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Fig.1 (a) Location of study area; (b) paleogeographic distribution map (modified from reference [12])
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Fig.2  Stratigraphic division and development of the graptolite zones in the study area

The graptolite zones in the Zhuozishan and Sandaokan Formations were determined based on conodont identification in previous studies (after reference [9])
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Table 1 Graptolite species contained in each graptolite zone and main drilling wells for development

in the study area

J

A AT A

T

Climacograptus

L
bicornis 7

17 )8 23 Ff

Dicellograptus angulatus , Dicellograptus pumilus Dicellograptus sp. ,Unicornigraptus xinjiangensis .Didymograptus sp. .
Archiclimacograptus arctus Archiclimacograptus meridionalis \Archiclimacograptus modestus Archiclimacograptus sp. .
Haddingograptus eurystoma Haddingograptus flexibilis \Haddingograptus oliveri ,Haddingograptus sp. . Hustedograptus
teretiusculus , Pseudazygograptus incurvus , Pseudoclimacograptus scharenbergi , Pseudoclimacograptus sp. Acrograptus sp. .
Jiangxigraptus salopiensis | Jiangxigraptus sextans | Jiangxigraptus sp. .Syndyograptus sinensis ,Ningxiagraptus yangtzensis ,
Dicranograptus sinensis \Amplexograptus sp. .Pronormalograptus regularis .Pronormalograptus sp. ,Climacograptus bicor-

nis \Climacograptus sp. .Orthograptus apiculatus ,Orthograptus paracalcaratus ,Orthograptus sp. ,Orthograptus whitfieldi

Dicellograptus pumilus Dicellograptus sp. Dicellograptus angulatus Dicellograptus geniculatus Acanthograptus sp. ,Didy-

mograptus sp. Archiclimacograptus caelatus Archiclimacograptus sp. \Archiclimacograptus angulatus \Archiclimacograptus

715,
YinT2,
L105

meridionalis Archiclimacograptus riddellensis \Archiclimacograptus arctus ,Reteograptus geinitzianus \Haddingograptus

L105.

oliveri \Haddingograptus sp. .Haddingograptus eurystoma .Haddingograptus flexibilis .Hallograptus sp. .Hustedograptus

YinT2,

teretiusculus . Pseudazygograptus incurvus . Pseudoclimacograptus sp. .Pseudoclimacograptus acies . Pseudoclimacograptus

Nemagraptus
. 128 12%p
gracilis 7

R16.
019,

scharenbergi \Acrograptus sp. \Jiangxigraptus divaricatus . Jiangxigraptus sp. . Jiangxigraptus gurleyi . Jiangxigraptus mui ,

Jiangxigraptus salopiensis , Jiangxigraptus exilis | Jiangxigraptus sextans \Kalpinograptus sp. . Glossograptus fimbriatus ,

E102,

Glossograptus hincksii Dicranograptus brevicaulis .Dicranograptus ramosus angustus .Dicranograptus sinensis \Nemagraptus

E103

gracilis Amplexograptus sp. . Cryptograptus marcidus .Cryptograptus tricornis . Proclimacograptus angustatus .

Pronormalograptus euglyphus . Pronormalograptus sp. .Pronormalograptus acicularis , Climacograptus sp. ,Orthograpius

whitfieldi .Orthograptus apiculatus .Orthograptus paracalcaraius

Dicellograptus geniculatus \Didymograptus sp. Archiclimacograptus sp. .Reteograptus geinitzianus \Haddingograptus sp. |

Jiangxigraptus
uerap 21 )& 38 Fif

i
vagus iy

Hustedograptus teretiusculus . Pseudazygograptus incurvus . Pseudoclimacograptus scharenbergi \Acrograptus sp. , R16.

Jiangxigraptus mui \ Jiangxigraptus vagus \ Jiangxigraptus cf. vagus , Jiangxigraptus sextans Abrograptus formosus QT9.

Glossograptus fimbriatus \Dicranograptus sinensis ,Cryptograptus tricornis ,Orthograptus apiculatus

Orthograptus sp. .Pseudoclimacograptus scharenbergi .Haddingograptus sp. .Hustedograptus sp. .Didymograptus sp. .

Pterograptus elegans .Kalpinograptus sp. . Amplexograptus sp. .pseudazygograptus incurvus , Hustedograptus teretiusculus |

Cryptograptus tricornis \Archiclimacograptus modestus , Dicellograptus sp. .Haddingograptus oliveri ,Archiclimacograptus

Pterograptus
™ 18 ) 23 Ff
elegans iy

angulatus ,Reteograptus geinitzianus , Jiangxigraptus gurleyi Archiclimacograptus sp. .Cryptograptus marcidus , QT9

Haddingograptus eurystoma \Apoglossograptus uniformis , Jiangxigraptus salopiensis , Dicellograptus geniculatus ,

Jiangxigraptus sp. . Jiangxigraptus mui ,Glossograptus fimbriatus \Archiclimacograptus meridionalis \Acrograptus sp. ,

Pronormalograptus acicularis ,Orthograptus apiculatus
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(&l 5¢) , Hustedograptus teretiusculus ( €| 5d) , Kalpino-
graptus sp. ( &l 5e) , Cryptograptus tricornis ( & 5f) ,
Jiangxigraptus salopiensis (&l 5g) , Dicellograptus geni-
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(a) Climacograptus bicornis ,1.105 4,4 256.28 m; (b) Cryptograptus marcidus ,R16 3f,2 880.06 m; (¢)Kalpinograptus sp, QT9 I, 4 742.14 m; (d) Nemagraptus
gracilis ,R16 F,2 880.06 m; (e)]iungxigmpzus vagus,R16 F,2 881.93 m; (f) Prerograptus elegans, QT9 HF,4 746.06 m; (g) Cryptograptus tricornis ,E102 I,
3947.33 m

Fig.3  Main graptolites in the Wulalik Formation
(a) Climacograptus bicornis, well 1,105, 4 256.28 m; (b) Cryptograptus marcidus, well R16, 2 880.06 m; (c) Kalpinograptus sp., well QT9, 4 742.14 m; (d) Ne-
magraptus gracilis, well R16, 2 880.06 m; (e) Jiangxigraptus vagus, well R16, 2 881.93 m; (f) Pterograptus elegans, well QT9, 4 746.06 m; (g) Cryptograptus tricor-

nis, well E102,3947.33 m
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Fig.4 Range of graptolites in the Middle to Upper Ordovician (modified from reference [21])
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(a) Prerograptus elegans ,4 742.14 m; (b)Archiclimacograptus modestus ,4 742.14 m; (¢) Pseudoclimacograptus scharenbergi, 4 742.60 m; (d) Hustedograptus teretius-

culus ,4 753.55 m; (e) Kalpinograptus sp.,4 742.14 m; (f) Cryptograptus tricornis , 4 742.60 m; (g) Jiangxigraptus salopiensis ,4 748.53 mj; (h) Dicellograptus genicula-

tus, 4 750.37; (i ) Acrograptus sp.,4 755.95 m

Fig.5 Main graptolite fossil features of the Pterograptus elegans zone (well QT9, white line = 1 mm)

(a) Pterograptus elegans, 4 742.14 m; (b) Archiclimacograptus modestus, 4 742.14 m; (¢) Pseudoclimacograptus scharenbergi, 4 742.60 m; (d) Hustedograptus teretiuscu-

lus, 4 753.55 m.; (e) Kalpinograptus sp., 4 742.14 m; (f) Cryptograptus tricornis, 4 742.60 m; (g) Jiangxigraptus salopiensis, 4 748.53 m; (h) Dicellograptus geniculatus,

4750.37 m; (i) Acrograptus sp., 4 755.95 m
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5.19 m tH B Cilmacograptus bicornis , K} Nemagra-
ptus gracilis 7 Fl Cilmacograptus bicornis i ) F-28 &
TR B TEARIE B AL E 4 25741 mo MNEA T
SUE , AR FH R B A A A Y R Nemagraptus gracilis
W, FEBEALA TN Climacograptus bicornis . H

HELL B 4 217.80~4 229.50 m AT, HAE A e
fiEJ& T Climacograptus bicornis 75 (€19) o
3.1.2 YinT2 3

R 2 IO SRR T HON A I EL T & X R
IR B VAW B VIS 2 e T2 QUL L T I |
TEAHIREEA T 3 838.30~3 934.90 m, JEFE 4 96.60 m,
247 % E BN 3 860.00~3 884.90 m 5 3 922.60~
3929.60 m(&110) . MRIEEA AT, %H-ZhHi )
SO B & F Climaocograptus bicornis 75 I #Fl
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&l 6 Jiangvigraptus vagus W EEE A WA RAE (HZL LA 1 mm)

(a) Jiangxigraptus sextans , QT H-,4 739.25 m; (b) Jiangxigraptus vagus , QT9 I, 4 739.25 m; (¢ ) Abrograptus Formosus , QT9 H-, 4 738.81 m; (d) Jiangxigraptus vagus,

ZP1 3, 31K 4 274.00 m; (e) Jiangxigraptus vagm,R16#,2 881.93 m

Fig.6  Characteristic graptolite fossils of the Jiangxigraptus vagus zone (white line = 1 mm)

(a) Jiangxigraptus sextans, well QT9, 4 739.25 m; (b) Jiangxigraptus vagus, well QT9, 4 739.25 m; (c) Abrograptus Formosus, well QT9, 4 738.81 m; (d) Jiangxigraptus vagus,

well ZP1, 4 274.00 m; (e) Jiangxigraptus vagus, well R16, 2 881.93 m

Nemagraptus gracilis i L3, P RN AE 3 866.82 m
13 871.50 m Z 8] , B AL 2k ¥ T Climaocograptus
bicornis 0] H LT 3 866.82 m Ak,
3.13 RI63F

R16 -0 T N5 AR XS /R Z SR e seaiitt v
I 2 i IR A i3S R TSR 2 A e 2 b
Wty , S SR AT T2 763.00~2 897.60 m, JEEJE
134.60 m, 2 A1 %5 HUFEBEH 2 790.00~2 800.60 m Al
2 857.00~2 885.60 m (& 11) . R 5 i Jiangxigra -
ptus vagus F Nemagraptus gracilis Wi~ 2E A1 , U TE
2 880.06 m & Nemagraptus gracilis, /T2 881.93 m
IR BRI EAA AR Nemagraptus gracilis i 1)
B AL, IR I IS AR BT 2 881.93 me
2 884.17 m 4b UL Nemagraptus gracilis 1 T fRZEA 7 HY
WA AT Jiangxigraptus vagus, R Z AL AT AT b GE R
Nemagraptus gracilis i , M 7F 2 882.93 m & WL #]i% 1k
A, [A s, A v JE HAt A A7, 85N R Jiangxigraptus
vagus WL OB 2 88417 m AL T HIE BT Jiangxigra-
ptus vagus o
3.1.4 QT9#

QT 3R JE T NS A TR X BRIR £ W Sh4E v i
BT 7R T 37 90 AR 3% L TR I A A3 6 R TR R 2

IR . 3 ST R IE N T 4 622.50~
4 670.80 m, JEEJE 98.30 m , HURE BEIRJE /T 4 738.00~
4758.80 mo AWKMFFE IR G Jiangxigraptus vagus
5 Prerograptus elegans S A2EA . BT FE4742.14m
% B Pterograptus elegans , 7 I 4 741.42 m & B} Jiang-
xigraptus vagus , B] KB 2 AN Ay, BN 3
Pterograptus elegans {7 5 I3 ¥ Jiangxigraptus vagus
WLoR#EHRET PN EALA, ZT TS
Chen et al." ) Didymograptus murchisoni i X} It o I
RPN ZE A1 W AR 8 B T Jiangxigraptus vagus 1)
EIALE, B4 741.42 m AL (E12)

i 48 QT12 7 5 038.40 m iR 51| H Nemagra-
ptus gracilis 5 T ALAT IEMATEIZAL BT & Nema-
graptus gracilis iy , I HAZAL KB KREWR KA S5 IKAE
5 QT9 H 4 693.00~4 728.00 m [ JK 7+ 5 I JK A Al
X EE B QT H 5 47 ) v 4l ] B8 & B Nemagra -
ptus gracilis 45 , 275 M I i 248 AL FRAE DK QT9 I
Nemagraptus gracilis iy 5 Jiangxigraptus vagus 7 #-
BRE T 4 718.60 m (181 13) o R At i Xf He 24 12
HEAMATENA , vi BLEE B20 & Prerograptus
elegans 7", 8 QT9 H- & $ii J1 5¢ 41 (¥ Prerograptus
elegans i W] I E 2 vy LS HIZH (1] 12)
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17 Nemagraptus gracilis W F Z A WA FAE (HZLLHIR R 1 mm)
(a) Archiclimacograptus caelatus, £103 3,3 944.92 m; (b) Haddingograptus flexibilis , E102 H-,3 676.13 m; (¢) Pseudoclimacograptus scharenbergi, E103 H,3 946.81 m;
(d) Pseudazygograptus incurvus , R16 3,2 868.47 m; (e) Acrograptus sp., E102 3,3 679.33 m; () Jiangxigraptus divaricatus , 102 3,3 632.49 m; (g) Kalpinograptus sp.,
E103 f, 3 944.92 m; (h) Glossograptus fimbriatus , R16 .2 867.84 m; (i)Dicmnogmptus ramosus angustus , L105 I, 4 280.30 m; (j)Nemagraptus gracilis, L105 I,
4262.60 m; (k) Cryptograptus marcidus ,R16 3,2 880.06 m; (1) Orthograptus whitfieldi ,E102 -,3 947.33 m

Fig.7 Main graptolite fossil characteristics of the Nemagraptus gracilis zone (white line = 1 mm)
(a) Archiclimacograptus caelatus, well E103, 3 944.92 m; (b) Haddingograptus flexibilis, well E102, 3 676.13 m; (c) Pseudoclimacograptus scharenbergi, well E103, 3 946.81 m;
(d) Pseudazygograptus incurvus, well R16, 2 868.47 m; (e) Acrograptus sp., well E102, 3 679.33 m; (f) Jiangxigraptus divaricatus, well E102, 3 632.49 m; (g) Kalpinograptus

sp., well E103, 3 944.92 m; (h) Glossograptus fimbriatus, well R16, 2 867.84 m; (i) Dicranograptus ramosus angustus, well L1035, 4 280.30 m; (j) Nemagraptus gracilis, well
1105, 4 262.60 m; (k) Cryptograptus marcidus, well R16, 2 880.06 m; (1) Orthograptus whitfieldi, well E102, 3 947.33 m

3.1.5 E102%

E102 3R 8 TIN5 B IR X SRR 2 W SR 4E
T AT FLAK I3 AR UG V0 W Ay 7 35 7 & s T 90K
Z WA RIS h ) e AR EE AT 3 559.40~
3 691.70 m, FE A BUREBOR AT T3 630.00~3 636.00 m
13 676.00~3 698.60 m. T i%ZH 2 A b A1 - A7
s, HAR R fe A (B A 1k A By T A A 2 30

Nemagraptus gracilis 15 ) ¢ 55, %&£ T Glossograptus
hincksii £ T 3B 3 685.21 m H L, % Fh J& Nemagraptus
gracilis 7 T AR 2 AHT LB 53 (B HT A 7E Nema -
graptus gracilis iy -PUA K Nemagraptus gracilis
w5 FMREATHIRLANN . 5 Nemagraptus gracilis
RS Jiangxigraptus sextans Cryptograp tus
tricornis , Pseudazygograptus incurvus 1y ¥ F 4 677.30 m
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[ 8  Climacograptus bicornis {7 B2 A b A R AE (HZE LB A 1 mm)

(a) Climacograptus bicornis, Z15 H , 4 210.24 m; (b) Pseudoclimacograptus scharenbergi, 1105 I, 4 250.74 m; (¢) Orthograptus apiculatus, 1.105
Ht,4 255.67 m; (d) Climacograptus bicornis, .L105 .4 256.28 m; (e) Climacograptus bicornis, YinT2 .3 862.61 m; (f) Climacograptus bicornis, L105 I+,

425741 m

Fig.8 Main graptolite fossil characteristics of the Climacograptus bicornis zone (white line = 1 mm)
(a) Climacograptus bicornis, well Z15, 4 210.24 m; (b) Pseudoclimacograptus scharenbergi, well 1105, 4 250.74 m; (c) Orthograptus apiculatus, well L1035,

4 255.67 m; (d) Climacograptus bicornis, well 1105, 4 256.28 m; (e) Climacograptus bicornis, well YinT2, 3 862.61 m; (f) Climacograptus bicornis, well L105,

425741 m

Ak B S 3T S A2 11.00 m, B Nemagraptus
gractlis R AR SR 1 v 5 o HEEE L2 B2k ah
(K 14).
3.1.6 E1034F

E103 J7 T N 58 1 H 16 SR i e - i i
BEURR A PRI AT | ) 3 (3 A T 50 AR 22 0T At R R34
B, 07 ) s 2H IR A T 3 889.50~3 950.00 m,

HUREBE 3 943.40~3 960.20 mo % IF2E A1 16 A1 IR AF
BE REEALANSEEE, RER KA
Nemagraptus gracilis, 2 5 F I 19 28 47, 4 il 22
Pseudazygograptus incurvus . Cryptograptus tricornis .
Orthograptus apiculatus | Jiangxigraptus sextans . Reteo -
graptus geinitzianus A WA IR, RUZBRA
BU I 8 Nemagraptus gracilis # , {E TR FBR R
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Fig.9 Graptolite range chart for the Wulalike Formation at well L105
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gracilis } 5 H IR 0 28 A BE 5 7 ) 50 4 IR B
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Abstract: [Objective] A set of black marine graptolitic shales is developed in the Wulalike Formation at the west-
ern margin of the Ordos Basin. In recent years, natural gas has continually been discovered in this set of shales and
an industrial level of oil flow has been produced, demonstrating that the Wulalike Formation has significant explora-
tion potential. This study examines the development of the graptolites and establishes a biostratigraphic framework as
a basis for analyzing the sedimentary evolution of the Wulalike Formation.[ Methods ] The age range of the Wulalike
Formation was clarified by analyzing the graptolite content of individual cored wells and comparing the graptolite

range. Single-well graptolite zones were identified and biostratigraphic frameworks were constructed on that basis,
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and the distribution of the graptolite zones is discussed. The spatial evolution of the black shale was analyzed in com-
bination with the lithological development. Sea-level variation was also considered based on the response of graptolite
morphological complexity to marine transgression.[ Results] (1) The Wulalike Formation was developed during the
Darriwilian-Sandbian stages at the end of the middle- and beginning of the Upper Ordovician. The Wulalike Forma-
tion is divided into four graptolite zones from bottom to top: the Pterograptus elegans zone, Jiangxigraptus vagus
zone, Nemagraptus gracilis zone and Climacograptus bicornis zone. (2) From a comparative analysis of their develop-
ment, it is believed that all four graptolite zones are developed in the northern Wulalike Formation of the study area
in the vicinity of well QT9, while the Pierograptus elegans and Jiangxigraptus vagus zones are absent in the southern
part of the Formation. (3) Two marine transgression periods are indicated by the Pterograptus elegans and Nemagrap-
tus gracilis zones in the Wulalike Formation, transitioning upward into the Climacograptus bicornis zone and then into
the Lashizhong Formation, during which time the sea level gradually lowered. [ Conclusions] The black graptolitic
shale at the bottom of the Wulalike Formation shows strong diachronism from Prerograptus elegans in well QT9 to Ne-
magraptus gracilis in well YinT2. Along the western margin of the Ordos Block, the strata are gradually younger to
the south, and the deposition center gradually migrates southward. The diachronism is typically manifested as “degra-
dational stacking” , evident as an upward-shallowing stacking pattern that indicates a forced marine regression inter-
face. Alternatively, the diachronism of the black shale may be due to marine transgression deposition and prograda-
tion in a highstand systems tract, resulting in the progradation of the black shale towards the south or southwest. Due
to the limitations of core sampling, in subsequent studies the causes of the diachronism of the black shale will require
determination of the formation ages of the limestone at the top and bottom of the Wulalike Formation, along with veri-
fication by seismic data. The establishment of a biostratigraphic framework in this study based on the graptolite zona-
tion provides important guidance for understanding the stratigraphic and sedimentary evolution of the Wulalike Forma-
tion at the western margin of the Ordos Basin.
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