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Abstract: Unconventional critical minerals refer to potential resources that are currently difficult to utilize due to
techno-economic constraints, but are expected to be converted into usable resources in the future. The surging global
demand for critical minerals urgently requires the search for substitute resources. This paper reviews several types of

unconventional critical minerals, including argillaceous carbonate rocks derived from clay-type lithium resources,
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sedimentary niobium-zirconium, rare earth element, and gallium resources, phosphorite-type rare earth element
resources, laterite-type scandium resources, and seafloor critical metals. Argillaceous carbonate rocks derived from
clay-type lithium resources form by the sedimentation of weathered products from argillaceous carbonate rocks in
continental and marine-terrigenous transitional water bodies; they hold substantial resource potential, but the ores are
difficult to process. Sedimentary niobium-zirconium, rare earth element, and gallium resources are mostly formed by
weathering and sedimentation of basalts. They have lower grades and complex occurrences, requiring the development
of new processing technologies. Phosphorite-type rare earth element resources have a high proportion of heavy rare
earth elements and large resource quantities, but extraction technologies are still at the experimental stage. Laterite-
type scandium resources develop in the weathered crusts of mafic-ultramafic rocks in tropical to subtropical regions.
Several target areas have been delineated in China, yet exploration and extraction techniques remain underdeveloped.
Deep-sea polymetallic nodules, cobalt-rich crusts, deep-sea rare earth elements, and hydrothermal sulfides contain
enormous quantities of critical metals, but their extraction faces ecological risks and international regulatory
restrictions. In addition, coal beds, black shales, mining wastes, and refractory ores also hold significant potential for
critical metals. Overall, unconventional critical minerals offer great potential, and it is imperative to break through the
bottlenecks in theory, technology, and policy to achieve a strategic transition from these unconventional critical
minerals to exploitable resources.
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8.000x10 °, H. LA & & F fir + W R AF (7 2 1 4%
20200, WM L H AR Z R KT KF
T (Kato et al., 2011); 1 [E H 2011 4F J5 3% Wi T
P, R B 5 A JF J8 TR o A O U
KRB B R Cfr 2405520210 o BRI R £ 980K
W 71 B R, AR P 9 R U s = 9 5 R Ak i R
B i & 7 1000 1% LA | (Kato et al., 20115 A7 273545,
22D, Wi LR FERA T AEYHE KA T, K
YR8 (2O E A4k, 75 A D a4 DL 1 Wt
WXAAAE T2 LY h, s A7 T80 s A | 48 4is
A1 S50 <7 ) N (Kon et al., 2014; £ ¥ % 45, 20165
Liao et al., 2019; f1 7735 %%, 20215 17 54, 2024) .

B ET, 4 BRI o 20028 30 43 P KT 7 L
LN AN LR N N N S R AN N S N O S W T
AU e e e e R T2 5 W U e L By NB /S 2
s 1 B O 2p e 42021 . B LT R
JE PR DI 52 PRSP VE 200 THEIR AT 5~ 10 m,
I P B EE R U £ 53 A T 0~ 5 m.

WK EMEICRMFERFE . ML ookE
o A ORI B B TR AR AR, 7R K T
T B SRR AE R A B B, AL BROKAE S G
AR, Hm A EETHRRKAFTY P, KK
IR T B 3R 8RS T TG o0 2 4 ) K A
B R 2 2Rk 55, 2021)
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) K i e ¢ L3R ( Hannington et al., 2011; Syverson
et al, 2023; 5 1-A. D), 4 ERE & W 200 & 1
PO ALY 7, o RPN T2
(Vadakkepuliyambatta et al., 2024) . #R 4§ FJ I #04”
PR 43 A 55 AU A7k B, 9 S AR IS 11 B A OG0 R AR
R A 500~ 5 000 4~ ( Hannington et al., 2011) , H:JE
B B A KUY BB R B, WUR R I B in AR
Je i EAEIR, WUk A T A R T R, TR IR
iR PR A PO PO W IS S 5 R KR A
Yy BRAL 2E SRR R S BA e A PR R T E

TE R R 1l BT 4 A6 P HE B (Hannington
et al., 2011; Syverson et al., 2023), T #] B 5% 58 17,
ORI B AT O PO AR G2 TR A A
4 AR5 G4 )8 (Hector et al., 2024)

Wy 5 28 W LA 4 JE Ak ) RN B R R T R
MEET . H8T . N ESE DA
B OESAOFE S 8. H. & BE e
JBICHR . AT MRS 27 0.
Hannington et al.( 201 1) 4 2, 7£ 4 3K 25 10 000 km
NN S € i o T 1 7 e = i S
A eh, HOR B AL W R 2 6x10° t, i Cu, Zn
B PR 2 3107 ¢, AW 55 i B A A Bk B AL 4
PRI Cu. Zn B 5 AH Y, XfE LAWK 2 23Kk H 15 3
KoK

Rifi 5 N ZEXTOCHE 4 Jm R ok 1Y H s 35 K, 4R
K NATRE 3k 4 SS9 77 1 IF R %8R I 3 52 Tt
(Hein et al., 2020; Snelgrove and Metaxas, 2025) , 1l
an, 2025 4F 4 F 2[5 8 ge R B 4 5 5 14285
SATEA, BAIN AT 7 A AT A (The
White House, 2025); 20254 7 H H & & fi ¥ T
2026—2027 4F 75 PG K ¥ 1 B 5y B B T v BT R
R Fi £ 38 % ( Anadolu Agency, 2025) . $& 1M}, X
SRR ST I R SRR TG S 00 2R A &R G A 1
AR, PR 7 22 0 X B0 45 52 ) e /DN ) R T
Ao [ BRI S B (ISA) 11 3¢ W48 B 48 #5
Fil L Ah DX 38k CABNIDD 9 i A5 1 ISR 0795 3, H Al
IEAE 2 CRA™SEN Y, LLELE ABNT AT 7™ (1 )
WHIR. SACHIE TH N Z&RBEZ. 24
Ja& B A ) K e A 4 S B R L, O I AE i T
R o axX S Xk R R JE T (G B A
2y) N B 8 B F DL AN X SO A Y 2 R
Fr AP R AT R 2R FH U ) WA RO L . RN W o8
TR 2R, R ARR TR R S AR AR R Y
il & R AL T 3L ( Snelgrove and Metaxas, 2025) o
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L B AR I AR AR A A R R S VR Y S i R
I C LN SN S o A (15 A R S
4 R TR O A G B 4 B T K (Hu et al., 2009;
R 05, 2025) . 3% 26 56 # 4 J8 & % 40 §§ REE,
Ge. Ga. Li. U. A1 455, Fifi 5 43R0 SC 5 4 J8 5 oK
) 2 T 1 K R Bt % 2 4 AU A B T, DA B
Bl 7= 4 Choky B IR AT A R R BG4 R,
BCR bR 9 R e g 5 R AE R R R 1R
i, 2025)
62 XEBERE “RY7

CRE RO ER . A YRR AR L
i Al N R R 2 1D O R TRl WAL el
Kkl & R AR 2 IR . LI, 4
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FER A PG A B IR A - A AR, b 4R
ZWAF T 45 MR i Be st A rh, 5 1k 1% (Mitchell,
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Tz ST R TR B 48 ¥R A 660%10° ¢
CHHIR DL 5, 2024), 5 4Bk B B P2 6% 5 19 1/3 LA
B ZET R TR H R E LR Y 3
ARG, AR | hest A M Y
AR AN, e S e R, — BRI K e
14 26 % 1 RCHR UM 350, 4B A S8 W o v 0 1 R 34 6
e,
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M T R AL R U T R (Mo, NiL V.,
U, Cu%) . fi il & )8 (4 Se. Re) K His 3t & &
(N Co, PGE) % XS & 8 by T B 1 B 4k 14
(Lehmann et al., 2016), B H H B K% IR B 5
IR DLEE 5, 2024, Horb 3 43 OC B 43 8 1) W U8 &
2 A fE R A At AT T 22 A B R ( Emsbo, 2022)
Jo LY ik s HL R A OG5 4 T T A B 1 2 R T
O R M I TR BUAARAE F S, AT RE B
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TUA P OC 4 TR Y A i R R B Y A i B
PLEg Tl S Ar, AR A ) L JRE R, — B3R
AR KA 2 0k, B ok SC B & R ) Ok R
(Dewers et al., 2019) .,
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PR R i 67 458 o e A O 4 T S R, R 7
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(Kiruna) &k 6 R HE A7 09 B 9730 1x10° ¢, P +
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2018) 5 %5 il 4x [ 4 B M 17 2 0 24 390x10° ¢, 4 °F-
Yy 5 L2 0.2%, B2 35 H FBE A 00 TF R A7
(Dold, 2020); FE4S R Mkt B b, R ERC A A
40x10° t A7 U8, Horf & A K4 Li. Ga. REE % 3¢
4> J& ( Archambo and Kawatra, 2021) o W\ JE 3+ ¥
Hh G 4 JE Y TR A O K T S T T R
H PG FH T 51 & % B & B 5 % (Dold, 20205
van der Ent et al., 2021)
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X 4 Th 8 95 7F % R A 1 k 500x10° ¢, 2 5 4 Bk
AT SRALGE A 19 10%. 2ERIE I FR A% 1AL N 17x10°,
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R, —RERRIKAW . ALY = Fh 2K
ZRE, WA S HLHE 2%, W2 T IR 0Ok o
o, A S A HER R . R R A
FHE AR At AL o S5 4 A 78 2801 b 1 fof 08 Tt
ERE M, REMIFR ., ik B



% 4 4

W%, F: FEAXRBT FHRAARAETRET W

* 663 -

PRV R BB ik = g il 2, P E 2 Tk
g o = ik Al . = BB A R S BUR
EALERAL . ARECT C A Al A B SCHET ™, AR 1L
GEOREEA 7 A BZ RGBT R, B TR
RS 3 N DR SR TN (5 7 VAT DR I E 23 RN
7 M A o AN AU B, 2 T R AT A
Fs T2 B X2 T8, i = 2 AR A0, afE DLAT R e
PEARL GO AT Ao R A
AR, RHIE . OR 5EOR S, CBAEL S
SRR 7 1) AT P I e i

FI 23w 575 B - A SO A AR R AR BIE YT
A A ) £ 1 5% o

YB3 STRRAE BA - 5 i A0 17 5798 SO RS A
Bt . FRAAE 6 )1 2 5 8 W o M Mg .
JIt A A 4 ) 15 O ) TR AP ) 4 S R R 3R

B /AT 5 AR A B AR B 1 L ik

EECAR TR - €A LESP R AN S 2 ]
BUCSER E TS 5L . B TS 5L ER kS
IR I S =R 0 AN | S22 0TI
B G WE T S Y L R 22 WF ST L L AT L BIF 5T BN
VR T 5T 01 A R O R B o 9 LA ST BN R B
JCHR B TR 2 AR 70 A AF

v

T o8 =

[ & % x # |

PRER, 2019. JCHE G Jm B o 41 i A 80P FH [T, B4l
37(24): 1.

Chen J, 2019. Metallogenesis and effective utilization of strategic-
critical metals[J]. Science & Technology Review, 37(24): 1.
(in Chinese)

FRHE, XU, P, 45, 2022, 0 PR R 2T SRS
IRUBSE [T H ] 4 B P22, 35C1): 15—21.

Chen J B, Liu C, Feng D D, et al., 2022. Six risk problems of
mineral resources security need to focus on[J]. Natural
Resource Economics of China, 35(1): 15—21. (in Chinese)

FEFR, TRDUEE, T30&, 45, 2022, I N &4 5 A L4 & A
i B B AR A B SR ML B D). A AR
38(7):2080—2094.

Cui Y, Wen H J, Yu W X, et al., 2022. Study on the occurrence
state and enrichment mechanism of lithium in lithium-rich
clay rock series of the Daoshitou Formation of Lower
Permian in Central Yunnan[J]. Acta Petrologica Sinica,
38(7):2080—2094. (in Chinese)

ARG, 2025, BEFOCHEG BT IFFE: T RXFLL[T]. BEaE IR,
50(1): 506—515.

Dai S F, 2025. Critical metals in coal and coal-bearing sequences:
a comparison between China and the United States[J]. Jour-
nal of China Coal Society, 50(1): 506—515. (in Chinese)

oA, AT AR, 8 SCF, 55, 2014, JREBUR A G @ 07 IR : i
PR 6 AL, AR 25 A A I (3], 8 ¢ 2 L 39(8):
1707—1715.

Dai SF,Ren DY, Zhou Y P, et al., 2014. Coal-hosted rare metal
deposits: genetic types, modes of occurrence, and utilization
evaluation[J]. Journal of China Coal Society, 39(8):
1707—1715. (in Chinese)

FEELL, RO, 2O, 45, 2019. SR TG X R JE 1L &
8 Nb MR YR E[T]. 580244, 39(3): 253 —263.

Du S J, Wen H J, Luo C G, et al., 2019. Mineralogy study of Nb-
rich sphene generated from the Emeishan basalts in Eastern
Yunnan—Western Guizhou area, China[J]. Acta Mineralog-
ica Sinica, 39(3): 253 —263. (in Chinese)

DZ/T 0203—2020 571 Brith e i FiA 48 2E[S].

DZ/T 0203—2020 Specifications for rare metal mineral explo-
ration[S]. (in Chinese)

752, FNBERH, 228, 48, 2024, RIGUURW) 6 Lo R E 4
BRI 8 A kA~ 4R, 43(1D: 79—89.
FuY, Sun X M, Li D F, et al., 2024. Enrichment and mineraliza-
tion of rare earth elements in deep-sea sediments[J]. Bulletin
of Mineralogy, Petrology and Geochemistry, 43(1): 79—89.

(in Chinese)

TN ML JR 104 M T ACBR, 2016, 5N 4 414 b X B (R )
AR AT [R]. A2 SN LR 104 HuFTARBA.

R, 22, A E, %, 2021, SV & RkE LR
AT KL e BT T4 b w8 2 19 R 5 7 L[],
W)=k, 41(4/5): 531—547.

Gun M S, Cai G S, Zeng D G, et al., 2021. Discovery and signifi-
cance of the Sc-Nb-REE-enriched zone in the paleocrust of
weathering atop the Permian Emeishan basalt in the western
Guizhou, China[J]. Acta Mineralogica Sinica, 41(4/5):
531—547. (in Chinese)

PR, A7 RO, 2022, Fe [ LB BDR AT [7]. Kbl i
52, 46(5): 829—841.

He H P, Yang W B, 2022. REE mineral resources in China: review
and perspective[J]. Geotectonica et Metallogenia, 46(5):
829—841. (in Chinese)

FREIAA, RHL, BleAR e, 457, 2011, gk JE Ll B B X A vh R Z AT
BRAT W——H8 0 577K R AR B O (D). A e AR
27(8): 2487 —2499.

Hou M C, Deng M, Zhang B J, et al., 2011. A major Ti-bearing
mineral in Emeishan basalts: the occurrence, characters and
genesis of sphene[J]. Acta Petrologica Sinica, 27(8):
2487—2499. (in Chinese)

s, WRIR, B, 2020, HUMEOCHD - DR SR SR
FIHE[I]. Rl AR, 65(33): 3651 —3652.


https://doi.org/10.18654/1000-0569/2022.07.16
https://doi.org/10.18654/1000-0569/2022.07.16
https://doi.org/10.13225/j.cnki.jccs.YG24.1625
https://doi.org/10.13225/j.cnki.jccs.YG24.1625
https://doi.org/10.13225/j.cnki.jccs.YG24.1625
https://doi.org/10.13225/j.cnki.jccs.2014.9001
https://doi.org/10.13225/j.cnki.jccs.2014.9001
https://doi.org/10.16461/j.cnki.1000-4734.2019.39.040
https://doi.org/10.16461/j.cnki.1000-4734.2019.39.040
https://doi.org/10.16461/j.cnki.1000-4734.2019.39.040
https://doi.org/10.16461/j.cnki.1000-4734.2019.39.040

+ 664 -

B T A R CH SR B0

% 53 %

Hou Z Q, Chen J, Zhai M G, 2020. Current status and frontiers of
research on critical mineral resources[J]. Chinese Science
Bulletin, 65(33): 3651—3652. (in Chinese)

HASE, FER, B0, 5, 2005, ML O R LARJE 1L g
FE MBI, HI2ERTZ%, 12(1): 42—54.

HuR Z, Tao Y, Zhong H, et al., 2005. Mineralization systems of a
mantle plume: a case study from the Emeishan igneous
province, southwest China[J]. Earth Science Frontiers,
12(1): 42—54. (in Chinese)

B, IRTURE, AR, 5, 2020, 3% T Hb B DT mROC 4 Jm OT R
WA FET]. BRA1E 4R, 65(33): 3700—3714.

Hu R Z, Wen H J, Ye L, et al., 2020. Metallogeny of critical
metals in the Southwestern Yangtze Block[J]. Chinese
Science Bulletin, 65(33): 3700 —3714. (in Chinese)

ZRELE, A7, Bl 55, 2024, B AL AR R L A0SR IBCRIAI
BT, =Rt T, S1GET) 1): 49—51.

Liang H J, Yang J, Han C Y, et al., 2024. Analysis of the extrac-
tion and utilization of the associated rare earth in phosphate
ore[J]. Yunnan Chemical Technology, 51(S1): 49—51. (in
Chinese)

A2, RPN, 22 5, 2021, IR E R\ =0T E R
5 & M(2011—20200[J]. W45 A M ER 1L 238 4z, 40(2):
305—318.

Shi X F, Fu'Y Z, Li B, et al., 2021. Research on deep-sea miner-
als in China: progress and discovery (2011—2020)[J].
Bulletin of Mineralogy, Petrology and Geochemistry,
40(2):305—318. (in Chinese)

TUHE, fl i3, PMBERH, 45, 2016, KT E R HIRGUIEW
Fis LT R MATEAABIIL[I]. 2741, 32(7): 2057 —2068.

Wang F L, He G W, Sun X M, et al., 2016. The host of REE+Y
elements in deep-sea sediments from the Pacific Ocean[J].
Acta Petrologica Sinica, 32(7): 2057—2068. (in Chinese)

Tom, 2R, R, 45, 2024, SR A RIS 22 A A 1Y
He—Hi L 1F Fl—e AR RGO i LT R o
14 B8 AT R 2 A E RN D). R ML Al & 5 L =2,
48(1): 1—-37.

Wang Q, Li W F, Wang B Z, et al., 2024. Nb-REE mineralization
associated with alkaline rock-carbonatite complex—on the
genesis of the alkaline rock-carbonatite complex in the
Dagele Nb-REE deposit, East Kunlun[J]. Geotectonica et
Metallogenia, 48(1): 1—37. (in Chinese)

EAE, B AR, 2Rk, 45, 2011, SN PO AR EUA KUk s
e A ST ML B R ST AR =] DO B 2 4R 31(4):
420—423.

Wang W, Yang R D, Luan J H, et al., 2011. Genetic mechanism
and genetic model for REE ores in basalt weatheriong
crust in west Guizhou[J]. Acta Geologica Sichuan, 31(4):
420—423. (in Chinese)

TRDLEE, B, ML, 5, 2020. fRERFRZS 1+ R E R 1Y & 2
K [I]. BheEiE g, 65(1): 53—59.

Wen H J, Luo C G, Du S J, et al.,, 2020. Carbonate-hosted clay-
type lithium deposit and its prospecting significance[J].
Chinese Science Bulletin, 65(1): 53—359. (in Chinese)

IRDUEE, RS, DT, 45, 2024, S A0 22 00 w1 S =
TE VR 5 Je B S BRL A [RL D] A S R AL 2
., 43(1): 14—34.

Wen H J, Zhou Z B, Ma W P, et al., 2024. Research progresses
and main scientific issues of strategically critical minerals in
black rock series[J]. Bulletin of Mineralogy, Petrology and
Geochemistry, 43(1): 14—34. (in Chinese)

THEHL, T BE, W8, 5, 2024, T EE D FEIRRRE . 07 IR
T RARN ] S A I 5 0] IR HBIR, 5106): 1930—1945.

Yin C K, Wang C L, You C, et al., 2024. Zircon resource charac-
teristics, deposit types, key applications and prospecting
prospects in China[J]. Geology in China, 51(6): 1930—1945.
(in Chinese)

TR, w I, BEiT, 2024, 3R EJer PHREMEI S gt HRE
JEL]. W BRI S FIH, 44C1D: 115—125.

Yin Z B, Gao L K, Rao B, 2024. Overview of niobium resources
and progress in mineral processing technology in China[J].
Conservation and Utilization of Mineral Resources, 44(1):
115—125. (in Chinese)

RWE, 2A4E, AL, 5, 2019, MO &8 = BT
BLRG R[], h R4, 33(2): 106—111.

Zhai M G, Wu F Y, Hu R Z, et al., 2019. Critical metal mineral
resources: current research status and scientific issues[J].
Bulletin of National Natural Science Foundation of China,
33(2):106—111. (in Chinese)

BADOK, 2019,z i WL H A B 2 B BE TRURE [N, b H 4R,
2019-06-04(A D).

JAZER, B, A, 48, 2024, RE—= i 1l Bl AR AR
BBk B W UL R S ORI L[], 7
274k, 44(3): 303 —316.

Zhou M F, Zhao W, Zhou D, et al., 2024. Identification and signif-
icance of the Sc-rich regolith on Early Paleozoic mafic-
ultramafic intrusions in the southeastern Wuyi-Yunkai
Orogenic Belt, South China[J]. Acta Mineralogica Sinica,
44(3):303—316. (in Chinese)

Anadolu Agency, 2025. Japan mulls mining rare earths at record
ocean depths: report[EB/OL]. (2025-07-03)[2026-05-18].
https://www.aa.com.tr/en/asia-pacific/japan-mulls-mining-
rare-earths-at-record-ocean-depths-report/3621038.

Archambo M, Kawatra S K, 2021. Red mud: fundamentals and
new avenues for utilization[J]. Mineral Processing and
Extractive Metallurgy Review, 42(7): 427—450.

Balaram V, 2025. Rare earth elements, resources, applications,


https://doi.org/10.3321/j.issn:1005-2321.2005.01.007
https://doi.org/10.3321/j.issn:1005-2321.2005.01.007
https://doi.org/10.3724/j.issn.1007-2802.20240008
https://doi.org/10.3724/j.issn.1007-2802.20240008
https://doi.org/10.3724/j.issn.1007-2802.20240008
https://doi.org/10.3724/j.issn.1007-2802.20240008
https://doi.org/10.3724/j.issn.1007-2802.20240008
https://doi.org/10.3724/j.issn.1007-2802.20240008

% 4 4

W%, F: FEAXRBT FHRAARAETRET W . 665 -

extraction technologies, chemical characterization, and
global trade—a comprehensive review[J]. Treatise on
Geochemistry (Third Edition), 6: 193 —233.

Beland C M J, Williams-Jones A E, 2023. The genesis of a poten-
tial scandium ore deposit at Crater Lake, Canada[J]. Chemi-
cal Geology, 615: 121223.

Benson T R, Coble M A, Rytuba J J, et al., 2017. Lithium enrich-
ment in intracontinental rhyolite magmas leads to Li deposits
in caldera basins[J]. Nature Communications, 8(1): 270.

Castor S B, Henry C D, 2020. Lithium-rich claystone in the
McDermitt Caldera, Nevada, USA: geologic, mineralogical,
and geochemical characteristics and possible origin[J].
Minerals, 10(1): 68.

Chassé¢ M, Griffin W L, O’Reilly S Y, et al.,, 2019. Australian
laterites reveal mechanisms governing scandium dynamics in
the critical zone[J]. Geochimica et Cosmochimica Acta, 260:
292—310.

Dai S F, Nechaev V P, Chekryzhov 1 Y, et al., 2018. A model for
Nb-Zr-REE-Ga enrichment in Lopingian altered alkaline
volcanic ashes: key evidence of H-O isotopes[J]. Lithos,
302/303: 359—369.

Dai S F, Zhou Y P, Zhang M Q, et al., 2010. A new type of
Nb(Ta)-Zr(Hf)-REE-Ga polymetallic deposit in the Late
Permian coal-bearing strata, eastern Yunnan, Southwestern
China: possible economic significance and genetic implica-
tions[J]. International Journal of Coal Geology, 83(1):
55—63.

Deconinck J F, Crasquin S, Bruneau L, et al., 2014. Diagenesis of
clay minerals and K-bentonites in Late Permian/Early Trias-
sic sediments of the Sichuan Basin (Chaotian section,
Central China)[J]. Journal of Asian Earth Sciences, 81:
28—37.

Deng W, Wen H J, Du S J, et al.,, 2022. Provenance of Late
Permian Nb-Zr-REE-Ga enrichment in western Guizhou:
implications for the waning volcanism of Emeishan large
igneous province[J]. Ore Geology Reviews, 150: 105160.

Dewers T, Heath J, Sanchez M, 2019. Shale: subsurface science
and engineering[M]. Hoboken: Wiley: 1 —299.

Dold B, 2020. Sourcing of critical elements and industrial miner-
als from mine waste—the final evolutionary step back to
sustainability of humankind?[J]. Journal of Geochemical
Exploration, 219: 106638.

Dushyantha N, Batapola N, Ilankoon I M S K, et al., 2020. The
story of rare earth elements (REEs): occurrences, global
distribution, genesis, geology, mineralogy and global
production[J]. Ore Geology Reviews, 122: 103521.

Emsbo P, 2022. New insights into the origin of critical mineral

resources in organic-rich black shales[C]//The 56th Annual

North-Central and 71st Annual Southeastern Section Meet-
ing. Denver: Geological Society of America: 374890.

Emsbo P, McLaughlin P I, Breit G N, et al., 2015. Rare earth
elements in sedimentary phosphate deposits: solution to
the global REE crisis?[J]. Gondwana Research, 27(2):
776—785.

Ercit T S, 2005. REE-enriched granitic pegmatites[M]//Linnen R
L, Samson I M. Rare-element geochemistry and mineral
deposits. St. John’s: Geological Association of Canada:
175—199.

Ferhaoui S, Kechiched R, Bruguier O, et al., 2022. Rare earth
elements plus yttrium (REY) in phosphorites from the
Tébessa region (Eastern Algeria): abundance, geochemical
distribution through grain size fractions, and economic
significance[J]. Journal of Geochemical Exploration, 241:
107058.

Gulley A L, Nassar N T, Xun S A, 2018. China, the United States,
and competition for resources that enable emerging technolo-
gies[J]. Proceedings of the National Academy of Sciences of
the United States of America, 115(16):4111—4115.

Halbach P, Marchig V, Scherhag C, 1980. Regional variations in
Mn, Ni, Cu, and Co of ferromanganese nodules from a
basin in the Southeast Pacific[J]. Marine Geology, 38(4):
M1—Mo.

Halkoaho T, Ahven M, Rdmé O T, et al., 2020. Petrography,
geochemistry, and geochronology of the Sc-enriched
Kiviniemi ferrodiorite intrusion, Eastern Finland[J]. Mineral-
ium Deposita, 55(8): 1561 —1580.

Haneklaus N H, Mwalongo D A, Lisuma J B, et al., 2024. Rare
earth elements and uranium in Minjingu phosphate fertilizer
products: plant food for thought[J]. Resources, Conservation
and Recycling, 207: 107694.

Hannington M, Jamieson J, Monecke T, et al., 2011. The abun-
dance of seafloor massive sulfide deposits[J]. Geology,
39(12): 1155—1158.

He B, Xu Y G, Huang X L, et al., 2007. Age and duration of the
Emeishan flood volcanism, SW China: geochemistry and
SHRIMP zircon U-Pb dating of silicic ignimbrites, post-
volcanic Xuanwei Formation and clay tuff at the Chaotian
section[J]. Earth and Planetary Science Letters, 255(3/4):
306—323.

Hector S, Patten C G C, Beranoaguirre A, et al., 2024. Magmatic
evolution of the Kolumbo submarine volcano and its impli-
cation to seafloor massive sulfide formation[J]. Mineralium
Deposita, 59(6): 1229—1248.

Hein J R, Conrad T A, Staudigel H, 2010. Seamount mineral
deposits: a source of rare metals for high-technology indus-
tries[J]. Oceanography, 23(1): 184—189.



* 666 -

B T A R CH SR B0

% 53 %

Hein J R, Koschinsky A, 2014. Deep-ocean ferromanganese crusts
and nodules[J]. Treatise on Geochemistry (Second Edition),
13:273—291.

Hein J R, Koschinsky A, Bau M, et al., 2000. Cobalt-rich ferro-
manganese crusts in the Pacific[M]//Cronan D S. Handbook of
marine mineral deposits. Boca Raton: Routledge: 239—273.

Hein J R, Koschinsky A, Kuhn T, 2020. Deep-ocean polymetallic
nodules as a resource for critical materials[J]. Nature
Reviews Earth & Environment, 1(3): 158 —169.

Hein J R, Mizell K, Koschinsky A, et al., 2013. Deep-ocean
mineral deposits as a source of critical metals for high- and
green-technology applications: comparison with land-based
resources[J]. Ore Geology Reviews, 51: 1—14.

Hein J R, Spinardi F, Okamoto N, et al., 2015. Critical metals in
manganese nodules from the Cook Islands EEZ, abundances
and distributions[J]. Ore Geology Reviews, 68: 97—116.

Hoshino M, Sanematsu K, Watanabe Y, 2016. REE mineralogy
and resources[J]. Handbook on the Physics and Chemistry of
Rare Earths, 49: 129—291.

Hu R Z, Qi H W, Zhou M F, et al., 2009. Geological and
geochemical constraints on the origin of the giant Lincang
coal seam-hosted germanium deposit, Yunnan, SW China: a
review[J]. Ore Geology Reviews, 36(1/2/3):221—234.

Kalashnikov A O, Yakovenchuk V N, Pakhomovsky Y A, et al.,
2016. Scandium of the Kovdor baddeleyite-apatite-magnetite
deposit (Murmansk Region, Russia): mineralogy, spatial
distribution, and potential resource[J]. Ore Geology
Reviews, 72: 532—537.

Kandil A T, Aly M M, Moussa E M, et al., 2010. Column leach-
ing of lanthanides from Abu Tartur phosphate ore with
kinetic study[J]. Journal of Rare Earths, 28(4): 576 —580.

Kato Y, Fujinaga K, Nakamura K, et al., 2011. Deep-sea mud in
the Pacific Ocean as a potential resource for rare-earth
elements[J]. Nature Geoscience, 4(8): 535—539.

Kechiched R, Laouar R, Bruguier O, et al., 2018. Glauconite-
bearing sedimentary phosphorites from the Tébessa region
(eastern Algeria): evidence of REE enrichment and
geochemical constraints on their origin[J]. Journal of African
Earth Sciences, 145: 190—200.

Kesler S E, Gruber P W, Medina P A, et al., 2012. Global lithium
resources: relative importance of pegmatite, brine and other
deposits[J]. Ore Geology Reviews, 48: 55—69.

Kon Y, Hoshino M, Sanematsu K, et al., 2014. Geochemical char-
acteristics of apatite in heavy REE-rich deep-sea mud from
Minami-Torishima area, Southeastern Japan[J]. Resource
Geology, 64(1):47—57.

Lehmann B, Frei R, Xu L G, et al., 2016. Early Cambrian black

shale-hosted Mo-Ni and V mineralization on the rifted

margin of the Yangtze Platform, China: reconnaissance
chromium isotope data and a refined metallogenic model[J].
Economic Geology, 111(1): 89—103.

Liao J L, Sun X M, Li D F, et al., 2019. New insights into nanos-
tructure and geochemistry of bioapatite in REE-rich deep-sea
sediments: LA-ICP-MS, TEM, and Z-contrast imaging stud-
ies[J]. Chemical Geology, 512: 58 —68.

Mitchell R H, 2015. Primary and secondary niobium mineral
deposits associated with carbonatites[J]. Ore Geology
Reviews, 64: 626 —641.

Mizell K, Hein J R, Au M, et al., 2022. Estimates of metals
contained in abyssal manganese nodules and ferroman-
ganese crusts in the global ocean based on regional varia-
tions and genetic types of nodules|[M]//Sharma R. Perspec-
tives on deep-sea mining: sustainability, technology, environ-
mental policy and management. Cham: Springer: 53 — 80.

Peelman S, Kooijman D, Sietsma J, et al., 2018. Hydrometallurgi-
cal recovery of rare earth elements from mine tailings and
WEEE([J].
367—3717.

Petersen S, Kritschell A, Augustin N, et al., 2016. News from the

Journal of Sustainable Metallurgy, 4(3):

seabed—geological characteristics and resource potential of
deep-sea mineral resources[J]. Marine Policy, 70: 175—187.

Phoung S, Williams E, Gaustad G, et al., 2023. Exploring global
supply and demand of scandium oxide in 2030[J]. Journal of
Cleaner Production, 401: 136673.

Shannon R D, 1976. Revised effective ionic radii and systematic
studies of interatomic distances in halides and chalcogen-
ides[J]. Acta Crystallographica Section A, 32(5): 751 —767.

Snelgrove P V R, Metaxas A, 2025. Mining of the deep ocean[J].
Annual Review of Environment and Resources, 50(1):
455—481.

Sovacool B K, Ali S H, Bazilian M, et al., 2020. Sustainable
minerals and metals for a low-carbon future[J]. Science,
367(6473):30—33.

Syverson D D, Awolayo A N, Tutolo B M, 2023. Seafloor spread-
ing and the delivery of sulfur and metals to Earth’s oceans[J].
Geology, 51(12): 1168—1172.

The White House, 2025. Unleashing America’s offshore critical
minerals and resources[EB/OL]. (2025-04-24)[2026-05-18].
https://www.whitehouse.gov/presidential-actions/2025/
04/unleashing-americas-offshore-critical-minerals-and-
resources/.

USGS, 2022. Mineral commodity summaries 2022[R]. Reston:
U. S. Geological Survey.

USGS, 2025. Mineral commodity summaries 2024[R]. Reston:
U. S. Geological Survey.

Vadakkepuliyambatta S, Roy P, Ingole B S, et al., 2024. Potential



% 4 4

W%, F: FEAXRBT FHRAARAETRET W 667 -

of deep-sea mineral resources for the blue economy[J].
Current Science, 126(2): 192—199.

Valetich M, Zivak D, Spandler C, et al., 2022. REE enrichment of
phosphorites: an example of the Cambrian Georgina Basin of
Australia[J]. Chemical Geology, 588: 120654.

van der Ent A, Parbhakar-Fox A, Erskine P D, 2021. Treasure
from trash: mining critical metals from waste and unconven-
tional sources[J]. Science of the Total Environment, 758:
143673.

Vijayarathna S P, Rathnayake I V N, Samarasekere P W, 2026.
Microbial bioleaching of rare earth elements from phosphate
minerals: a biotechnology-driven systematic review of mech-
anisms, bioprocess determinants, and opportunities for
sustainable recovery[J]. BMC Biotechnology, 26(1): 40.

Wang L, Yang C C, Huang H, et al., 2025. Eruption of the Emeis-
han large igneous province and associated climate change
forced intense weathering of Emeishan flood basalts
and the formation of overlaying Nb-Zr-Ga-rare earth element
and Y polymetallic deposits[J]. GSA Bulletin, 137(9/10):
4299—4308.

Wang Z C, Li M Y H, Liu Z R R, et al.,, 2021. Scandium: ore
deposits, the pivotal role of magmatic enrichment and future
exploration[J]. Ore Geology Reviews, 128: 103906.

Williams-Jones A E, Vasyukova O V, 2018. The economic geol-
ogy of scandium, the runt of the rare earth element litter[J].
Economic Geology, 113(4): 973 —988.

Wu S X, Wang L S, Zhao L S, et al., 2018. Recovery of rare earth
elements from phosphate rock by hydrometallurgical
processes—a critical review[J]. Chemical Engineering Jour-
nal, 335: 774—800.

Xie Y L, Verplanck P L, Hou Z Q, et al., 2019. Rare earth element
deposits in China: a review and new understandings[M]/
Chang Z S, Goldfarb R J. Mineral deposits of China. Little-
ton: Society of Economic Geologists: 509 —552.

Xing J Q, Jiang Y H, Xian H Y, et al., 2024. Rare earth element
enrichment in sedimentary phosphorites formed during the
Precambrian—Cambrian transition, Southwest China[J].
Geoscience Frontiers, 15(2): 101766.

Xu Y G, Chung S L, Jahn B M, et al., 2001. Petrologic and
geochemical  constraints on the petrogenesis of
Permian—Triassic Emeishan flood basalts in Southwestern
China[J]. Lithos, 58(3/4): 145—168.

Yang J H, Wen H J, Luo C G, et al., 2025. Host minerals of

lithium in Jiujialu Formation Li-rich claystones in South
China, and implications for the genesis[J]. Journal of
Geochemical Exploration, 278: 107865.

Zhang F, Fan H F, Liu X Q, et al., 2023. Distinct REY sources
recorded in the Doushantuo phosphorite[J]. Ore Geology
Reviews, 157: 105470.

Zhang H J, Fan H F, Wen H J, et al., 2022. Controls of REY
enrichment in the Early Cambrian phosphorites[J]. Geochim-
ica et Cosmochimica Acta, 324: 117—139.

Zhang Z W, Zheng G D, Takahashi Y, et al., 2016. Extreme
enrichment of rare earth elements in hard clay rocks and its
potential as a resource[J]. Ore Geology Reviews, 72:
191—212.

Zhao L X, Dai S F, Graham I T, et al., 2016. Clay mineralogy of
coal-hosted Nb-Zr-REE-Ga mineralized beds from Late
Permian strata, eastern Yunnan, SW China: implications for
paleotemperature and origin of the micro-quartz[J]. Miner-
als, 6(2): 45.

Zhao L X, Dai S F, Graham I T, et al., 2017. Cryptic sediment-
hosted critical element mineralization from eastern Yunnan
Province, Southwestern China: mineralogy, geochemistry,
relationship to Emeishan alkaline magmatism and possible
origin[J]. Ore Geology Reviews, 80: 116—140.

Zhao W W, Zhou M F, Wang Z C, et al., 2023. Potentially impor-
tant regolith-hosted Sc deposits related to alkaline igneous
complexes of the Permian Emeishan large igneous province,
SW China[J]. Journal of Asian Earth Sciences, 252: 105698.

Zhong H, Campbell I H, Zhu W G, et al., 201 1. Timing and source
constraints on the relationship between mafic and felsic
intrusions in the Emeishan large igneous province[J].
Geochimica et Cosmochimica Acta, 75(5): 1374—1395.

Zhou M F, Wang Z C, Zhao W W, et al., 2022. A reconnaissance
study of potentially important scandium deposits associated
with carbonatite and alkaline igneous complexes of the
Permian Emeishan large igneous province, SW China[J].
Journal of Asian Earth Sciences, 236: 105309.

Zhou M F, Zhao W W, Wang Z C, et al., 2025. Scandium and
gallium in weathered basalts as unconventional resources[J].
Journal of Asian Earth Sciences, 290: 106629.

Zivak D, Spandler C, Valetich M, 2024. Geochemical and isotopic
(Nd, Sr) tracing of the origin of REE enrichment in the
Cambrian Georgina Basin phosphorites[J]. Geochemistry,
Geophysics, Geosystems, 25(2): €2023GC011207.



	1 碳酸盐黏土型Li矿
	2 沉积型Nb-Zr-REE-Ga矿
	3 磷块岩型REE矿
	4 风化壳型Sc矿
	5 海底关键金属
	5.1 多金属结核
	5.2 富钴结壳
	5.3 深海稀土
	5.4 热液硫化物

	6 其他非传统关键矿产
	6.1 煤系关键金属
	6.2 关键金属“呆矿”
	6.3 黑色页岩关键金属
	6.4 矿业废弃物关键金属

	7 展望
	利益冲突声明
	作者贡献声明
	致谢
	参考文献

