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PR Wi g AR S Wt A AR A HER L AR ik b A LB R LB

WE R, TS, e, Rk
(PGB TR A RSUEA R, ILPE IR 048000)

TE: SRS BAGIEEA. BEDEARNRFELEA LS, AR R W ERIFIZIR 5 A B
SEALYARE, BFERBELAATRSHIAITL, AXLRET aBHREXLE&TA, LBHAf K RALT
26 BRIR EAES, AR ICP-MS. SEM. XRF ARl & RN RANB S S, FTRRER L., THF
A EFefb LI MR E AR I, AT ERER, ok ——F 7 AREE (AEANLTRES . ¥4
TR R RAER) BATT 547, St —FIRRZ A AN G EohishE R, EREA, MRTRX LEHAfKRA
RBHEBAIBESENT 0.31%~5.97%(G9 14 2.87%), ™ &&-T 4 A 0.09% ~2.75%(GH1E 0.72%), KR4
£ 5 & T4 5% Sr/Cu F= Mg/Ca {8 1R1K, Fe/Mn 184, 15 RZIURET I ERE TRENRAME, BT
JRH# BT ZE (RSEs) 48 4% V/(V+Ni) #= Ce/La 3444 % 4 0.75. 1.93, ZIEAARIHF/E, TOCILE Sr/Cu.
Fe/Mn % &A% 35 4740 K MR35, % TOCAE T 1, 5 AT R AT ZE (RSEs) LA ZA XL, 4 TOC 14
XT 1, TOC #= Al, RSEs TEZ A4 AERE EM XM, EREFARBRUARLBEFIRE & ERZK
RBAE R AR R FAH], B E&ETARBREHZIRR S M ARG FERERE Y P n, dXE
MEARARIL R A R AR, AT K. SRR, ARG E ERG.

KGR RREMAK,; AW, SHENE,;, 6HRBE; BRSBTS FIRMiLE; B sE

o)
Em:

() B £FAFBAY ALO;. TiO, § %, CIAEA T 85~100 X8, &L HhsrT 23k A £ R BHFIE,
FRRFHRRE LT A5,

(2) AR R IR R & Sr/Cufh. Mg/Ca {ami&k, Fe/Mn a4 3, V/ (V+NI){iF= Ce/La {EA T #ALA= g AR
WZ ], 3T IREMIE, TR,

(3) & TOCHAK T 1, £5 Al feRALE RH T F (RSEs) 2R F EMX, RAAIR G &R 0 AL
TR A e T TR AR SR LR AT .

FE S ES: TEI32 XERFRINED: A

)

HZANVENTP EAEE R E RSy, AR B2 A0 M R R K J i 2 B R S At
HIF Rk BA AT B & & FlF2eadr=, Bl I RBEE 2 A0 AR K J B 3 93 U
XU H AR SEILRIAN S TS REIRSF 2 MM . B M, TREDIE 2 I R B AT . TR Z W 4 A
U EOR, P E R S IR 30.05%10%m’, T P EE R, AR RMERE .
1000 ~ 2000m 3 VR B N I 2 AW & REZBEAM G, P RTHEZE S mE AR K
18.87x10"m’, i MR LAY 62.8%, KWL T USRI W, SRR Z M 2 b A 2% 1500m DA 2 < WE IR

Irfs HHA: 2023-06-06; f&E HEA: 2023-07-19; 3 HEA: 2023-08-21
HEETH: W T0E =AU GBI E S5 TR SR s & AR 580 TR (202202080301010)
EEE N &R, WL, BYE TR, FEMNFEAHERILAIISE . E-mail: yjd3801278@sina.com.
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a2t

ERRIAE] 9x10%m® 12 L (B H T ARG IR TRE
SR UURRIRSEE | M T AR FK 30 ) 2 AT e = R A
W, ZH R LG FEH T R RZ G2 . B AR
FRTBARFAE Bt T PR i AN B, 5 B0 R 2 S
PR, FERBORAME,

TRIR 2 T A VG Hb X2 A AR G 2R
PRIT R IR X, O F VR N, A k— B R
R MR T ERE T =M ARG, B
LI TR 7 A ) B s U s vy
DX Bk 22 4t J2 6k 2 0 HE RR 368 % B R AE 40 #r, WHiZ
DX R RIS X HEAT TR0 Bl )
TR 25 1O T bR AL 27 S XS IX R AR
A AR B SR A R AR AT T WS, AP
DX P B RAF R AR AR S AR BRI R 1 T
RRT RS 2R 22 DT BR B8 Oy T  F 52 AR 20, A AL
Jo B B RRAE B A DR A A, AR I SR T
FAE R UEURAE B BT R L W A SR
AR S T A

AR SCHEF I A58 R AT ) 5, R AL A 7
DX H BRI 00 A, 8 e A SRR A A S T AR
(ICP-MS). 4 8 85 (SEM). X 5 £k 2¢ )% b i X
(XRF) FAM 2 S OT R B TR 30,
S AL B 5 R T T AR e [m) 467 3% 45 43 A A, Sk
TCF M ER LA RFAE 53 BT, S48 75 A 5% DX vy A AR T
TR vty A by e Yo AL AR SR A B 22 (IRl S A,
[Fi) of 45 45 BB 7 5 T WA e [ 07 6 1, Ay E—
AR R AL E AR 5 DR BRI 56 R AR ALATIE,
DX P 2R SR T K B4 b il

1 XBESRE 5

A VP XA T 5B R 22 0 2 M AR T AR L
FR R DS 7 KT 24 5 1 G M b A 488, b 5 4R v
[i1] P18 R0 Dy 28 R L 308 %) 2 75 1) B 1L B e o A 468,
7 i LA T T 2R Ol 5 AR Y () 2R 04 R A A
e LT AT AR T A S R ALK 24 400km, 4R G
B 30 ~ 60km PRI PR, 52 MMAGE 2 Bk,
) PR AR . A 1P X e L o 2R T 1 Ay — A ) I
VPG I SR 3, XS N A A, TR R, A
HRZ B ORI T, AN X B rb s 48 SRR A A 2
R kT (K1),

A P b DX b 2 DX ) SR T A 2 X SRR 2
253 KOE T—EE M2 /X (] 1), 2% X382
MR A FA N ER . PR AR, TR
b2 R TR R AR I 4, by A R )2

TR T B A Rl B — Wbk LS
KX FEEEWZASE A REAZY, T &%
WPGLH ., KIEH, h—&% bAaTFH. FAaTd.
AR F LR T3 A b A &, SR
TR RGN L G20 g U8 b T 8
AaTHUR A, BRI AE N . IR ib Tt
SEP R R s R Gk, AR S rh R
P b DS A i )

2 FESIAN B
2.1 FESCRERMIA

TETAR I A PO X R A SX-01. SX-02,
SX-03. SX-04, SX-05, SX-06 1 SX-07 ‘&> Fp 1% B
26 B AR o HOREHI AT BUOREQ B . A S 25 a0
Bl 1b F15k 1 PR,

W RAE BT e AT 40 e g, BEAKE A
BB VLI I = BRI BEla O 4T 43 BT 51
5, R0 YA AL R TTER | AU S T
iR  ivie 15 6 T = R N Vi 1

(1) FE A WA o3 BT 2 B R, Al (TR
A gL AR WA £ X AT b T
%)(SY/T 5163—2010), 43 H1 X #% & D/MAX2000
B X P S, RS - R i R
KABYE, 70 & B R K BRI o 250k

(2) FEdh E R ICER ST SR, s (kR
AR TR 11 304y EARE AL
W52 Y (GB/T 14506.11—2010)., (KERREL A 174
Brr i 55 10 #5502 )(GB/T 14506.10—
2010), S HTAXES A X B LR 29EEEIE Y (Axiosmax,
o L B A 23°C, Y BN 38%, Mt Fe, 0, i 4%k
i,

(3) FE AR TC R A Ik B AR, AR (e
FA T SBVURRO S 2 FB IR 6 F A TR W
MISE . AT ESH Nex ION300D H Bk 445 55 714
Ji L (ICP-MS), A& I & BE o~ 22.4°C 18 B N
35.7°C,

(4) FE A B & sy vk SRR, Ak (Ot
FRUE B A AR TN 72 15 )(GB/T 19145—2003). B
56 M R R 2 B A & b JC AL, A g e ST Pk
&8, R HLAREE fb o — 4 Ak, B )5 R CS580A
C/S 3G £S5 A5 it oA ML 75 1t

(5) FF il T P AR Atk [ o7 28 B0 52, AR HiE s JB A
fn A ML IR A2 34T 5k 55 2 343 A LT RR A ik
[F] 437 2 0 2 ] 57 36 J5 31 5 ) (GB/T 18340.2—2010).
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Fig. 1

MRXHRT R (). RAERNL (b) BHZFERE ()

Geological background (a), sampling site (b) and stratigraphic column (c) maps of the study area.
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55 6 3] WA,

A SR W AR Gt AR AR S MR AL R IR B A LT SR AL

a2t

K AT E K — AR Y BT (GWB) 1 7 % 43 A
DR TR . A A B R — bR ) T L A5
K 4.3%, TCRIEM A HERIK 100%, 7 A FE 5
L] 6.14%, SLHHE 2 BE A AR KT 90%, BN 734 Iy
T T RN 288 B Wl RV R . AR SO S K
WX 2 T 95 MU TR 7= BT B it v oo & kAT
JoR i o) B A, % 05 i bR A8 Ak B AT
SR, SEHEHE T P

3 SERMALE R
3.1 HERIEAHRFAE
3.1 FEICE

Te e i TR B A VURAESH T
# 1, ERITEAMY EEH Si0,. ALO;. Fe,0, 1
K,0 4. HH Sio, i, N 48.86% ~ 79.36%,
¥IH 58.46%; ALO; %% 4T 8.77% ~ 28.56%, Y¥J{H
21.98%, SEHRP IR A FHE . HAth IR I &
i FMRAR YK R : TFe,04(43%K). K,0. MgO, TiO,.

Na,0. CaO Fl MnO, £ 3 & JC F FEFE 41 F : TFe,0,
BN 0.51% ~ 13.03%, #{H 3.67%; K,0 & i T
0.56% ~ 5.37%, I {H 2.48%; MgO & & N 0.23% ~
1.51%, P¥I{H 0.94%; TiO, ¥ &~ 0.62% ~ 1.53%, ¥
{H 0.85%; Na,O 54 0.11% ~ 0.76%, ¥J{E 0.38%;
CaO &4 0.11% ~ 1.06%, HI{H 0.35%; MnO 7% i
A, BEH 0.03%.
AR TR T R R O M,
PUHLIX 7 Ik— 8 R e A A 2 3 ALO, 1 TiO,
BEEE, TFe,05. K,0O #1 P,0; BREEE UK Si0,,
MgO. Na,O. CaO Fl MnO 5 it AY4F1E . ALO,/SIO,
{HAF 0.11 ~ 0.58(F4H 0.37, & T 5% 0.23), FHH
A1 VG M IXCRE R A SRR . FERR R R
TE BRI Z (K. Ca. Na il Mg) &5 kit 17,
FH AR A 5% X 8 3T 75 FF b MgO.\ Na,O., CaO 175
T RE A A AR KAV E S5 5R . a ae
A v T i T R A B R L (A RERS S TR A
WL I, BESL ALOL/(CaO+K,0) {E K 3.88 ~ 28.96

1 ArtXJEEEN TR, AIE R RN EE
Table 1 Concentrations of major elements, TOC value and 6"°C (PDB) of mudstone samples in Shixi area.
. 2 s Si0, ALO, MgO CaO TFe,0; Na,0 K,0 MnO TiO, P,0; ¢“C(PDB) TOC
) () (B (%) (%) P) () (R) (%) (%) (%0) (%)
SX-01-2 IRV 5475 2070 151 063 602 047 224 0052 083 0.17 -23.7 2.75
SX-01-4 bFA&TH IRV 57.09 2322 135 027 410 052 277 0021 075 0.06 -23.6 0.40
SX-01-5 IR 5826 2240 1.08 027 338 050 298 0024 067 006 -239 0.53
SX-01-10 IRV 7936 877 036 044 051 011 056 002 153 0.09 -25.0 2.54
SX-01-11 WIKEBWTIES 6212 1883 138  1.06 192 042 380 0011 086 024 255 0.62
SX-02-2 IREEBWTIES 5251 2543 147 043 666 047 246 0038 098 0.08 -24.0 0.14
SX-02-4 IRERE IS 5971 2063 123 038 556 032 193 0029 071 007 -24.1 0.16
SX-02-6 FNA&ETH IR e 5801 23.08 086 033 276 038 412 0009 076 0.05 —-24.0 0.32
SX-05-1 IRV 6532 2221 1.06 020 286 048 391 0014 076 0.04 -24.0 0.51
SX-06-1 IRERE IS 59.48 2045 093 022 653 034 292 0013 062 0.05 -23.7 0.09
SX-06-2 (LR ER ) 5241 1973 099 021 13.03 029 262 0200 086 0.06 -239 0.46
SX-07-1 IRV 4886 27.80 123 030 472 043 537 0026 120 0.10 —-24.0 0.14
SX-02-8 B 5852 2260 0.82 0.16 208 031 1.69 0013 076 0.04 -239 3.78
SX-03-1 IR 6500 18.66 120 029 427 021 329 0021 094 0.05 -234 0.31
SX-03-4 IR 62.62 2244 054 018 177 020 248 0013 1.02 0.05 -238 1.38
SX-04-2 IRV 5440 2296 107 012 364 032 223 0012 075 0.02 -24.1 4.04
SX-05-7 17541 IRV 63.62 23.68 1.04 038 322 033 257 0.106 0.78 0.05 —24.2 1.99
SX-06-4 IR 5883 2359 1.05 0.11 131 029 249 0004 083 0.05 -239 1.42
SX-07-2 IR 6101 17.82 142 037 508 055 279 0063 070 0.09 -238 2.11
SX-07-3 IR 5411 1972 117 047 670 076 3.00 0.092 071 0.12 -24.0 2.77
SX-07-5 LS uNvEay 4901 2856 042 019 132 058 079 0005 089 0.06 -242 5.97
SX-02-11 B 6574 1844 071 042 160 0.19 157 0028 088 0.09 -23.7 2.04
SX-04-4 IR 5594 2427 032 080 156 031 128 0019 079 0.10 -243 3.12
SX-03-6 K B 5397 2576 025 023 077 0.14 1.07 0004 0.76 0.04 -23.7 5.31
SX-06-6 IRV 5881 23.11 023 0.1 196 028 158 0009 077 0.07 -23.7 2.58
SX-07-7 B 5051 2651 081 038 218 061 192 0007 088 008 -239 3.63

T FEMS S PR A & S, 0 SX-a-b B SXARERATY, “a"FIT, b7 MELIHERTF T
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il

B 2023 4E

(HI1H 8.87), #& /R A PUHLIX — B R A R W4
A O SR N S He 2 U T R
3.1.2 ffEInER

i T R 1) 4 7 U R T AR R R,
XEPEAN i TR EE /R R P i L K, Tl
JCE MR HAL ZE M 0] 430 KB F XA I0E Rb,
Sr. Cs. Ba Fll T1, &% G &K Nb. Ta. Zr Fl Hf, & ¥
% L& Sc. V. Cr, Co. Ni fl Cu, YA K # + 0 &
(REE+Y). HRUEAT VG L XA S e 3R (36 2) KAl
FoeE (3R 3) WAL R, #F—L gt &I (K 2a), i
ST FER SX-01, SX-02, SX-03., SX-04, SX-05.,
SX-06 F1 SX-07 H: B i 70 & AR Ak fa 3 Je A8 A7 [l
FA—, B Mo Al TI L R4, HAlT R &K
F 1.0pg/g.

SRR AT (BmERR R B R Al
PRI T4 PAAS 140y A 1L, AR KRG b Hb5%
(UCC) 5F5E X EAT LA 8 P IR AN 5 A1 HoER 1L
SR, BIAS L UCC i o2 Pt 1

2 A AT A R R TR T B

VE A 74 b DCRE b fddt o AR EAL 1975 518, 43 )
fE oo Z A H AR TR B E .
P 2¢ AT, AT T AL B S SR T O M,
IR 22 W G M AR A P B IX 0 R T 2 R B R TR
JER RS, B L, Cs TR BEELE, St on X
7151, Zn F1 Ba JCER W& 7 MARHIE

LY Z NI AN AR Ra S AW cr cy S ST (e s 3
B RN AR E RO, Wi 1 (REEs+Y) S &/
T 108.10 ~ 1287.99ug/e(F{H 475.4pg/g), B Tt
K EHIFE UCC(174.074pug/g) FIIRAFIE 5 KL
U4 PAAS(211.78ug/g), 5 i 5% X 1 1ifh B X
(MH 283.88pg/e) HHLL 11° ), AT HLIX AR AN IR £
W R 2 NN SRR TR, F W Xt R g s
9% . LREY &% & & 79.54 ~ 1116.67pg/g(X 14
395.38pg/g), H 1 (La/Sm)y {1 H 0.67 ~ 1.66(3 (&
0.99), F8/R M LU R Z M M MR R 55; HREY &
8 28.55 ~ 194.28pg/g(P4 1 80.02pg/g), (Gd/Yb)y
AT 0.69 ~ 2.54(FMH 1.0), FH TR 1 (04555 19

Table 2 Trace element contents of late Paleozoic mudstone samples in Shixi area.

PR S (ug/e)

T i

C[E

Li Sc \% Ctr Co Ni Cu Zn Ga

Rb

Sr Mo Cs Ba Th Nb Ta Hf

SX-01-2
SX-01-4
SX-01-5
SX-01-10
SX-01-11
SX-02-2
SX-02-4
SX-02-6
SX-02-8
SX-02-11
SX-03-1
SX-03-4
SX-03-6
SX-04-2
SX-04-4
SX-05-1
SX-05-7
SX-06-1
SX-06-2
SX-06-4
SX-06-6
SX-07-1
SX-07-2
SX-07-3
SX-07-5
SX-07-7

54.0
40.2
452
51.2
78.6
433
32.6
27.6
52.0
53.1
27.9
47.4
88.4
105
74.3
30.8
51.3
30.2
374
68.0
62.1
242
29.9
37.0
204
90.6

20.6
16.8
18.2
8.68
21.2
21.2
18.4
22.5
19.7
15.5
17.5
20.7
19.1
21.2
16.6
19.8
18.2
13.5
16.2
15.5
15.2
25.5
13.0
16.0
15.3
21.5

124
78
113
96
129
88
98
112
113
91
72
64
55
125
73
93
83
61
83
85
73
118
58
72
69
147

83.0
50.0
65.7
50.1
92.8
90.6
58.9
85.4
83.3
74.4
74.4
79.3
59.0
87.3
68.1
69.0
66.9
49.8
55.2
58.5
57.4
95.3
51.1
61.7
60.1
94.1

26.4
203
12.2
6.03
6.77
17.2
15.9
8.16
16.4
15.7
20.1
10.2
4.42
19.2
7.44
10.7
17.8
11.2
14.9
6.87
15.9
16.2
11.6
17.0
10.0
18.9

36.3
30.4
28.2
11.7
19.8
17.2
15.9
8.16
16.4
15.7
20.1
10.2
442
423
17.6
24.6
30.8
22.0
34.7
18.9
17.7
29.8
21.7
29.6
28.7
41.8

48.4
36.5
30.9
11.2
335
32.8
29.1
47.2
35.6
27.7
20.1
10.2
4.42
30.5
16.3
59.9
33.2
25.1
24.2
29.0
16.3
42.1
30.2
28.2
16.7
33.2

122
127
91.8
522
34.1
84.9
77.0
59.4
161
64.6
20.1
10.2
4.42
147
71.0
66.2
116
713
95.7
47.2
76.1
82.8
105
80.0
119
99.5

293
29.8
335
16.6
33.6
35.0
30.3
32.0
31.2
23.8
25.9
32.1
325
31.0
28.5
27.6
30.9
244
30.4
293
273
349
24.1
28.4
34.8
33.1

110
129
164
22.6
174
110
99.1
190
102
73.7
133
126
48.6
125
55.9
191
122
137
137
127
52.7
185
126
141
42.7
119

209
255
259
48
233
165
148
216
190
186
127
117
110
169
141
189
214
124
257
114
149
252
238
279
166
219

0.77
0.45
0.41
2.76
0.54
0.51
0.76
0.43
1.34
0.88
0.48
0.61
0.94
1.14
0.81
0.55
1.40
0.34
0.46
1.03
0.80
0.31
1.25
1.36
1.36
1.81

533
6.43
9.84
2.32
9.87
7.54
6.48
11.8
6.42
5.69
5.18
7.28
6.14
8.21
5.39
10.6
7.05
9.84
9.12
12.6
442
5.81
7.67
6.72
7.01
8.02

533
779
890
201
455
650
504
754
551
230
596
534
174
607
291
756
445
581
548
469
186
963
915
946
308
601

0.67
0.81
0.93
0.28
0.85
0.77
0.66
1.14
0.70
0.54
0.75
0.70
0.41
0.88
0.56
1.11
0.71
0.80
0.81
0.73
0.48
1.04
0.71
0.86
0.42
1.10

19.4
17.4
18.7
15.3
17.6
17.6
17.6
19.5
20.7
12.8
17.6
21.0
14.9
20.7
17.0
17.2
20.0
14.1
15.2
19.1
13.0
23.0
18.7
20.4
21.6
24.2

3.99
3.34
3.57
2.70
293
3.89
4.08
3.64
4.69
291
3.68
4.04
3.32
4.51
3.09
3.55
3.84
2.30
3.38
3.85
2.38
4.12
3.47
4.22
3.77
5.56

25.6
24.8
26.2
21.5
20.7
27.9
233
23.6
283
18.0
233
28.5
17.7
25.8
19.7
19.4
27.0
19.7
20.4
273
16.9
32.0
26.0
29.9
27.9
28.3

1.83
1.78
1.92
1.63
1.70
1.93
1.65
1.80
2.12
1.34
1.64
2.11
1.32
2.01
1.37
1.42
2.00
1.41
1.43
2.06
1.16
2.35
1.77
2.14
2.09
2.20

295
287
289
546
269
544
271
233
320
264
361
345
260
250
343
206
274
238
246
322
323
390
264
369
291
292

8.77
9.02
8.85
14.9
8.57
15.87
8.25
7.23
9.75
7.91
10.1
9.84
7.88
8.16
11.3
6.58
8.50
7.29
7.42
9.67
10.2
11.9
8.43
10.5
9.54
9.64
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Table 3 REY contents and characteristic parameters of late Paleozoic mudstone samples in Shixi area.

it InEE R (ug/g)
RS GRS L/H (La/Sm)y (Gd/Yb)y (La/Yb)y 6Ce SEu
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu LREY HREY REY

SX-01-2 91.4 180 20.377.513.62.9510.91.558.5644.41.764.710.74 4.79 0.74 38598 77.40 463.38 4.99 0.92 1.08 1.04 0.900.98
SX-01-4 85.3 151 20.884.415.62.9211.21.7510.259.42.175.76 0.89 5.76 0.89 360.46 97.17 457.64 3.71 0.75 0.93 0.80 0.790.85
SX-01-5 74.0 148 17.668.0 11.8 1.929.74 1.63 10.1 56.9 2.16 5.68 0.90 5.70 0.89 320.94 92.84 413.78 3.46 0.86 0.81 0.70  0.870.69
SX-01-1026.250.26.5726.1 5.331.61 5.151.08 6.8731.91.353.210.49 2.80 0.41 11599 52.82 168.81 2.20 0.67 0.87 0.51 0.811.13
SX-01-11 66.4 128 14.855.39.01 1.797.021.00 5.5730.2 1.153.41 0.56 3.76 0.59 275.57 52.66 328.23 523 1.01 0.89 096 0.870091
SX-02-2 226 446 54.4 213 34.97.3530.04.3523.0 105 4.71 12.41.96 13.3 2.09 981.52 194.28 1175.795.05 0.89 1.07 092 0.850.93
SX-02-4 80.1 145 17.868.111.42.079.79 1.51 8.5945.71.78 4.92 0.82 5.35 0.85 324.25 78.51 402.76 4.13 0.96 0.87 0.81 0.830.78
SX-02-6 116 198 21.672.69.521.519.38 1.328.0245.21.865.320.90 5.77 0.94 418.45 77.74 496.19 538 1.66 0.77 1.09 0.820.67
SX-02-8 104 199 22.285.014.42.5112.0 1.81 10.1 47.1 2.00 5.18 0.80 5.00 0.74 427.54 83.99 511.53 5.09 0.99 1.14 1.13 0.920.76
SX-02-1150.197.911.142.77.23 1.68 6.28 1.00 5.98 30.3 1.203.27 0.53 3.39 0.52 210.74 51.93 262.67 4.06 0.95 0.88 0.80 0.900.99
SX-03-1 81.8 164 18.661.311.31.699.30 1.28 6.9632.0 1.31 3.96 0.60 4.07 0.61 338.69 59.48 398.17 5.69 0.99 1.09 1.09 0.780.68
SX-03-4 105 207 23.277.115.12.2512.81.7910.7 54.42.02 5.81 0.87 5.89 0.84 429.65 94.28 523.93 4.56 0.95 1.03 0.97 0.790.67
SX-03-6 85.9 191 21.266.213.12.71 11.3 1.66 10.3 45.6 1.925.510.84 5.70 0.79 380.11 82.83 462.94 4.59 0.90 0.94 0.82  0.750.90
SX-04-2 80.5 158 18.771.912.32.4610.1 1.519.1748.21.945.150.83 5.25 0.81 343.41 82.15 425.56 4.18 0.90 0.91 0.83 0.870.88
SX-04-4 70.5 134 14.754.0 8.61 1.557.98 1.23 6.86 32.3 1.39 3.53 0.55 3.43 0.51 283.38 57.27 340.65 4.95 1.12 1.10 1.12 0.900.76
SX-05-1 63.7 119 12.842.85.440.975.420.81 5.0327.41.133.300.57 3.71 0.59 244.61 47.94 292.55 5.10 1.61 0.69 0.93 0.830.74
SX-05-7 80.2 161 18.167.411.11.989.63 1.488.7247.71.824.810.76 4.81 0.73 339.77 80.43 420.20 422 0.99 0.95 091 0.880.77
SX-06-1 21.433.14.5716.53.070.952.820.513.1517.60.621.720.29 1.83 0.30 79.54 28.55 108.10 2.79 0.96 0.73 0.63 0.701.23
SX-06-2 206 472 62.5 241 39.77.7429.33.6414.944.92.48 6.51 0.85 5.47 0.801028.78 108.10 1136.879.52  0.71 2.54 2.04 0.780.95
SX-06-4 54.9 103 11.542.87.521.336.63 1.055.9328.61.153.03 0.48 3.03 0.46 220.60 49.95 270.54 4.42 1.00 1.04 0.98 0.880.74
SX-06-6 64.5 123 13.851.27.621.526.16 0.88 5.0526.9 1.09 3.150.51 3.26 0.51 261.78 47.02 308.79 5.57 1.16 0.90 1.08 0.890.90
SX-07-1 268 543 59.2 213 29.04.9326.63.38 16.895.93.7511.01.77 12.18 1.99 1116.67 171.32 1287.99 6.52  1.27 1.04 1.20 0.880.76
SX-07-2 69.3 131 14.6 54.0 8.851.427.721.23 7.2138.41.493.96 0.63 4.15 0.65 278.67 64.82 343.50 4.30 1.07 0.88 091 0.880.68
SX-07-3 84.3 172 18.971.512.02.06 9.93 1.53 8.9048.6 1.864.920.79 5.38 0.78 360.62 81.93 442.54 4.40 0.96 0.88 0.85 0.910.75
SX-07-5 51.284.49.5034.17.122.106.60 1.12 6.51 33.8 1.253.09 0.49 3.13 0.49 188.43 56.02 244.45 3.36 0.99 1.00 0.89 0.851.20
SX-07-7 84.4 174 18.667.211.02.119.90 1.64 9.30 44.4 1.87 4.80 0.74 4.66 0.71 357.40 77.32 434.73 4.62 1.06 1.01 0.98 0.900.80

S8 . LREY/HREY(L/H). (La/Yb)y 3@ % F T HIWE (A T—26%0 ~ —20%0 '°) , 3F:11—24.5%0 K 5, i
B EM TR ZEE S FRRE, FES LREY/HREY . 40 0 & S e A A AR v g A 78 T IR AR . AN SR R
(La/Yb)y {20510 2.20 ~ 9.52(F{H 4.7), 0.51 ~2.04  Z WM AR AR A k— B 20 LU R JEAT 0 32,
(4914 0.96), 4 &M o R BB (& 2b), 9 KEROIRA R T MR ISR N bR e A A, s
WRESE X R A R b R L TR Z M TS Bk A S SRR LS, SRS R T —

N R A ERR SRR H ., Hrh, SX-01Hd F A&7 HE M
3.2 AHUBREHIE 5"*C(PDB) i (SX-01-10 F1 SX-01-11 43 51 425 %o.

HHRR(TOC) it R A B L ik 2 WL —255 %o) 28 B 1 & 8 U8 8 i & Y 4% 1F
(B 7 5, R PEAN R IR A AT HILJE = B RN A S ) [67°C(PDB)<\—24.5%], 3 FJ fig 15 0 5% X TR A 855 114
BAEEE L., MRS TERABREN A AP EA 56, 7Etedb i & FeTH i #2 h, K
Bz TSR IR A R MDIB AL, A SRR Z I A SR X, BT IS NI AH ]
0"C(PDB) fl /* T —25.5 %0 ~ —23.4 %o, ¥4I {H 24 %0  FliARAL ™8 L BRI, A1 I8 3 A0, 3 Pl X
(F D)o AP TEARALE TRk R R PUILS DI b R B 5k, S8 A&
R F B R E, JEIR R T BARA 42 P, MM FUURSRAA ML T IAERE
T B AR A B 42 P C, — RS AT R AR 0'°C(PDB) WF 5% X U6 i 42 P TOC & & A F 0.09% ~

— 1109 —



a8 Wk

5 6 30 2023 4
http: //www. ykes. ac. cn
1000 ¢
sSX-01 =SX-02 =SX-03 =SX-04 (a)
mSX-05 =SX-06 =SX-07
L0100
on
=
o
7 10
B
o2 |
v
Li S¢ V Cr Co Ni Cu Zn Ga Rb Sr Mo Cs Ba TI Th U Nb Ta Zr Hf
0.1
Li Sc V Cr Co Ni Cu Zn Ga Rb Sr Mo Cs Ba TI Th U Nb Ta Zr Hf
10 10

—#&—SX-01-2——SX-01-4—o—SX-01-5 S$X-01-10—e—S8X-01-11—&

R /AR AR e

& §X-03-6—6— SX-04-2 & SX-04-4 $X-06-1 —&—SX-06-2 —©

SX-05-1—&—SX-05-7

SX-02
—6—5X-02-4—06—SX-02-6—6—SX-02-8 ——SX-02-11 ——SX-03-1 —e—SX-03
SX-06.
—6—8X-06-6—6—SX-07-1—6—SX-07-2—6—8X-07-3 ——8X-07-5 —&—SX-07-7

2
-4
-4

0.1

| ——SX-01-2 ——SX-01-4 ——SX-01-5

v SX-01-10
© ——SX-01-11=6=5X-02-2 =8=SX-02-4 == SX-02-6
—o—5X-02-8 —#—SX-02-11 —8=SX-03-1 —e—SX-03-4
#=§X-03-6 ===SX-04-2 ==SX-04-4 SX-05-1
——5X-05-7 SX-06-1 —8—SX-06-2 —o— SX-06-4
=5 X-06-6 =#=SX-07-1 =@mSX-07-2 == SX-07-3
$X-07-5 $X-07-7

0.1

0.01
La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

LiSc V CrCoNiCuZnGaRb SrMoCsBa T1Th U NbTa Zr Hf

F2  WERXFESRERTERIMEN EAEIRE (a). Moo (b) FIRETTR (o UCC frEfblic 7

Fig. 2 Comparison bar chart of trace element mean value (a), UCC-normalized pattern of rare earth elements (b) and trace elements

(c) of samples in study area.
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Table 4 Clay minerals composition of mudstone samples in Shixi area.

Fh B AT A (%) TRA)Z LB (%8S) Fh B AT o (%) TRA)Z LB (%8)
Fedhtit S Fedh i3
S IS 1 K C C/S IS C/S S /S 1 K c CiS /S C/S

SX-01-2 - 21 24 44 11 - 20 - SX-04-2 - 7 40 41 12 - 5 -
SX-01-4 - 50 21 22 7 - 25 - SX-04-4 - 2 23 75 - - 5 -
SX-01-5 - 40 28 25 7 - 20 - SX-05-1 - 45 32 18 5 - 15 -
SX-01-10 - 6 18 76 - - 10 - SX-05-7 - 23 34 43 - - 10 -
SX-01-11 - 26 57 17 - - 10 - SX-06-1 - 38 23 21 18 - 15 -
SX-02-2 - 36 16 37 11 - 20 - SX-06-2 - 20 34 22 24 - 10 -
SX-02-4 - 29 15 41 15 - 25 - SX-06-4 - 22 30 48 - - 10 -
SX-02-6 - 45 30 19 6 - 15 - SX-06-6 - 24 18 58 - - 15 -
SX-02-8 - 16 30 42 12 - 10 - SX-07-1 - 38 40 16 6 - 10 -
SX-02-11 - 15 30 55 - - 10 - SX-07-2 - 47 34 14 5 - 15 -
SX-03-1 - 46 28 26 - - 15 - SX-07-3 - 47 37 16 - - 15 -
SX-03-4 - 29 28 43 - - 15 - SX-07-5 - 10 20 70 - - 10 -
S$X-03-6 - 12 22 66 - - 10 - SX-07-7 - 4 30 66 - - 5 -

e K—mild e C—&tefr; R S—5A0; US—ENZE; C/S—E52al)2; %S—Z I, “—"FRSLEARAL

a, b, c—SX-01 JFRAHMHEBIEG; d, e, £—SX-02 JFRAHMHBIEG.

(S RENEETLE Ry s I R O 7/ T AR T

Fig. 3 Microscopic characteristics of clay minerals of mudstone samples in Shixi area.
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S D200 MBS R A LB S KT 1% I
TOC {5+ %15 U, Mo. Ni fl V & &4 X1k B &
(4 a, b, ¢, d), HAESH RSEs Ju 30 & 4 I
A ETHMT A& THRZH0 A A LR & &
/NTF 1%, 5 RSEs JCE I WAHME, F0H T K&
AR A PR B S F RN E

AN VI(VANI) 5 F Ce/La {85 T340 51 7K
TR AR JEFR S L7 VIVAND) BB (5> 0.84) i
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Fig. 4 Bivariate plots for TOC and element content in mudstone samples.
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Fig. 5 The organic matter enrichment model of Shanxi Formation, Taiyuan Formation (a) and Shihezi Formation (b) in Shixi area.
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Geochemical Characteristics and Organic Matter Enrichment Mechanism

in Late Paleozoic Mudstone, Eastern Margin of Ordos Basin

YANG Jindong, YU Zhenfeng, GUO Xu, ZHAO Ruixi
(Shanxi Lanyan Coalbed Methane Engineering Research Co., Ltd., Jincheng 048000, China)

HIGHLIGHTS

(1) The mudstone is characterized by enrichment of main element Al,O; and TiO,, the CIA value ranges from 85 to

100, and clay minerals present non-authigene characteristics with SEM, indicating high clay mineral content of

terrigenous detrital.

(2) The Sr/Cu and Mg/Ca values of the sample are low, and Fe/Mn value is relatively high, V/(V+Ni) and Ce/La

values are between sulfurized and oxygen rich environments, indicating warm-humid and reduction

environment.

(3) When the TOC value is more than 1, it is significantly positively correlated with Al and redox sensitive elements

(RSEs), indicating that the enrichment of organic matter is controlled by the redox conditions and the

composition of terrestrial debris.
— 1114 —


http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn

6 W 7R, 85 SRIRZ I A AR G oty A= AR MR AL 27 R A S AT BT SR ML 5424

Mode
Terrestrial input

Clay mineral (a)

Sample collection Sample analysis

Py
0dc. -
ace

Element content

“ characteristics Loweroxygen
p \ 2 Shanxi Formation and
Ao Taiyuan Formation mudstone

Organic matter — .
Terrestrial input (b) Conclusions

: I:'> : characteristics Clay mineral Regression
St —>

e AR o Clay mineral

composition
P Shanxi Formation nygen
mudstone .

ABSTRACT

BACKGROUND: In the past two decades, with the development of CBM technology, the reduction of recoverable
resources in shallow coalbed methane and the consumption of unconventional natural gas in China increasing year
by year, the development of deep coalbed methane is imperative. The coalbed methane resources in China are about
30.05x10"”m’, and the coalbed methane resource within the burial depth range from 1000m to 2000m is about
18.87x10"m’, accounting for 62.8% of the total resources, which reflects that deep coalbed methane is an important
resource foundation for the large-scale development of China’s coalbed methane industry. As the second largest
petroliferous basin in China, the Ordos basin has great potential for exploration of deep coalbed methane. In the
Eastern Ordos Basin, the coalbed methane resource less than 1500m in depth is about 9x10""m’. Although the
eastern edge of the Ordos Basin is rich in deep coalbed methane and tight sandstone gas, the enrichment
characteristics and controlling factors of organic matter in coal-bearing strata are unclear, which is not conducive to

the study on the storage law of resource, evaluation of development potential, and selection of favorable areas.

OBJECTIVES: To reveal the organic carbon content and its influencing factors of mudstones in the coal measure

strata and guide the efficient development of coal-measure gas in the eastern margin of the Ordos Basin.

METHODS: (1) Analytical method: A total of 26 mudstone samples from the Shihezi, Shanxi and Taiyuan
Formations were collected in the Shixi area. The content of major and trace elements, organic carbon content and
clay mineral characteristics were tested by XRF, ICP-MS and SEM. Carbon isotope of Kerogen was determined by
gas chromatography-isotope ratio mass spectrometry (GC-IRMS). The working standard of carbon isotope adopted
the international standard PDB. (2) The mode of organic matter enrichment: Based on the experimental results, the
Carboniferous—Permian sedimentary environment (including redox conditions, paleoclimate and terrigenous clastic
characteristics) was studied with geochemical indicators, then correlation between sedimentary environment and

organic matter content was further explored.

RESULTS: (1) Organic and elemental geochemical characteristics of muddy source rocks. Compared with the data
of major elements in the upper crust of the North China Plate, the Carboniferous—Permian mudstone samples in the
study area show significant enrichment of Al,O; and TiO,, and Al,0,/SiO, value ranges from 0.11 to 0.58 (mean
value is 0.37), indicating that the sample has a high content of clay minerals. The trace elements are significant
enrichment of Li and Cs, slight depletion of Sr, and significant depletion of Zn and Ba. Rare earth elements are
highly enriched overall (mean value is 475.4pug/g), and higher than UCC (174.074pg/g) and PAAS (211.78ug/g).
The organic carbon content of mudstone samples from the Shanxi and Taiyuan Formations in study area is relatively
high (mean value is 2.87%), while the Shihezi Formation is relatively low (mean value is 0.72%).

(2) Redox-sensitive elements, mainly including Mo, V, U, Ni, Ce and La, are important indicators for
characterizing the oxidation environment of sedimentary water bodies. V/(V+Ni) values range from 0.61 to 0.89

— 1115 —



o NN
5 6 0] Ao Wt 2023 4

http: //www. ykes. ac. cn

(mean value is 0.75), and the differentiation of each layer is not obvious (mean value of Shihezi Formation is 0.79,
Shanxi Formation is 0.74, Taiyuan Formation is 0.78), and Ce/La values range from 1.55-2.3 (mean value is 1.93).
The above indicators exhibit the characteristics of a poor oxygen environment. The corrected CIA index ranges from
85 to 100, reflecting the strong weathering of parent rock in the source area under a hot-humid environment.
Besides, the Sr/Cu and Mg/Ca values of the sample range from 3.16 to 24.89 (mean value is 7.43) and 0.34 to 7.98
(mean value is 2.91), respectively. Fe/Mn values range from 21.35455 to 545.72 (mean value is 202.25), indicating a
warm and humid climate during the late Paleozoic. The clay mineral content in the terrestrial debris of the sample is
relatively high, which consists mainly of kaolinite (mean value is 39.27%) and illite (mean value is 28.54%).

(3) The sedimentary period from the Taiyuan Formation to the Shihezi Formation belongs to a warm and
humid climate as a whole, and the bottom of the sedimentary water body is in an anoxic environment. There was no
significant correlation among climatic indices of St/Cu, Mg/Ca, Fe/Mn and TOC values, however, when the TOC

value was more than 1, it was significantly positively correlated with Al and redox sensitive elements (RSEs).

CONCLUSIONS: The enrichment of organic matter in the argillaceous rock of the Taiyuan Formation and Shanxi
Formation is controlled mainly by water redox conditions and terrigenous debris. The Shihezi Formation inherites
the regressive trend of the eastern margin of the Ordos Basin in the late Paleozoic, and its sedimentary environment
changes from shallow shelf to marine-continental transitional facies, causing a dynamic ambient and high energy

circumstance, in which organic matter is not easily enriched and preserved.

KEY WORDS: Ordos Basin; organic matter; enrichment mechanism; Shixi area; inductively coupled plasma-mass

spectrometry; scanning electron microscope
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