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Abstract: In 2021, the research group discovered the Mesoproterozoic lithium-rich sedimentary series in eastern Hebei Province.
This is the first lithium-rich sedimentary record found in the Precambrian strata in China. A total of 33 lithium-rich layers were
found in the exploration area, with a thickness of 1.09—5.59 m, an average thickness of 2.32 m, Li,O grade of 0.1% —0.42%,
and an average grade of 0.16%. The target layer has wide distribution, huge thickness, stable horizon, and huge lithium
resource potential, so it has a huge potential for lithium resources. Lithium-rich sedimentary rocks are developed in the
Mesoproterozoic Wumishan Formation. Mineralogical and geochemical analyses show that dolomite is the dominant mineral with
subordinate quartz, illite/smectite mixed layer, and illite. The lithium-rich rocks are characterized by high CaO, MgO and low
ALO; contents. At room temperature and pressure, the reaction of argillaceous dolomite with dilute hydrochloric acid in a closed
container can produce ~>77% lithium leaching. Compared with the Late Paleozoic lithium-rich sedimentary rocks in South
China, this type of lithium-rich rocks in North China has significant differences in metallogenic age, ore-bearing succession,
lithology, mineral composition, major and trace elements and occurrence state. And it is also different from the former, which
requires effective leaching of lithium under heating conditions. These differences are likely related to the likely derivation of the
ore-forming materials of lithium-rich rocks in the study area from the weathering of Shanhaiguan ancient land and the deposition
in a dry carbonate tidal flat-lagoon environment. Therefore, the formation of the lithium-rich rocks in the Wumishan
Formation 1s different from the previously proposed carbonate clay-type lithium deposits, indicating a new lithium
enrichment mechanism. The exact mechanism of lithium enrichment in this rock series still needs to be further studied.
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metallogenic mechanism; ore deposit.

0 5l&H

RV A LAY RE R SRR 42 B Iz N T R A
b BT RE R 8 H R A5 B AR (2R A B4R, 2014
PP S, 2019, VF RS, 2019). Bl 4 4 koot R BE
TR B4 5 2R R B R A R K T R
A 3 B RV 45,2017 T4, 2019; #hig(—
85,2019) AF AL — RAR T 9% W (D A2 gk
2018; FERKEF FICHE,2019) , Fe 8 A9 48 98 5 2 4 fit
L K 2R I 5k s T 2 Ml PR 4 i A R R U
S NSRS YR I A T & RN 25 A ) 20 78 I B

AR R H 4 R KBS A TR AR R
=K% (Kesler et al.,2012) , B BA £ 5 & (8
B A T2 A p K TR R A AR AR R B Tl R
B AR m) 0, i AN H & Tl I & 0 1 ( Bk EF e
FAE,2019; KFLH L 2022) . T [E 24§ TR 09 £ 5
Xof G M R AR v AR A BT, B 414 4K
b A HE AR AL T P 60 %0 R (B AL
4 ,2022) ik HAT AR AE S AL AR L2 0 3E B2 R 1O
FE PRI B R R SR R R K IR E 4 K 2L
Tl G R TR R AT M T LT AR R D b R 2
W H O i URR R AR B (4 3k 5 1) A5 R0 O & ) A
I BESETE SN m e P T A e A AR
F RV R S R R b & B R R Y
MR EEML (B E,2013; 4 5%, 2018;
Ling et al., 2018) , Jf#& 5 T —F 55 B /i £ 5 WU Ak~

TUBUA 56 10 Bk 1R 5 26 1+ R BB BRI 37 26 1 (IR
IHESE, 2020) , e 3 BARYE 76+ RVER B o i L )
JBT R Y5 ISR Sl Rk TR kA i XAk (B 4545, 2018
Ling et al., 2018; % i BK 45, 2019; i I 5 %% |
2020) AHALA AN K B IE B 5 LA K s = DU
T B9 06 ) IR X (Hofstra ez al., 2013; Zhu et
al., 2014; # JC 2 4%, 2015; Castor and Henry,
2020) , 38 1 & #7 Il ke BE S A K O B
897 R HEA A (E 0%, 2024) A FFH NN
YRR Fh ) VR R 2 (kSRR A, 2021 4 24 HE
45,2023 KL 45, 2024) . 4R T TG 7 W Aok B B
LAEIR AR R R B e B ER S A
T W S5 G N E ST 2021 4F T 648 Hb 5T
2 e 7E 3 7R Hb X oT o R 55 0 Ll 2 B IR R A 2
ol & B B AR E L (M 45, 2023) . BF At A
R BN, ® A RMLLO WAL T 0.1%~
0.42% , -3 fh 7 0.16 %6 (Fi¢ R v B 0 2F 41 A o
R AL 0.2% >11,02=0.1% , f A& Tl i 7 Li,O
=0.2%). BT, {AE T 74 = k0 05T X 0.4 km® T
PESE BN g 28 A5 Tl & 7 LLO 4 J8 &2 (333) 4
0.99 J5 W, E 3k v A B L X 2 IR R TE
MERLHBEPLEAMNEHEER ARAMXE
WL RN 2 JRE R VRN R E, ]
UMD AR 15 = SR NI S I =8 W I A 5 k=
VAR EE I R, R EREE SIS
F 5 Bk R Eh 2 % UM G (R 5 B R Bk R R



o7 1

TR e 5 45 - 3R P ol A5 k1 4 S AR Y 2 B B L R A LR AR TR 2691

E TR R T 2 B A N S N R S S s R
BiH = A H oz B AR B s el e
A, O BROT S R LA R e R R TR AL
AR 3OO0 B AR L X 55 2K L 4LTT R TR 4 4R Bk
= R ¥R M S 56 o3 B, (8 I 5 RN I GE B9 B TR
R A LR A R IR X L, S5 S DU W) Ok
PR AR S PR 3 Z 8] B BT 22 5, 4 Jie 7
B 19 6 M X - T 26 A0 B WY U AR O Y B g

1 X o 55

W5 XA T 38 AR Ak V5 = 9 45 M, K M )
& A B AL T A AR v B AR R e 1T 2 R AR R i 2
([l Ta) , Hroe iy A 1] 32 e 100 28 o Al 1) ) 365 775 Bl 48
Wil , EEELT T R Y KA R B Al 1) B
8 F M e Ak | v B 7 b Ak = AN UT R B (Meng
etal.,2011; $85¥F,2014) JE R T —EJFi59 200 m
Ao A B Bk R R e iR R A IR A DU T 8 (5 55
5 ,2002) . 3% A5 Hb 22 5 A BN G A T AR RO
g REAEZ L, AT EEERER E6 2R
FREA A Fkdl oK EA gk d) fF
WAMET AR A KLU, A XA F
4 g R ) L 3E A H T Ak % B B, AR L A 2
T R SR A T R PR B DL PR TR Ry 3 (A

,2011; S R4, 2020) , #Z h & & L8 A ) BF
W R 5 oK 94 0T BLUJE M (Goldhammer ez al.,
1990) , JiE [ 7] & A5 S8 Bk OB 1] W7 . 122 K G [l )22
WE AR AT &SR A YR KSR
VERCEL /NN FI B = b S e S |5 B e i
WOV A 2 8 PR e R M R T B A T
WA 1 23 BT U8 DU R SR B B bR A i T R IR
IKT7 it A1 A 7 B A 5T 55 (M AR 45, 1999 5 Jil 1t Big
45,2006). R I VIR Z 5, BF 53 IX 3% R LB
T R Y a2 ORGP B T R
M2, & AR AR e L iz Bh TR I AR T ) A B AR X
M5 22 IR A R 2 g, 55 2K 1L 41 2 5L A b
2B AR W 2 A R R (& 2a) .

W 5 IX AL 46 25 Ak 17 AR IH 26 X 46 %€, & BB
Ak FHERRE AT X (E b)), B0 fe >
A 52 T R B A2 KA 1 AL i e R R AR
VG ] AT, 1] e P 1) AR o A B S R v TR AL
Wi REd i sk 4 o) 45 28 R IH %€
SIS A R 0 [ v A = N
20°~50°, R E — WAL T AR 1 & 3 H)z b
i, 0 Ff 20°~40°. B XN 2 KB — Wi 2, 52 44 1
FCE G S i  HETE R B L0 R B ik
w132, B E N 1.50~2.62 m, Li,O 7 0.1 %~

T RE 212

8
R H 13
JEJ%1.09~4.19 m
L0 170.1%~0.24%

JEJ%1.04~5.59 m
LiO#h £70.1%~0.42%

R R R 182
’;El 08~4 78m

b ][]
Q

Q 0K 13 ’ 7z —
JE#1.50~2.62 m
Li:0#h £70.1%~0.15% oEH  z55(1-4) 5 -
0 20 km ZK4001(1-38) =
[o] e
g % LS fgivg G LAV S Ve ¢ ]
* i RGE  BAL * R
b 52k i 2 W AR AR F TAES +Ef
: Al R eEEaih

FI1 RIFS DX R A 5t o 5 PR (a) 0 SEE 7R b IXC DXl 5 7 12T ()

Fig.1 Sketch of the tectonic location in the study area (a) and regional geological map of eastern Hebei Province (b)
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X VAN S TE R HAES A=A A%k WRA WA EY f;?; BERE BRa mka gika Bia
Jxw' GBL1012-2 RFEAZH 730 148 1.6 1.1 9.5 6.7 2.4 0.2 0.2

Jxw'  GBL1015-2 WEHZ=H 729 124 3.0 11.7 7.6 3.4 0.4 0.4

Jxw’  LBZf-1  WREHAZA 637 17.1 2.1 17.1 10.9 5.6 0.2 0.3

Jxw® 71G-2 REA=S 714 19.6 2.1 6.4 0.4 5.9

Jxw®  ZK4001-4  RFEHEZTH 707 141 1.8 0.9 12.5 5.4 4.0 3.1
Jxw®  ZK4001-11 REHZ=H 805 119 1.7 5.2 0.9 4.2 0.1

Jxw’  ZK4001-33 WEAZ=A 66.8 167 4.6 11.9 1.2 1.2 9.5
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Table 2 The major element compositions (%) from the Wumishan Formation in the study area

FE i G 5 itk Si0, TiO, ALO, MgO CaO Na,0 K,0 P,O,| #5445 ik Si0, TiO, AL,O, MgO CaO Na,0 K,0 P,0O.

7ZK4001-1 A S Para) 7.15 0.01 0.17 20.29 28.94 0.00 0.06 0.01| ZK4001-29 WA= %A  1.29 0.00 0.07 21.44 29.65 0.00 0.05 0.03
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7ZK4001-8 AN = 2.720.00 0.07 21.40 29.22 0.00 0.03 0.01| ZK4001-36 Mz Bies  3.76 0.01 0.18 21.10 29.03 0.00 0.05 0.01

7K4001-9 TS bae 38.30 0.01 0.19 13.62 19.08 0.00 0.08 0.01| ZK4001-37  #fHA =% 0.32 0.01 0.07 21.86 30.34 0.00 0.07 0.00

7ZK4001-10 LTI o=y 1.89 0.01 0.21 21.39 29.52 0.00 0.13 0.01|| ZK4001-38 #WH A= 7.12 0.01 0.05 20.21 28.30 0.00 0.04 0.01

7ZK4001-11 AT S ooy 25.83 0.13 3.26 16.63 18.71 0.07 2.22 0.08| GBL1012-1 M4 27.50 0.00 0.07 16.05 22.71 0.00 0.02 0.03

7K4001-12 A B 5.39 0.02 0.64 21.03 28.64 0.00 0.32 0.01|| GBL1012-2 i =% 27.37 0.10 2.75 18.05 18.93 0.00 1.21 0.14

7K4001-13 ey TS Pa s 1.74 0.01 0.29 21.26 30.14 0.00 0.17 0.01|| GBL1012-3 ~ H=EkA 28.27 0.11 2.95 18.14 17.87 0.00 1.24 0.17

7ZK4001-14 [IRTIS PaEa 0.37 0.01 0.05 21.86 30.15 0.00 0.04 0.00| GBL1012-4  HBifiE =% 0.69 0.00 0.14 21.29 30.41 0.00 0.05 0.04

ZK4001-15 LIS Paw oy 4.72 0.00 0.13 20.46 29.03 0.00 0.03 0.00| GBL1015-1 im s 3.02 0.02 0.82 21.11 28.92 0.00 0.67 0.03

7ZK4001-16 PIFH = 9.76 0.06 1.37 18.81 26.32 0.00 0.82 0.07| GBL1015-2  #FiH =% 25.60 0.11 2.85 17.73 18.60 0.06 2.53 0.09
7K4001-17 TS bae 1.01 0.01 0.10 21.42 30.10 0.01 0.07 0.01|| GBL1015-3 B =% 0.00 0.00 0.02 21.80 30.36 0.00 0.01 0.00

7K4001-18 EFN

=
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16.88 0.06 1.38 18.82 23.14 0.35 1.23 0.04| LBZJ5-1 WA =#A 3118 0.16 3.99 15.63 16.69 0.04 2.95 0.10

7ZK4001-19 ey NS Paes 2.00 0.00 0.07 21.61 29.48 0.00 0.04 0.00| LBZJ5-2 M zss 23.35 0.01 0.25 16.13 23.24 0.00 0.09 0.03

7ZK4001-20 i = 7.82 0.00 0.03 20.09 27.79 0.00 0.02 0.00 1JY-1 RHHZ=A 981 0.05 1.11 19.12 27.35 0.02 0.38 0.04
7ZK4001-21  HZBEPRA  20.97 0.10 2.15 17.18 22.11 0.03 1.43 0.06 17Y-2 H=Bs  18.97 0.10 2.27 17.48 23.13 0.02 0.98 0.07
ZK4001-22 iz A 055 0.00 0.02 21.69 29.97 0.00 0.02 0.01 1JY-3 WA ZA 19.35 0.09 1.78 17.53 23.02 0.02 0.87 0.06
ZK4001-23  FZFEIEAE  25.64 0.12 3.11 1547 20.61 0.04 1.85 0.10 1Y -4 HEBéE  25.05 0.12 2.82 16.42 19.29 0.04 1.79 0.08
ZK4001-24  BySH = 0.85 0.01 0.11 21.57 29.81 0.00 0.08 0.01 ZIG-1 WAz 491 0.00 0.13 20.91 28.57 0.00 0.03 0.02
7ZK4001-25  HZBERA 175 0.01 0.08 21.71 30.06 0.00 0.03 0.00 71G-2 WHHAZ A 37.28 0.11 3.33 16.37 14.52 0.08 2.85 0.08
7ZK4001-26  WyEbhE = A 1.35 0.01 0.06 21.41 29.56 0.00 0.04 0.01 71G-3 WO H A 1818 0.04 145 17.76 23.53 0.01 1.15 0.04
7ZK4001-27  HAZBEIEAE  20.69 0.05 1.41 17.26 23.05 0.00 0.83 0.04 Z1G-4 WA Z A 1831 0.01 0.05 17.92 25.09 0.00 0.03 0.00

7K4001-28 B s 12.86 0.00 0.05 18.93 26.30 0.01 0.02 0.00
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Fig.3 The upper crust normalized trace element spider diagram (a) and REE distribution curve (b) of the samples from study area
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Table 4 The results of the lithium leaching from samples of the Wumishan Formation

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

S A-10M LB FK)

SHG A-2(FR R )

Li FE & Li it

Rt i (oprm) (mg WRLUWOE WM LIRE BT BWLUWE BRLIAE RIETEOk
(mg/L) (mg) (%) (mg/L) (mg) (%)
UN-7 75.01 0.23 0.14 4.06>10° 1.80 5.71 0.17 76.12
UN-4 188.31 0.57 0.19 5.81x10° 1.02 18.03 0.54 95.40
GBL-HC-6 199.74 0.60 0.63 1.90% 10 3.17 17.96 0.54 89.92
GBL-HC-4 505.97 1.52 1.04 3.13x107 2.06 46.20 1.39 91.31
GBL-HC-2 564.98 1.69 1.17 3.51x107 2.08 54.75 1.64 96.91
GBL-HC-3 606.18 1.82 1.47 4.42X10* 2.42 55.72 1.67 92.22
GBL1012-3 538.05 1.61 0.65 1.96 10" 1.22 42.29 1.27 79.56
GBL1015-2 1824.11 5.49 1.89 5.66x 107 1.03 140.13 4.20 77.36

ARG B 17~65 ppm, 3 41 ppm (G
3) KT UCC X (SREE+ Y =146.37 ppm) , &
T AH B TR R 19 X R (<<10 ppm; 45 1 4
2009). 43 By FF b 1 52 AR o0 &R & & l(H (LREE/
HREE) 3} 7.96~10.04, 4 9.24 , La/ Yby F # {8
10.07. 7£ 15 K i I H15¢ ( Taylor and McLennan,
1985) 5 #E L 9 REE Fi 4» #5520 B |, 4 B 2
T B A REAE (| 3b) . & RS A
KM Eu/Eu 28 4k 35 [l (0.8~4.35) , & 8L 55 1
Eu 5 % (4 R &) 3 01 8 1E Eu 5 % (10 4R FE &)
O RRAE 5 3F & RS A R B B R 19 Eu/Eu 48
e B (0.44~3.71) H Z BN B A B 3% ) Eu IE 57
HORRAE R BB S Ce 11 5 % A B i (Ce/Ce 78
Fl R 0.91~0.96, ¥ {H A 0.94) , 1M £ ¥4k & H ¢

i LA B R 1 Ce 7 % (Ce/Ce' ¥l [ 2 0.63~
1.12,F ¥ 0.85) , Eu 5% % A MW & i 7 Eu 5 &
(Euw/Eu'=0.44)8H B 1Y 1E EustH (Eu/Eu=3.71).
3.3 $EITEIIR AR B AR AE

XEAR THZE X R AE (1) 6 11 6 5 (4 2= 25 B i I
PR (R L) LR A-1 5L A-25 R
RLOTHFESHCIR AR F77%, L8 T
KB A W BR T 406 (R 4) , R IR (1= &L
B 2 (B 4) 78 LB 1K I 25, SOy %
Wt Mg™ ) Hk B ol 14~25 mg/L, Ca™ ik B N
12~47 mg/L (K 5) s £ LR B 10 S50 vh | S By ¥ TR
H Mg® B JE N 12 344~15 589 mg/1L,Ca’ Ak J&
16 971~24 484 mg/L (3£ 5). 76 B W B 55 5 45 2R
(3R 6), A IV 5w BV WA L W
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Fig.4 The result of lithium leaching from argillaceous dolo-

mite samples in the study area
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Table 5 The results of the magnesium, calcium leaching

from samples of the Wumishan Formation

SR A-1 S A-2
) L 2855 7K) OIEN
LR P T P N
Mg® W g Ca’ " WJE  Mg" W Ca” iR
(mg/L) (mg/1.) (mg/L) (mg/L)
UN-7 25 47 14 689 23630
UN-4 18 23 13029 16 971
GBL-HC-6 23 12 14 500 24 405
GBL-HC-4 14 16 15589 24 484
GBL-HC-2 23 23 12 344 19 389
GBL-HC-3 20 19 14 709 22731
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e 1004
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= GBL1015-2
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HFRERLIE B (ppm)

S BIFSE YR T 2 2 o ol A 43 0 B 2 8 45

Fig.5 The result of lithium adsorption of argillaceous dolo-

T T
400 600 800

mite samples in the study area

) Sk 21 AR BN A DURL RS RO B R R
L COREESE L 2020) , B A6 R A7 bl 40 5 #1408 0
TR PR BE g 0 30 A0 B () R A 45, 2015) , BE VR A&
Ly 20 B B A A DU R ERBE O B S W (2R AR
2016). 3% F IR R AKAE B LR B0 UE R TURLER
B A7 R T OO R A (9 B QIR DL 45, 20205 5K 9%
FI%F,2022) AHBEA AR, FR A FEE—F
HHVBMZ, S5 R FER R THRREL A G
AL UURR A LA E R 001 1 2 o T B oy A AR
A R 2 A T VR T U R A OB R
hy R TR AR ) Ak 27 AR S T 1100 18 T2 b BR b 27
FRAE B on , 2k I 4L & # Y8 M = A B9 Sr/Cu F (B
TE 4.38~50.47 Z 8] , 48 R ZHCR T 5,461 TN T
S SRR AR (3 NI 45 L 20165 SR s 145, 2022).
T R B R A b AR B 20 i AL R AR 26
JE BRE AT OB 5 B8 45, 1980) , 55 2% 1l 4 Ut ALY % A
o TR S IR R AR AR X B 55, Rl DR
Ji& ) 0 s AR XD 5 2 N B AR AR
A R DU Ry IR 2 R A R Y RO R
fE W R R R R, KA AE B R, AT LR
NSl e I TR 7 TN P B A R
HHARS® T AENREHE REVRAEE 7 m
HA R B AE T K SR bR RCR 2200

WF 5T X RE A O S B P g T 25 SR L 0, H A & B
SR S P~ N IV Y i e - S LN 2 SO T AR VN2 82
B MW S A A G BRI m TR A R
JEAL, DL K 178 Bh K R AL U8 0L b 35 R LA T R
SRS, R Y FOR IR A7 B % 2K 1L
1 XARAE B 52 ) it o 25 ik ) 1 RN AR+ OT 2B 43
Fix, 88 AsAS FTHEERAs AR A
R 2 I, 2 B H IR B TR AR Bk R A AR L A
X5 e B S10, & &, A B W Ce L 5, o i
& % Rb.K.Ba.Th,U 4§ JC % 1fif #1 %} 4 Nb | T1 5%
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Table 6 The results of the lithium adsorption from samples of the Wumishan Formation
L5 B-1 SLIG B-2
o Libpik & LisRiie ————— U - Y O -
RTE TR (me/L) (me) WL WWLIRE LA E N WL W WWLIEE LA E
m » m
¢ ¢ (mg/L) (mg) %) (mg/L) (mg) (%)
GBL1015-2 99.17 2.98 4.64 100.80 3.02 3.07
103.99 3.12
GBL1012-3 100.43 3.01 3.43 97.06 2.91 6.67
®7T BEAFIEEYT MY HEGEHRERE2022; KEiEE,2024)
Table 7 Geological characteristics of clay-type lithium deposits in China
G341 ML X AT T AR WA b )22 DU ER GG Wy 5 ke IR
ELLNI A W A7 I AL AEH TR ) A AN E
Fita
[EREN S E Bk JUBREp A Ak i AR AR JH R 3 IR EL A
R Wigl L)
. L) NN - .
LA I N ) o W7 % Al - Al PNTE: iR = IR RE R IR Bas PUA KA A B
liERN e
; ) B . - . . - s S
AR ALY . e — & Ak ERUEI S0 Rl ID A £ 5 ) LA BB A
BB
%7 )8 % BEIR v th =& GekiE e el
Wy Bitoa L= 2113 Al PR B AR 3 SFae )P QlIps

JCE, VLI A R AR TR A 5 2 0 Bl VR 6 S
JEMA . Ak B A A 25 5 R, 55 ok L A LR
AL 43 A T SR L G B A R IS L, JF B
AL T LT OC B W 2] AR R 2
LA TR A (E 1b) . & R A A &
I b ER Ak 2 REAE 6 R L AR 0 R JR N 5 L Gy B
oA WA G ET ARS8 4 7R B & i A Sl
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Fig.6  Comparison of lithium-rich rock series of Wumishan Formation in the study area with sedimentary sequence of Upper

Carboniferous Benxi Formation in Gongyi area of western Henan Province and Upper Permian Heshan Formation in

Pingguo area of western Guangxi Province
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Fig.7 The comparison of lithium-rich samples in the study area and carbonate clay-type lithium deposits in different regions
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Table 8 The comparison of sedimentary characteristics between the Wumishan lithium-rich rock series and the Late Paleozoic

lithium-rich rock series in the study area
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