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Abstract: During the Late Ordovician—Early Silurian period, not only the black shales of the Wufeng and Longmaxi formations but

also many K-bentonites were deposited in South China, and the presence of many bentonites indicated that intermittent volcanism
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had occurred in South China at this time. However, there are still disagreements over the source of the volcanic ash that formed
the bentonites. In this paper, we investigated many Wufeng-Longmaxi shale sections from the Sichuan Basin and selected the
bentonites with multilayer and larger thickness as the research objects, attempting to analyze the age of the bentonites, the duration of
volcanic activity, and the source of the ash by integration of field investigation, mineralogy, major and trace element concentrations,
and zircon geochronology. The bentonites have bold colors, some plasticity, with associated pyrites in field. XRD characteristics
show that the bentonites are composed of clay and non-clay minerals. Clay minerals are dominated by the illite-smectite mixed layer
and illite, whereas the non-clay minerals include quartz, albite, calcite, dolomite, and pyrite. Their geochemical compositions are
characterized by high K,O content and low TiO, content, LREEs are slightly enriched, HREEs are poor, with a strong negative Eu
anomaly, and the Chondrite-normalized REE distribution is right-skewed. Zircon U-Pb dating by LA-ICP-MS yielded ages ranging
from (448+2) Ma to (440.4+5.6) Ma, which suggested that volcanic eruptions in South China lasted for at least 8 Myr across the
Ordovician—Silurian boundary. Application of various chemical discrimination diagrams (Nb/Y—Zr/TiO,, Nb-Y, Y+Nb-Rb, Zr-TiO,,
Hf/3-Th-Ta, Nb/Yb-Th/Yb) implies that the bentonites were mostly from intermediate acid rocks and possibly originated from an
island arc environment. The fact that the layer number and thickness of the bentonites gradually decreased from north to south,

combined with the current understanding of the tectonic nature of South China, indicates that the volcanic ash was probably related to

the subduction and closure of the Qinling Ocean on the northern border of the Yangtze Plate in the Early Paleozoic.

Key words: Sichuan Basin; Late Ordovician—Early Silurian period; K-bentonite; U-Pb geochronology; tectonic setting
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Fig. 2 The characteristics of the bentonites of the Wufeng-Longmaxi formations in typical sections of the Sichuan Basin

and McLennan, 1985) 4 b ¢ & #i, iX L6 5 i 7
i 5 A AR Si0, & (44.45%~59.27%, “F-
51.86%), H 4, ALO, F1 K,0 XX & T NASC F
PAAS, #4155 16.08%~26.64%, (- 22.99%)
F14.17%~7.10% (-1 6.01%), 1% FBH7E B 7 kE
an R L S A R R . FEA TR K0 FaEER
T Na,O, B IELF Sk 780 B i 5 & 2 81 B iy
FRIE (B 4. 5)

FES IS o0 R SRR, Hyg A+
132.70x10™ *~ 854.44 =10~ °Z [a] , % ¥ {H N
476.22x10"°, % # + LREE 5 & # 1 HREE {8
TE 4.67~10.86 Z [H], “F-3{EH 7.91, BRAKLBR A AR
HEAL KA, BT A RS 3394 Eu B 5%, L Ew/Eu*

SFIME N 0.56, 3K Bu T57 Y R AT A (91
455, 2009b; JH W] 5, 2007), H— AT RE R BEA IR
AR B RIFFAE Bu 550, ol R K& 3l A7 5%
R TLR A e I i i 5 IR H DO, e %2
R4, Bea R T SO A TR A AR VEHT . EA
BERE A B A B U R B E Ok, HGW]
(1) Ce S, UL WA BE I 4 oK 52 211 /K ph A8 4 ]
AIRZME, KL 5 32 W KOS A R R D,
JE Bu 505 5 W 0T BB 40K TR IK Bu 005 W 4
fiEo BT BEBEE R G R IO AR 1w &
Mir b5 L, Bu SR, V7 A (0 £ A4 TEE 34
(& 4), 518 R A B L I5E U AL,
AR A J AT BE PR VEARAE



646 VRS R 307 b ot (3)
i
25001 3 WXP-BT1
E
20001
=3
#1500
:
-9
= 2 2
® T 4 -
= WRE  murg “
10004 & wog 2
— 9 L
o = e
L PRz 8 Wy a
T WSS 7
o —_—
. z L
WG 5 S
i T
5001 4 s
gy HHE
0 T T Vl T lv T T lv lvlv T Vl Vl T 'l'l T lv Vl Vl T T lv T T T Vl T T lv T T T
10 20 30 40 50 60

20

3 BERRAEHS WXP-BT1 B X 75 B 4> 47
Fig. 3 XRD patterns of studied sample WXP-BT1

1000F

it/ BRAE B A7
=
(=

F

Q Hyxe [ A WXp

TIWP

1 1 Il 1 1 L 1 1

*

FHP ] xip

La Ce Pr Nd

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

4 M AIEE—FDRAFT R ENIKAPR AR A S B # (FrHE{LERE Taylor and McLenann, 1985)

Fig. 4 Chondrite-normalized REE distribution patterns of samples from Wufeng-Longmaxi formations in the Sichuan

Basin (normalization values after Taylor and McLenann, 1985)

5 HMRAHRAFIERESER

FERS LA 7SN A1 T (B vy 45 B B R A,
PPy s B, ORI 3 &, KT

PP RURL, 5300 8 8 B 5, S48 2K B
R #EAT B o B A PR E R AR T, T E R
P B 2 5 W L0 2 — g S A N B A 5
BEAAXTBOH, RS R E R BEN A B8 A, LET



2024 4F(3)

VU1 2 3t T — i EH R A MR (0 U R B BRI U-Pb AR S H R R BRSBTS 647

T ik Bk 1 8 H I B A UKL, R E, FE X BE
T B A AR AT G B T LA AR TR A T
D7E o

51 BELECRBEREMAHE

P9 VY A 4 B B R A T R R TR R R X A
K, G RAEBIBENLA 5 2 )2, 55 7 )2, 5 46 )2
I 60 JZ2 K 4T U-Pb AF T H . T 5201
JIrik X AT HRE BT 5 — 2, KX R 2 B B A
9 5 G, o BI% T WXP-BT1, WXP-BT2, WXP-
BTS, WXP-BT6, % Il A PN BEL A, 2
Bk A i A AT, R B RO RS BR, B A £
EREY—EY], K205 A 28R E5FH0IR,
T BN 2 2 A KR iy, A Rt s
B SRR

FEih WXP-BT2 i A 2 2K AR, 85 Ak
72 80~150 um, K FEHLAE 1 18] 1 : 3 Z 6], $k
TE T R AR F K (& 5), HL A IRAHF HL A 35 I 1)
BEAURL 64 A ST B A U-Pb 4387, HLBE A
FEARRTHC R, T A it B s N BE S 1) 91%,
HAT 14 4SS PPb/2 U AEREE 403+9.1 1] 987+15.9
Ma, H4 50 /N A °Pb/ U KB4 F 444 .8+
1.6 Ma(28, MSWD=0.104, [f}5 1-3) .

KFRE S WXP-BT7 H 40 M7 ORI TAR IS 73
BT, 20T R, Th SRR K, JEFI7E 41.5%x107°~
450x10”° Z 8], U 7% 2 A8 L 78 127107 *~ 654x
107° Z I8, #HR A Th/U FUAE R 0.16~1.10, 40 4~ 44
A 6 A s MBS A AE IR TE 1329+14.4 Ma B 530+
6.9 Ma Z[H], iX 6 4~ 0] BE AR b7k 2 8
HA M 34 4 55 77Po/ 2 U A 2947 %k 443.5+
1.9 Ma(26, MSWD=0.68, [ 5) .,

SRR i WXP-BT46 H1 26 Nk A1 kg 74,
FFA Th/U HAH K 0.40~2.38, It A FE ik F 3 1
KT 90%, [5G4 1(830+11.6 Ma) . 3(219+3.6 Ma) .
10(250+2.8 Ma) . 11(433+8.8 Ma) ., 14(469+8.1Ma) .
17(740+16.3 Ma) . 20(543+11.5Ma). 26(554+7.8
Ma)#bh, Higy 18 MRES: 50 A 5 197 Pb/~ U AL
YJAEWS g 442.4+3.8 Ma(26, MSWD=0.54) .,

XA WXP-BT60 H 29 4> s 47 T 4F 1% 43
Mr, HARAE 5 WXP-BT7 B Sl AR — 2, 5 1~7,
11,20 129 fP*Pb/ U 4F#37E 487+10.3 Ma %] 871+
14.8 Ma, ¥ R4k M8 A1, HoAy 19 45 107 °Pb/ U
HIBCE- 1444 0 441.443.9 Ma(25, MSWD=0.50) .
52 EXRTEMAERES@

7 FE DT Y PH L RUBVR e 2250 7 BRI 19

EBEMNCA T TAERS 731, RS A R A — 3,
KAL) 50~120 pm, KICLAE 1 1B 1: 3 ZH],
a2 B E—E Y, R2HEa 2R, 5%
Bk, HEAT SR, P 5k, D BULAT g A
A, WA R AR TR I, (BT R ) L R
(FE6),

57 BRI S 5 22 440, X 22
A5 A0 UKL B3 0 A5 2(483+8.4 Ma) . 3(2213+45.2
Ma).6(1355+17.2 Ma) .9(1084+11.4 Ma) ,12(697+
10.5 Ma) . 16(890+11.1 Ma)#h(Fff 5% 5), H4y 16 4>
T A5 2P/ U A B 4E 0% S 447.1+3.9 Ma (26,
MSWD=0.049) .

519 BEREMNA BRI T 9 AN A Bk k1T U-
Pb AF 3 0 5, 9 AN o A AR e — 2, BN
JETE 91% LA |, H"Pb/ U AL 4E 14 Jy 445.7+
5.9Ma(26, MSWD=0.030, [%] 6) .

53 MAHEEERZBEI@E

FERE P A 4 0 2L 08 1 ) TR AR50 8 BB A
PEATINAR, B 5 A5 o 0 5 A # 2 Je A R—A IR,
Wk RN 50~100 pm, KFEHE R 1 180E 20 1,
H CL BHR BB A 454, T8 T 3L i 5 K B
AT (B 7), A &850 8 A 8 52— B2 B A B ol , 52
G IR, 33 2 8y Aok HL AT %555 19 Th{iE (141.9%
107 °~ 672.9x10~ ) Fil U fH (232.9x10™ °~ 649.5x
10°°), Th/U FUAE M 0.28~1.31, 18 NEES: . 124
= ST o AR R | o B = R N g = ST S g =
FLE, 18 ANEE S AT P/ U A HI4E 5 0 440.4+
5.6 Ma(25, MSWD=2.6, [ 7).

54 =MEEFEEREMFHE

FE SN A W e B W R B T 56 10 B5F
WA AT INAR, A S ok 43 4, 2802 ATE &
RE 7)), B2y 80~ 120 um, K T L TE 1 : 1~
12 2 2Z ), B85 A g s BT B b A, B iy
BT Th & 1 R (37~432)x107°, U & 2 (68~
465)x10~°, #IR Y Th/U HAEA T 0.48~1.48 2 H],
YIRT 04, 85 A BRI A8 9(424+12.4 Ma) . ] 45
22(507+6.5 Ma) . I &5 24(487+6.9 Ma) F1 U] /5 40
(1867+24.2 Ma) &k, HAx ik 4P/ U AT 445
Iy 448.0+2.0 Ma(26, MSWD=0.078), iX 55 1% i
(201 1) 75 H 9 A 5 1 300745 1 (44949 Ma) 58 42—
(7, B 30,

55 RMNAEEEHFREHE
(E B A8 1 B G308 3 T R R 2
JBAE HEA I AR, STt 39 NI A, B A R RN R



648 DURRS S e (3)

4 5 WXP-BT2

4 S WXP-BT7

@

%7 ‘5WXP-BT46
@

4 5 WXP-BT60

100 pm e——

0.20
WXP-BT46
0.16 900
0.16 =
0.12 = 70
mD Mean=444.8+1. 6 Ma, n=50 “’D
= B Jus Y I\ , n= _ —
& 012 - MSWD=0.104 700 & Meansgizg S Bl
5 ., > MSWD=0.54 D o
a & 008 A 50
S S
oo
0.08 o 300 2
g 0.04
100,
0.04 -
Py 0.00 L L L
1 1 1 g
0.0 0.4 0.8 1.2 1.6 2.0 00 04 207 0'2835 12 16
207p /235 Pb/~U
0.28 e
WXP-BT7 1500 0.16 - WXP-BT60 950
024 =4l
0.14 *
0.20 -
=} > 012
3 Mean=443.5+1. 9 Ma, n=34 o
== 0.16 -| MSWD=0.68 3
2 900 £
© s 010
g g
Q <
0.12 -
0.08
0.08 -
0.06 |
0.04 -
. L 0.04
0 1 2 3 0.0 0.4 0.8 1.2 1.6
207Pb/235u 207Pb/235U

5 BMACEBEREFARBR A MATEA CL B& KA U-Pb IEFE
Fig.5 U-Pb concordia diagrams and cathodoluminescence (CL) images of typical zircons from the bentonites of Wuxingcun

section, Zhenba, Shaanxi Province

1E 60~100 pum, KFEHLAE 12 1~1: 1.5 Z[0], BH: 424x107°, Th /U Fe{E A X5, 78 0.7~2.7 Z [,
R—RARE 7)), Moeb a2 T — W, 5 HESA N2 BAIRG I, BA R R 5K ka0
FOH— A S A A S TIOIR, (R RZBURA R AE, A 85 A 093 R B X KT 90%, Hirb BRI A
AERY B4 A S, B S U Sk 38.3%107 %~ 17 A A 30 (7"°Pb/>*U 4FH5 - 424+8.9 Ma i1 482+



2024 4F(3) VU1 2 e— s R 2H PR T TP A SRR A U-Pb 4R B L il R AR Y 649
Y% ‘5FHP-BT7
01 4
4% SFHP-BT19
FHP-BT7 FHP-BT19
0.54
1800
> 034"
0.44
R J - 5 L 1400
g Mean=447.4+3.9 Ma, n-16 < can=445.7+5. 9 Ma, n=9
;0.3- MSWD=0.049 o0m - PC_’ 02 MSWDL0030
: 1400 g 100
0.24 S >
1000, 5 g
: o1d 600 :
0.4 600
410, A0 o
0.0 o " 'E’PbJ“’j OC ' L L L L
0 2 4 6 8 10 0 1 2 3 4 5 6
*TPp/***U 207p 235

6 BEXAMREEIRAEHREEA CL BIRFHEREA U-Pb FHE1EFE

Fig. 6 Zircon U-Pb concordia diagrams and cathodoluminescence (CL) images of the bentonites from Fenghuang section,

Youyang, Chongqing City

15.73 Ma #k, H A &5 497 Pb/2°U I BT 35 4F i
1 446.0+3.1 Ma(26, MSWD=0.21, K 7).
5.6 AWESHETE RITFR R HIRE

b A A T B BE B A B U-Pb AR % FE
440.4+5.6 Ma~448+2 Ma 2 [f], iX — R H 45 1 1%
55 2018 4F [E PrHb 2 R A1 1) BB R —K B R AR
(443.8+1.5 Ma) 75 1% 25 705 [ N A —F, R it
W P45 (2012, 442.248.1 Ma) , B HE45(2016, 450.0+
3.6 Ma), fiE [F P45 (2017, 445.143.5 Ma., 446.1+7.2
Ma) JIF A5 A8 508 — B, AR E T BB AN (U2 BE MG
FR IR TR IS, B A — R TR 4] R A 1T
BB OB 1555, 2023), I A /& 0] B IESE 1
T B BBl 2R 49 381 R Bt 3 i B 2 a) Bk
P EAY, WK SRS 54E T 8 Ma 2247, ML/ i i
FIBE M A A5 ARt P DL, 78 G2 DT
LI BT BEAH X A

6 RLEIFE S
BB A — SR ARUE B B A T PR

1T DL W AR A IR S Z A1, 3 T LR R A
L W K B A 3 T Bt (Huff et al., 1997; Teale and
Spears, 1986; Roberts and Merriman, 1990; Pearce
and Norry, 1979; Winchester and Floyd, 1977) . #x
1] Pearce and Cann(1973) R i1k 2% Wi 43 K BR 72 75
SRR K AR 38 75 5%, DX 7 A T AN (] R b A
P VP weNSiS: VAR brbar: 21l 11
Z N 45 Th-Hf-Ta & f# . Nb+Y-Rb & i .
Y-Nb Kl fi# 55, /R J5 Pearce et al.(1984) SUR:i% ) 5l
Tk Rk R B X 4 BUA A S, JE A Z R E
P&t T VR 220 I T A 10 W R X R
4 3 75 3¢ 1 40 531 & A% (Wood, 1980; Mullen, 1983;
Cabanis and Lecolle, 1989) , % T4 IEN AT S,
) 90 HC A 385 5 5 0 B 22 B2 Nb-Y, Y+Nb-Rb,
Zr-TiO,, Nb/Yb-Th/Yb 55 . 5 DU 1| 735 Hb B 7 4% 4
LR FEAT, BT B B TR X
w5 H P P ERUEL, SN A B K S
A1 2 ) T TR AR B 15 A BER A AR i 3% (]
B 2 JEY 4 AREEL, BT 19 MR, B E Nb/Y-



650 DURRS S e (3)

%% SLBP-BT8

Ol

100 jom E—

NBZP-BTI10
04 "

0.3 =~ 1800

Mean=448.0£2. 0, n=39
MSWD=0.078

02 4

206p /238 )

1000

0.1 4 600

0.0

207y 235

0.082 = LBP-BTS
0.078 F
0.074
2
;Eo.om -
0.066 [
0.062 lean=440.4+5. 6, n=18
MSWD=2.6
0.058
0.2 0.4 0.6 0.8 1.0
Pb/***U
0.088 =
0.084 - i
s |
0.080 "
2 0076 //// N
770
y ¥ 1)
g 0072 //// 1/7//;//1/1/."/} ///24
2 il \“ f// /
27~
0.068 ] &\\y&y/
=
0.064 | 00 Mowoea
0.060 y y y
02 0.4 0.6 0.8 1.0
207Pb/235u

7 BRAEEBRA. SMEHENT. SMEREKERRMAEEREA CL BGEEA U-Pb FitiEME

Fig. 7
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