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Abstract: In this paper, research progresses on the distribution and supernormal enrichment mechanism of strategically critical
minerals in black rock series in recent years have been summarized, and the prospect of researches on strategically critical mineral
resources has been provided. The black rock series include sedimentary strata of black shale, coal-bearing strata and carbon-rich
phosphorite. Especially, critical metals which were supernormally enriched in black shale include rare metals of Se, Te, Re, Cd, Tl as
well as rare and precious metals of PGE, Co and others. The supernormal enrichment of Ga and Ge, commonly occurred in coal-

bearing strata, led to the formation of independent Ga/Ge deposits. The enrichment of rare earth metals and rare precious metals also
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occurred in coal-bearing strata. Rare earth elements, particularly medium and heavy rare earth elements, were significantly enriched
in phosphorites. The strategically critical metals in black rock series were mainly derived from continental weathering products,
seawater, hydrothermal fluid, and the uptake of biological organisms. In the weathering and sedimentation processes, the main
mechanisms responsible for the enrichment of critical metals include the pumping effect caused by the vulcanization-reduction water
column, organic matter reduction, and complexation and adsorption of organic matters, iron and manganese oxides, apatite and/or
clay minerals in organic-rich sedimentary systems. The black rock series can serve as a source of ore-forming metals for the
hydrothermal overprinting process, regulate the oxygen and sulfur fugacities in hydrothermal systems, thereby facilitate the
formation of super-large strategically critical mineral resources. In addition, it is crucial to acknowledge that metal accumulation and
dispersion behaviors within the black rock series may have significant influences on other related metallogenic systems. The
supernormal enrichment of strategically critical metals in black rock series is commonly associated with anoxic-vulcanization
sedimentary events in continental margin and rift basin environments. Regional geological events, such as variations of atmospheric
oxygen contents, the assembly and breakup of supercontinents, changes of ocean current circulation patterns, and ocean anoxia
events caused by the glaciation, and large-scale volcanic activities, are likely primary factors controlling the formation and temporal
and spatial distribution of strategically critical metal deposits within black rock series. The black rock series is of a significant sub-
type of rocks formed through the epigenetic weathering and sedimentation process. In the future, more attention should be paid to
the importance of rocks formed through the epigenetic weathering and deposition processes, such as the black rock series, in the
formation of strategically critical mineral resources, and related metallogenic theories of strategically critical minerals should be
established and developed.
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Fig.1 The temporal distribution of black rock series and other typical sedimentary strata on earth, as well as their corresponding

relationships with oxygen conditions (a and b, modified from Canfield et al.,2013;Lyons et al.,2021)
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Table 1 The distribution and geological characteristics of typical black shales with enriched strategically critical mineral
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IR H R B TURZ 7 S DX R R E AR O
TERL IR AG 3 PREE b P TT LA A5 v 8 7 J2 X i A0 B
It 1 U B A R KA SR 8 1 ) R A
i JEE ORR A U VE B 4R (Jowitt and Keays,
2011) . <m0 RO 0UE B KEmALY P LA &
PR K ASFRRT WS, BE &m RO CaEE S
AHLBE 3 A A A —FWSe \Cd  Zn[FIi R 55, )X
I A < R 2 A2 U IV PR S Ut 3 BN BT ] (Cove-
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JNE KFinlayson Lakelh X FIVMSH IR : X N4
WAV ZREL—A R VMSH IR, HH Gp4F
W K#%Se,Kudz Ze Kayah#" KX Sefy H &5 7L & & 4k,
Wolverine K& Se, X =/ KN & ML, Gp4FH~
JRFIKudz Ze Kayah# JRIR A T360~356 Mafy K 9%
ks MUURVA N Wolverine & IR I T 356~
346 Maly K9 BTk il’a R AE XTI S DT
A Bk BT A (RIS ) )2 (Layton-Mat-
thews et al.,2013), =W IRAFHILH AYSe 1495
B HSx107°~18%x107°, 76x10 °~518x 10 ° Al
305x107°~2729x10"°, H: i Wolverine ™ K I #5 5 1™ -
BB Setr i B iy, 1 ik 5865x10°°(Layton-Matthews
et al.,2013),

K| McArthur  Zn-Pb#™ IR : McArthur®™ R 7
THb Carpentaria®¥ 4 7 [y McArthur-IsaZi i N , Zn-
PoE LB IR 7E (1640+3 )Maff) Barney Creek4 ,
FERT R W H P HYCE S L ITUA 2., HYCH
B vUE R R E Y N BUR RS s B b A S5
B BT e iU s, B BER A, TR B e i) Gk
444x10 °(Kunzmann et al.,2019; Spinks et al.,2021),
Hrh S8 B TS 8 M 176x107°~919x 1076 & TIfY 3=
B Y, T AT R g R Y S AR
K% B w8k 5 2 P (Mukherjee and Large,
2017;Spinks et al.,2021),

A F] W Merlin®™ R : Merlin®™ FRA T8 A F) I
Cloncurry X, & H 87 & PR e fh 7 B = il 2 e K
ReJ S A IR, 4 42 1 1) 95 R S 6.4 Mt, Mo FIR e -
PR AE 4y K 1.5%H126x107¢(Babo et al.,2017), i
ERAAHL X AT — L &E ReW IR (W Kalmant™
), o XN E KA Re lH ¥ J1 (Babo et al.,
2017). Merlin® R 7EKuridala#f (1690~
1650Ma) , WA [l P L2 TR0 Fie Bb e 55
FERR £ 5 AR S B 0 3, Mo-Re ™ 1 78 L7 Bk [T A
VS B U A Y Ui S Z R AR 2 o PR Re-
OsAE il /RRe U 4F#% N (1536+6)Ma(Babo et al.,
2017). ReF U A AR KA RS 57 1Y B Re ik
AR DX A Re i B BT A e, Bl BT A e J2 1 JU™ T it ke
B34 J b 2 4 e A% JEE /R H (Babo et al.,2017) ¢

TEM N RS B4 Cd-Se b . B3 F R
G B SR AL R A VU R E —ENi-Mo-Se £ 4 & it
W2 W ACZR ] W 280 2 B A ] BESZ TR R BT 2444
W PE#H (Mao et al.,2002;Jiang et al.,2007). 7£7% X
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YA ¢, i MoSC(Kao et al.,2001;Orberger et
al., 2007 ) FEH R T H 435 & A 0.65% F10.35% 1)
il T B, v v K 7 1 % RV 5 HIL A 6 (Fan
et al.,2011), & Y Ni-Mo-SeZ & B HibY)ZE 1 Seds
HH1069x107°°~2621x10°°,F-H 4 1807x10°°, [l 7
PR Se s 275107 %~419x107°, [l (0%%Se=
0.13%0%0.87%0 ) FH" 47 )2 (552 Se=0.60%0+0.60%0 ) Z
6], DL T & R4 3 (0%2Se=0.7%0+1.5%0 ) FlHi Ak 4 40
43 (0%%8e=0.67%0%0.47%o ) 22 [F] Fy 1l [7i {37 25 20 J B 15 A7
REMZES . Auclairds (1987) K BLBUK RG] LR
HEREAYH . A1, RouxelZF (2004) FIBFIE £, 78K
PEVE A Lucky Strike #UR X, 30 #4887t b 9 1)
0> SefH 55 H U bt Bk ml b b 1) (A 2T (~0%0 ) , 5
WA B PEAEE AT . R TR R I #R
VI R PTG £ DT VE AN 2 T S0P TR R [ A 22 1) A
E R 25018, Vs A 25 A AT BB LA H L Se iy I R4
WP A H,S— R , SR 5 LA AL 208 DL R 4
B e AR 07 X UTE . I, 3 UNi-Mo-Se
WA T Ser] BER IR T HOUR RS, (B A BEHERR I Ath 4
JEFEIE T /KT e (Wen and Carignan,2011)

5 SeA L, A rg T FE R Gt 28 B U5 4H 48 DUA X Cd
WA R FEFE, CAFEIEN T A R & G b
FHAY A DURUZ L 2 FINI-Mo-Se £ & B i (k)2
A iK200%x107° 191x107°2879%10 °(Lehmann et
al.,2016;Han et al.,2017;Xu and Mao,2021;Zhou et
al.,2024) . CATEIXLEHH & LN RO S R 20
FELEINAFR T JEARSR 26 KT o A 7 R N AR A
B2 b A 8 1 X832 43 A1 4 5 2 ot A ) 30 B 1
Y b GRIESE 12017 Zhou et al.,2018) , " AR HEF
FRAE 59277 A K S-Pb-Cd ) 37 2 20 )44 2 I X 9
Rk J& TRl — B R 48 (Zhou et al.,2018,2024). Cd
[ R AR 7R AT Z AR AR A 4 25 A R 2 2L
028 T %A PR A H, SHERE T 7= A 5 Fi A 4348 (011
10Cd 3 51240.00%0 + 0.13%0F10.00%0 +0.14%o ) , H i
FRAY & FCAR A7 R N CA* B PE T 7 2B AL AR S
TEBUABED ULE , TR T 5 HUAHFNI-Mo 2 4 J& it
12 B b B o1 °CdfH (0.35%0%0.03%o0 )
(Frei et al., 2020, Frei et al.,2021 ;Lehmann et al.,2022;
Zhou et al.,2024),
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12 HRER

Hir 5t 42 8 (L5 4 % T & (Ru Rh (Pd | Os Ir | Pt) |
CoMICris & @It R (W% 2019, % D%,
2019), BEHRTDUXMEHREBTREETE, FE
EXPt PAFICo &k A4 i 3 & 5 . JF Z Talvivaarafif 1E
m R IERGE A B2 W% i 5 i Alum - ShaleZH il
Dictyonema ShaleZ] ,Selwyn#i HiCanonl4H , HEXKup-
ferschierferfH (1Y M €4 JUAHI X PGE R Co B A i & 4
(Jowitt and Keays,2011; #ARNIZE,2022) ;5 A& ]
LAXFPt Pd % A — i RS (0 7R R M B i mT L
PEHBUF] FH (Seredin et al.,2013)
121 ZERER HFTC RIS 48 &Rk
FI TR A E LA R ATUEJZ A 5 2 Talvivaarafif |
1656 T ER G BEEA | SelwynZi i CanonlZH K R
KupferschierferZ . #Epg T 7€ R4 4 B i 20 8 515 0
PRPGE+AuRY §h 7 294 1000x1077 , PORIP A Bt o 75
S k619%10°F1679x10~°(Mao et al.,2002;Jiang et
al.,2007) ; Selwyn 7 i CanonlZH Nick® FRPGE & i &
251x107°~1050x 10", #53- B AL B 41 P+Pd i {37 e e
A[351600x10°°(Orberger et al.,2007). PGEMICoX
43 LA 2 I3 (W] R 540 ) 4 2 AT X A7 78 7 it 2
W AR R | B A R B R AR AR AL )
% M (Orberger et al.,2007)
1.2.2 MA HRETDEERRERE. TPt
FIPAAY 55 H7 50 (H (Pt:0.5x1077, Pd; 1.5%10 % ; Rudnick
and Gao,2003), BRI R PURIPAAYII(E H35x10 7 F
7x10°° K B E A 5 R 130x10 P F1374 %1077, 1%
B A B 2 2% A & 4E (Ketris and Yudovich,
2009) . JE[E 5 BB 7H A I PGE & AT LA ik
210x107, 3k [ 5 M 6 vty A= AR FH o 52 $0 1 20 5% 1)
(¥ JZ2 P oA P d 3 o R 43 0] D 2430x 1077 A
5180x107°(Dai et al.,2003), B/x B & F A4
Mo Fst & BTE S AT LU R7ERR 2T
AR Jeht AR i R IkiR Z . 2 AR
PGE/EME)Z i AR S . OXH &Y. EH
1 BN PG9S 1w Hh P LLIEALAL & 1 A7 7
PER BTN, T E AR b R0V e 4 o PORTPd 32 SR AE
T (Dai et al.,2003) ; QA HLAEY) . FHINE%
M 1158 NS 52 KB R DA IR ILES
WA A PGESH i (Dai et al.,2012b); @BRALHY . ST
WL 25 P A PGE B AT AE I R 2Z
WD (B d,2007) . @ HRE . A SR L K Pt-
PG4 % Wt A4 b DR A i A SR AR B 4R
#4347 (Seredin et al.,2013),

IRDURES . RO RADRIE MG 7 BE IR T e K A )

13 %mi&RE

Wi LIOCR M RITTR MG, TERO AR
w6 o & A HLEL T A AN A B R i s A
Mo BB IR . A A FE R AL - FE A A Y I 4 LK, AN TRl il
WL #8A B B o A (FETERESE , 20045 BRI,
2007 ;Emsbo et al.,2015). Emsbo%%(2015)i# 3%}
][] A 0l e mh A - B R A A VA AR 2 R
R O A LA R AR BRI . IR B
AFAEXS B L PR B R4 (Balaram, 2023 ;
Bonnet et al.,2023) , #f— P2 TF T2 A5 + 5 IHMY
HEVE, B B PCE DU 4 h 7E AT JE R 20 -
FER 20 3 Y I LA St AR, AR AR A AR Y d D
Fbr AR (BRI R 5 ,2019) o ATFERR 20 -FER 4003 I
NF S S 4 R e R 1 DR T AR Ul A, BB [
FEAEBRIM KRR ST ZE RS, 7 0 15 1w AR i
JERLT R w A LB P CREFIK%,2001) . PASE
ML S APAILZE 51, e WA 1 s S Ak ) % D50
3.5 E Al (Yang et al.,2021). s B7ERES A
BEWRAFAE TR K AT s b, R 22BN Ca, DM+
] DAL 0 W A K A R (R, 2020 Yang et
al.,2021;Bonnet et al.,2023),

WAL B DT L A K & & i Y
(022 IR AL/ IR - S NI RS 21 N e U NS INRE PN i
NG R BEZRANBIEAR 2 03 A o X B F LA
HAE =FhPR4% (Hein et al.,2016; Vysetti,2023) ;DK
i % 6 RO IS m i, LA A% sl & e e 2 Uk
FRTEFEN ; @il Rl & (e gl ) i, n vt
KPGH ; QIR . BEHCA DIBUZ I & 5 al
52000 107°, F = = ZWAF T SoUBE IR A1 0 Rl Pt %
(Emsbo et al.,2015),

Rl e DURR AN, AR IS I e BAT R A
Je s sz LA, HEKato%5 (2011) 4l , K-
Lo AR T e R AR h R R B T B L TURRY A5
BEUR Rl T AR A . B RS WA TEEN R T
RV 45 XU BARBL S A 4 BE R A 40 (Kato et
al.,2011;Yasukawa et al.,2014;Takaya et al.,
2018) o XS 1 I HR)E 32 BT I 25 K i Y
IR Eh AMEE TR LT LA | 30 it sl M TURRY) Th oA &
B R OO, D e ol “ TR L (2 4
2021 B 2022) 0 RERE R IR E R 1 IR TIA
L1 ND o N T it N O o S R N AR NN
RS 2 (0 W N N N e e W R e RS
i - TR F 0 L A A (kA 2021) o TR
i £ LA - R R OC R A XS O ARAE . A 1 E R
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FEAH A 38 4 A A SR 1 T (Kato et
al.,2011) 4558k (Liu et al.,2023) A5 i
B (A 271255, 20211) (BB AT W 288 5[] R 3 A
KA % (Deng et al.,2022),

JREFR 4t — VB e M TR R
IR - & B {E 4> 51 68.4x10 CH1485%x10°°,
O E R S R E 138 x 10O (U g A
2020) . SerediinFlDaif H M S K P + o0 R ik
PR 1000 1070, HE 0T LA R b s 4 F & 1L A o]
e (Seredin and Dai,2012) . ¥EMRIE , k2 Byt Z: b
DA™ 56 I IS SR R AR A el - S AR
DAV T e B 0 I R o — e R ) AR
SCMEAF,2019) o BEK R RE L+ RT DL — 20 & 4R QiR
I8 BRI R CE RS R DL T Z 0 R R 9 H
FAeW & IE M HN0.15% .0.14% 0.11% LA I
0.98%(Dai et al.,2006) . Ui IESFE(2020) R HaH# £ 70
B AU R 0 R A A B SO R VE
B PGB TR OBV TR X AR5 RIS R, S F
- FEAIRAT I A AR LR O i V5 R T 2k
IR B S AR E R L0 rh s A s A KA
#4729 (Seredin and Dai,2012;Seredin et al.,
2013) ; QWRAATE A B BEoUR AR & IS L ™4
WERBEIREL Y BERRER 0 W) B FR Eh W) (Wang,
2009;Seredin et al.,2013) ; QMRAFAEAT HLE T, AP
FIEARIK R A 22 WL (Seredin and Dai, 2012 ;4[5 %
M55 ,2012) s @BE BT 0 Y s S SR AL W B ( Sere-
din and Dai,2012;Finkelman et al.,2018),

14 HEERE

BAOH R 4B & R W A R BT
Bt a MR, BEME Sk BEEE TAR,
T DUHEAE (2020 ) 763 [ 74 R Hi X R BB 2 0 1) ik i ik
BRI A EENE A RN A
RN ARG I DT A& G A kAl
Vi =S84 I GRIEES 20205 Ling et al.,2021;
BER RS 2022;Zhao et al.,2023), it A REEA
BAM A b AEEEEENI L KRR H,
2023), BWHUERFER SIS AR T
Fita B BT A A S R R e
HEH . BEVURE A A A AR, #im A&
FFER OM LT LA, R & %5 ; @BUH R
+EF A @GR AR £ A @B R B+
A, R EUROIR AR £ R B A R DR A R A
2 i i N AR A A GIRIUEESS ,2020) o AR TE
T T S G A Sk A E LR A RAENL TR TR
RSB B A P LL O B E RN 0.3% , B ik
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1.7%, WX LikAE THE &4 BRES, IbFh s s
RAEAER T LA Ga b bl + & 4 — e BRE M E &£, LiEk
BEUIG B A B T R 08 SUAE T 58 2 A sk Ile A T
W (GRIUEESS 20205 #5855 ,2022) .

WEZR AT DIGERIE ims B o SR L B 1y 344
Jp12x1070, FR FEIE LA M H31.8x107°(Ketris
and Yudovich,2009;Dai et al.,2012a), FhE %
(2014 )W b A AR 21 A0 Tl S 2B B M 120%10°°, &
BRI AR AR W AR e X IR E AR
RAL- A R A e A T NS RS R
SHEFH R L P IR X R A e S T T X
WA RIS R SRR LIS &N
633x10°° HPFIEE K 11007 t (AU I4%5E 2020) 5 17
A4 9 11552 B R e A $1960% 107,
fA AP IR R 107.25J7 M (Sun et al.,2013) , B2 kK
RV PRAGFIAL Ll P I AR 2 Li, O 1 5 65
0.23% , #R % Wi 45 #b X Partizansk 25 4 72 # Y8 Ak 2 i
HA L0 & i 40.1%(Seredin and  Finkel-
man,2008) . BRAEZN A Y LiE o] LU & S
JZINT UL B TURMCAE A, Wik 2P BiPartizansk & 1 4
P L FE 2 A Ve Ak B X B A S P (Seredin and
Finkelman,2008) ., Life/f & iy AAE 436 . O
WA BRI AT S S A SRR £ (Dai et al.,
2012a;Zhao et al.,2018) ; QZ kR = B BERREREKH" |
BRAR 25 B SRR 25 B A R R (Sun et al.,2010) ;34
LA A4, IR AR 2 WL, B RTA L F 98 Long-
yearbyen#” X LA K 3k FEIH BUMREA (Lewinska-Preis et
al.,2009; 2845 2013),

AR R g RSB H . iR
M Be M N 1.6x107° FeE M P L& I N
2.11x107%(Ketris and Yudovich,2009). &8 R+
RGeS I 8 TN R S 1 0 7 R 3 S )
SRS b (Yudovich and Ketris,2006; Seredin and
Finkelman,2008;Dai et al.,2015). %% 7t 45 1 X
Kuzbass7h Hi A Spetsugliff o™ & 4 5 0 g% & 1
L B Be B H100x107~200x107°, KK th Ny
500x10°~900x10 °(Seredin and Finkelman,2008);
Krylovsk#lVerkhne-Bikinsk & 4 7 o 5 AE A2
T M AU BeO 3 1M 0.1%~0.26%( Seredin and Finkel-
man,2008) . FRE & T bl & A g E 4L, W
e 7 55 B 1 )2 Be & 1 1l DAL i52000% 10°, Ifi 76 A 28
R BB R 224 t (AR M S 2020) 5 15 22 K]
WS B W T Be P S BN 25.7x107° KR
267x10°(Dai et al.,2012b) ., BAEFHM P T ERES
B L4545 (Eskenazy ,2006; Seredin and Finkelman,
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2008) , NTEIGEEED H AT L& KRR Eh T WY A7
TF (9% (BeSO,-H,0; Dai et al.,2015).,

2 Res i ARt XEY FRIREE

B
2.1 R[R(-FRAL) KRR T A E IR IR R

AT i B R 4w SR 0 DU 9 TR ER B T
5, F ot A Talvivaarad B0 H FGwnaff | T FER
G BYEH PR A G Canonld | | &S Kup-
ferschierfer41 #RUTER T K i i1 2% i S - AL O DT AR Z
H, B TUA R TOCT B R UURRH i A S
AW 3, It 52 B[R] I 3 5t 20 Bl b XU AR T A S i
(Meyer and Kump,2008;Large et al.,2015;Johnson,
2017) 0 KRB GIE R 52 R i) 4 B AT AT 10 2 1)
RA AR, SO KK IEIE AR 7 JZ 454 (Li C
et al.,2020). A HLEAEREK D HHEA NO; Mn*"
Fe’™ \SOT % K A AL AR |, 16 i sh 298 18 1 52 B
il 235 1 TR 3 S PR K P b 32 5 SOF R AE RN i
HEVRTR K AL 1 B AL U R (Libes , 20095 Li Q et
al.,2020) . BRI RT LA K iR T R 47
B4, i1 Mo, Zn . CAMCudE AL R BURIT % (Re |
Se Te5 ) Bt ALYy [l 22 , B AL ) FIAT ALK DTRBUE 1 &
BB T A (K2 Goodfellow and Jonasson,
1984 ; Goodfellow, 1987 ; Shanks et al.,1987; Lyons
and Severmann,2006;Gomes and Johnston,2017;
Armstrong et al.,2018) , JERUZE RN , LT W E 4
JR I B TUA)Z . S I ARRL, B TRUK AR B T
T R ALIE J5RE L AiE E SAL I SRR OT 3R AR IS AR
WRMEYIHE &4 54 (Dai et al.,2016;L1 Q et al.,
2020;Xu et al,2020; Wang et al.,2022),

RITH B Talvivaara 2H 194 & w46 5 R AL S
SRR AIERIZ MK AT BRI, 42T T Rt KAk
DA KCHEPE B A 77, A ALK A OB R 32 1 5 | ] Fof 57 4L
T A SR K 22 8] 5 ZU Y AR SR A B T4
R 4 e i % B T G S Bk 4RV A Y TR P K MR B
(Anbar and Knoll, 2002 ;Canfield,2005; Young et al.,
2013;Large et al.,2015) , H M FECRATUA LR
KA & 4 (Johnson, 2017) . BT iy AL GwnafE Xt
Se Te ,Co 1w H A2 45 T ABL A% L B 2% 1, 72 T
AR R AL S R 052 R (NOE, 0.85~0.54Ga) ,
FHUR A5 Gondwana K Bifi 171 % A7 AL fifk 17 0 23 B
(Campbell and Squire,2010;von Strandmann et al.,
2015), FER G ah Mo b | JRS A TR | B Ak 1 7K AR B 455 %
Co . Se  Te ¥ i & M i 4 )8 & 4 & % (Armstrong et
al.,2018) ., #TFHL G AR B S AEIR I R P2l - R IR i

IRDURES . RO RADRIE MG 7 BE IR T e K A )

Qb T o3 SRR, TR -TROK 2 R 38 IR ER R, Xu
S5 (2013) AR AR A TR AR 0 ) ki YA S it 2
B oty P 58 SR B R U -Mo- 22 42 8 2 i A0 B2 5%
1o WNUTRRAMRE , 3 F Hh & AR S 7E R IE R 5
AH B R AT A AL (Li C et al.,2010,2020),
A7 75 AR R G T FE RS 3 M A - RHECRH HA Ni-
Mo-PGERALYI TR, RN M AHAE B L)t £ AN
P2 ETTRRZE B B IR T A
AR K 2 4 @ AL 2 (Han et al.,2017,2022;Zhou
et al.,2018,2023) , NI ENIIE 1 i Ak -8 S5 K A% 4 4k
B JFHUBOT R R AR . Hop X T IE R K 4
T B AR A% T FERLNI-Mo-PGERR ALY U Pt
PA%5E A0 B A R BT LA IR 10745 (Mao et al.,2002).
AR PR DR R P A7 2R 0L A0 S 451, L A0 3t v ¥
AR A DTG BA W AL R 4 8 TURZ , Horp
Co.Se Mo .U VHCu%s It & & 1 & % (Nijenhuis et
al.,1998;Dean and Arthur,2011). FELamiE M2, 5
AT AR B 2R 80N 2 o 4 e B 8 DU v 43 SR L VE i —
e SR B A 2 i 1R IR K n] RS2
PO AR B VR K LT B 7 A (Jiang et al.,2007;
Pasava et al.,2008;Pi et al.,2013),
22 BHFEEREER

AL I5T RS A DTAR JZ AR TR BAT 980 i 1
(Canfield et al.,1993). XLEPTRIHLZEH 1A VLT AE
DURUA A0 RUBRAL W™ IR Fh e 2 3 T390 A8 4 T 491 2
PG PG LA (MVT) Pb-ZnB IR TR IS i Y (SE-
DEX)Pb-Zn#" K b B Culi IR 2 HEAE A WL S
T AL i S A= 254 ) 7R A HILST S B A ) T E A OC
B¢ (Ho and Mauk,1996;Sun and Piittmann,2000;
Logan et al.,2001;Leach et al.,2005;Szmihelsky et
al.,2021;Poetz et al.,2022), HArEEKFERFZ —&
AHRZSS TR I8 A R, A5 7 vh 7 AR
Ho SHY K AR BR I A 5 e B8 A0 G, B Um A ) DL TE B
it B S? HEM A KR T A SRR T R AT R A
Hh,Re Se  Ted F AL HUBOT R TE S AL T AA P iy
T PER (EE £ Re0y,Se0; IR, R EHL M
BENEEIE L (Parnell et al.,2015) ., AHLFEA] A
XA EL (SeOF ) AR L (Se03) Bk EE (ReOy)
SR TR, JEIKSe® | Te® \Re* 458 T, M ifii it
KRR B E 5 S? 84 (Morford et al.,2012;
Parnell et al.,2015;Sheen et al., 2018 ; Missen et al.,
2020 ; A UHESE,2019) , 8 TE iiSe Tl HLJ5 (Wen et
al.,2006) o LU A 1], #5308 R 24970 % F itk #8 12
H 2R TE 2 (Wen and Carignan,2011) , HiX £ FH SR
T8 1 I AR v 32 DL 0 B Rl I R R A A
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K2 BiAl-iR 032 MK RS (a) ALK IRSEH (b) 4 4 9 5 4R (Armstrong et al.,2018)

Fig.2 Comparison of metal enrichment models for the vulcanization-reduction stratified seawater column (a) and the oxic

seawater column (b) (after Armstrong et al.,2018)

2003). ESe*" Se® WA FBuEm P, BT
A ML A 38 JEAE (A5 8 40 A5 2 2 A S 0 o
(F9RSe) , 3B Wk 5 i Se? 5L il Ak 1y 8 24 ot ) 4
HAFHE(F3) o W05 BV XAl 1) 7 SRR 5 e,
SR PE R AR FE B B J2 R AL 4 118 SR Ak i Ak
JUER, TE i M S B R AR 5 3 S M OB 2 0 1) 5%
P, BN A (— R R ) R Bl Ak P 1T
JE(Howard 111,1977). BAh, it oo fik & =
R, H s E R R Z5 F 1 R X Te AT o
1o PR 11 4 K A SR BR A P AR 3 3h AR R AR 1
A BT BRI I, SR LY B 348 5 B % Te &
A B I 5 SEAE ] (Parnell et al.,2016,2018)
23 BEBEWRINRE RIS TR

BHLFEA LIXTRe Se .Ge .Ga .Be . PGEZF L 2
G MR an RZhEEL. CHIFREY Re,
SeJB TRAPICE , S ReOL MKW 5 A Mk, K
#B5rRe MKW i A A LA (Mahdaoui et al.,2015);
GeMIBefE 24 58 LT 25 4 1l BE 2 e 5 28 10 K A7
J73 (Eskenazy,2006; Seredin and Finkelman,2008;
Dai et al.,2021), Pt-Pd7e/E 2 it n] UE A LIL &
Y10y )5 2 & A & #E (Seredin and Finkelman,2008) , 78
7 I 3008 B I 1 2% G A T 0 1 4 i s 4 1) O TR
5 BT AR I Sl Al e] LR BRI B A LR,
T AP B LR R R
AR S (A5 005 B [ 7 T ok, SN B B L T A B R

A EZAEYE AR E T (Long et al.,2020), X4t
S GRS s AT LI ) 28 B AR TT LAGE i PR FR R
i O A R T — R E A
24 EREARMEREBRNRUHESS €BKRIE
HHAEH, 1 FIn Cd Se Te Re Be LiH A%
A, BRI T LA kLl b DL AR AR ) i S A Y
JE 28t & £ (Wahrenberger et al., 2002 ; Hofstra et al.,
2013;Rosca et al.,2022), BRAFESE JILImEH B9
H2)°4100~1800t(Mather et al.,2004;Rosca et al.,
2022), HHH)E K TE1983—198 54 W [R5t & T 24
10tfifi (Greenland and Aruscavage, 1986) , HLEL ] & Fl
ERF B ALK B SR B Pl AT 4355 5 15 18 % F15.18%
Sindeeva, 1964;USGS,2017). KudryavyifiMerapik
WM< & #EIn ,Cd . Cu&iu E (Wahrenberger et al.,
2002) . MeAh, KT BT R LA KB ok LR
AW EEREFRATTER SRR, R T R b X
A AR 2R D R TR P g X S e el A
FOOP R - - - A R RE S R RS K L
JRBEEAE (Dai et al.,2016; 01155 2020), i
Mt AV B AR | L e A T IR AT BT e B v
B ARRE K AR PR | rh s 2 1Y) S ms M OG5 4 J i A
FNTORA R | $2 i R 42 ) K A 3 S WL () AT REE o
Tt 5 DR R 8, R O T 1) S A TR R AS (W] 200 il
TR B i A AT LUK R o B0 A R Bt &Rk . M
P GalE E RS VIR A G O A S Lo s E -
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IRDURES . RO RADRIE MG 7 BE IR T e K A )

|
LD e ! ! ;
vV v N Vi 7
Se Se 3 igc
IS
I R UL IE LAY
A - SR SV SR e
Se>1000x10" S \' == U S VA
5% Se~-13%o0~7%o | \\ \ . \\ ' Vi 3L
[
' \ i W Ik Wi |
e I \ @zgmﬁfﬁwm¢
halakol 1 \ s $e>50x10°\ '
1 = SHRAPAEATHU T | @S e/ 5szSe:0%UN_§%O |
Se>1x10° | \ - / \
0% Se~-2%0~2%o \ Se(w Vi) \ /
Se(-IT) \-/ /
G \/ o s
ilh 3= AT A5 AT HLIT AN
$e>30%10° N
5" e~-4%0~0%o ANVE:

3 el AR R 3 & A 8 U TRl Y & 4285 (Wen and Carignan,2011)

Fig.3 A selenium enrichment model for black shales in the Yutangba and Laerma areas (after Wen and Carignan,2011)

SRR A Rl IR i 1 5 LA G DTRR A b S DX A B
BRI A2 32 TR A5 R AT Ge \Li Hi 1
L4 R ) E B E (Dai et al.,2008),

2.5 EATTERARREMIEI&RIEXCET
RFEEENRHIEEN
M 1 BRI 75, SEDEX K VM ST I 5 1
RS oy TE R S 2 R S P IE il R

R KAB L A IR 7 00 e B 2 AU S 28 I*ﬂJ:EI’J
Hi 4 (Séez et al.,2011), SEDEX,VMSZ AR 5
BAAE R SRR T A — 8 Y P DG
W =B UR Bl AN & K Finlayson Lakedh X VMSH IR
Sefi™ fk K F I McArthur Zn-Pb#™ FRAYTIH b K
FIEMerlin®” JRRe# fb 4o R T FER G 48 B Y5 20 Cd-Se
WAk, RS RTE PR B 2ok 7 X R WP O 4 T ok
W AR VR, SR IAE LA W 5 1

(1) B R ARSI 72 rhor] DU ™ 1)
i, Wolverine#)” JK7EFinlayson Lakeli[X Jé 752 —f1
HATE B VMSH IR i 5 & il (Layton-Matthews et
al.,2013). M4 T GpdF#H K MKudz Ze Kayah# K,
Wolverine®)” R X & (B L BOT A, I BA e
(1 Se 7 B Al 17 1) 0% Sefl , 2 WL IR Se i K it &
A EATUAAUAME (Layton-Matthews et al.,2013),
KA Merlin)™ PR2: H 1 43K & 3000 i K B Bt S 6
PR, HiRe# 7 U5 H AT Bl Kuridala i b 0 B o A
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Fig.4 The TOF-SIMS mapping image of 2Tl in pyrite crystal (a) and the deposition mechanism (b) of Tl-enriched pyrite
in the McArthur River deposit (after Spinks et al.,2021)
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Table 2 The prospect potential of the weathering-sedimentation type of strategically critical mineral resources
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AL DL A 5 B AT 2 B A5 A (R, 2004) o X BB
FREEICER Y = AR RS ALH = IE A A B G
4 T AT AL ] A A DA ) T ) (R LR A
2019 ; #BIE S, 2019 ;3% 0\ A E L, 2022 5 75 28
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