms HiDKHeKaMEHHOYTO/TbHBIX
OT/IOKeHMIt ceBepHOlt wacTM Munycunckoro mporuba [ J .
Teonorns u reodpusuka,1989,8:10 —17.

LiBerkos JI. [I. , IIBetkoBaH. JI. HedreHOCHOCTD 30H pacTsDKEHMs
3eMHOIl KOpbI Ha mpuMepe obduiopHoil dvact Bpaswmn u
Bocroka Poccuu[ J]. Bectu rasoBoit mayku : ITpo6eMsr pecypcHOTro
obecriedenus razofgobbBaomux paiionos Poccun mo 2030 r. -M. :
Tasnpom BHMMT'A3,2013,5(16) ;105 - 114.

IIpumenra O. M. , AseppsiHoBa O. IO. , Mnpunckuit A. A. u 1p.
HedTs ¥ ras HHU3KONPOHHMIAEMBIX CIAHLEBBIX TOJIL -pe3epB
ChIpbeBoil 6aspl  yrmesomoponos Poccuu [ M ].-Cu6. : OTYII
{BHUTPU) ,2014. -323c. :un. -( Tpynsr BHUTPU).

(/3 KEH)



