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Mineral Systems, Evolutionary Patterns, and Spatial Mineral Prospecting
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Abstract: [Objective] Rare metals are an important component of strategic critical metals,
and their mineralization is closely related to the granite—pegmatite system. As the direct
products of mineralization, the crystallization behaviors and evolutionary patterns of rare-
metal minerals provide an essential basis for understanding metallogenic mechanisms,
assessing resource potential, and predicting ore-forming districts. [Methods] A systematic
analysis on rare-metal minerals in different geological and metallgenic settings has been

carried out. [Results] This paper identifies (hydro)oxides, silicates, and phosphates as the
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main types of rare-metal ore minerals and systematically analyzes their mineralogical
characteristics. On a global scale, it investigates the evolutionary features of these minerals
during key geological periods, revealing the coupling relationship between rare-metal
mineralization and supercontinent assembly—breakup cycles. Based on differences in
elemental electronegativity, the relationship between the chemical behavior of rare elements
and their mineralization capacity is established, elucidating the fundamental pathways of
rare-metal enrichment and mineralization. At the scale of ore bodies, it systematically
analyzes the crystallization sequence of lithium minerals and constructs a generalized
evolutionary framework for lithium mineralization in rare-metal pegmatites. Furthermore,
from the perspective of compositional evolution in Nb-Ta and Zr-Hf minerals, a multi-
dimensional tracing system for rare-metal mineralization is developed. [Conclusions] This
paper constructed a comprehensive mineral system for rare-metal mineralization, established
a mineral-centered mineralization framework, and deepened the understanding of its
evolutionary regularities. [Significance] This work will promote the establishment of a
spatial prospecting methodology based on mineralogical responses, thereby providing
theoretical support for rare-metal resource exploration.

Keywords: rare metals; rare-metal mineral paragenesis; mineral system; rare-metal mineral

evolution; spatial mineral prospecting method
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Fig. 1 Rare metals in the Goldschmidt classification system
(metals inside the red circle, original image from Goldschmidt,
1937)
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Table 1 Major types of rocks associated with rare-—metal

mineralization
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Li Li Li
Rb—Cs Cs Rb, Cs
Be Be Be Be
Zr—-Hf Zr Zr Zr (Hf) Zr, Hf
Sn
Nb-Ta Nb Nb (Ta) Ta, Nb Ta (Nb)
W

2 W D RB\AWH B WHIZERIFE
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Table 2 Discovery history and numbers of mineral species of rare metals

WHERE TLERRIE CRIITEIIT ) R Y/EE RS
Li 18174 (FEHKA) 123
Rb 1861 % (H =) 3

Cs 1860 4F  (§faihf1) 27



Be 1797 &£ (§AEA) 134

Ir 1789 4 (#54) 148
Hf 1923 4 (#A) 1
Sn NI 110
Nb 1801 4 (HeEkH) 172
Ta 1802 £ (Yekh™) 61
W 1779 4 (RESH") 55
&t 833
s [ 2R Wl R (https://www. rsc. org/)
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Table 3 Groups of rare metal minerals
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Li 123 9 90 18 7% 73% 15% 95%
Rb 3 1 2 33% 67% 0% 100%
Cs 27 4 17 1 15% 63% 4% 79%
Be 134 14 79 33 10% 59% 25% 94%
7r 147 13 99 7 9% 67% 5% 81%
Hf 1 1 0% 100% 0% 100%
Sn 110 31 15 0 28% 14% 0% 42%
Nb 172 88 73 51% 42% 0% 93%
Ta 61 56 2 92% 3% 0% 95%
W 55 20 6 23 36% 11% 42% 89%



Bt 833 236 384 82 28% 46% 10% 84%

5 E bR W2 b2 30 ) S T W i 42 25 14 %Rk (https://cnmnc. units. it/files/editor/IMA Master List (2026-09). pdf)
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Fig. 2 Increasing chart of global Nb-Ta-bearing minerals (modified

after Song et al., 2023)
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Fig. 3 Relationship between electronegativity of rare elements

(relative to Pauling scale) and saturated solubility in granite
melt (data of electronegativity after UK Royal Society of Chemistry:

https://www. rsc. org/)
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BE; Mbs—BEHEEE

a— e rE FH LA s (B8 Yang et al., 2022) ; b—FisE ] il Ll =54
e (R EVEESE, 1981) 5 c— N K Tanco fifia (i Stilling et
al., 2006)

4 Wi & JE s e T E AL A

Fig. 4 Summarized evolution sequences of Li minerals in rare—
metal pegmatites

(a) Nanyangshan pegmatite, Henan (after Yang et al., 2022);: (b)
Koktokay No. 3 pegmatite, Xinjiang (after Wang et al., 1981): (c)
Tanco pegmatite, Canada (after Stilling et al., 2006).

Qz—quartz; Spd—spodumene; Ms—muscovite; Ab—albite; Elb—elbaite; Lpd

—lepidolite; Mbs—montebrasite
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Lichtervelde et al., 2011; Tang et al., 2016; McNeil et al., 2020) , X
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AR S OGN > IBAZ RS (B 5by be) + @FRET >HREN >4
BT IEAR P (Bl 5by o) o IX R H AT LA 5 HUA R L i B E RS
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I YIRS AL, IE R - o B A , BA BRI A A DL AR
1M iR AH N LAEHARA N 3 (Huang et al., 2002) .
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Fig. 5 Plots in Ta/(Nb+Ta)-Mn/ (Fe+Mn) diagram for columbite—
tantalite series minerals

(a) Songshugang granite, Jiangxi; (b) Yichun granite, Jiangxi; (c)
Kokokay No.3 pegmatite, Xinjiang; (d) Metaluminous NYF-family

granite—pegmatites; (e) Peraluminous LCT-family granite—pegmatites.

Cernyet al. (1991) ¥& 18 & 5 & %5 70 28 LCT M NYF 2 N R 51, £k 4%
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U AR AL S (8 5e)

EEOERE MBI Y, HRBAEHT &S 0 o, FI &SRR
W RN (Zr, HE) Si0s. Von Knorring (1961) B RIRIE T & HE 8547, RUIETI#A
O REEE. MO ASMNMmITT Y, &5 H Correia (1974) £
S bR R E R R, AT, B S8 A RRESIEE R R, HE 2013 4
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R HE — S A A R B FESE (Yin et al., 2013; K 6)
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ERIZBHTIE (Yin et al., 2013)
Fig. 6 The Hf - Zr/Hf diagram of zircon for the Koktokai No. 1
pegmatite in Xinjiang, showing gradually increasing hafnium content

in zircon with melt evolution (Yin et al., 2013).

7. RE: §ENARSY WERRE 5k

MR R, Wi < JE o R B AR R R B R S, (R EATIHEAE
< T R A RE AT A SR A e M, BRI A SRS BTN
AFARFFIE AR UL, W3 B c R 28], B &8 ZRAEAER B R R . AR X
e, X—RAAUHTHET YRR 5%, A em it s i i s,

(1) FeFHWbr EHBT IR . Wifs )i R B A Pa K. a0 K TR
B3BBG, U SRR M AT LA e B R A, B e A R B
Wi e Jm b A S B A SRR, AT R s X AT el A B0 S0 PR ™
RMZHE, (En DUEL PR PR SEEE B RA, G BEHh 2 moes i LK
W, MAEDRIR SR O WK R ST A, AT RO e R E X SR 15
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BE R I,

(2) BT R BB ETBEN Ry, X TREENERE SR, W
Li. Rb. Cs. Be. Sn. W4, FIRIAAY BT LS BCE) JE B 1EH . %R E1#4
SRR I B AN, AR 1 FAR FT e R DL 8 L 492 5 R 2 & o e . A
PRI HE X (1 B S BUE & — PR BRI i iRy R 8 GBE—I9 %%, 2017) , FEIE/ERA
PRI 3 26 808 DA Li-Sn—Rb il 2& N E (& Rb BB~ RERIEG A0, T 85 A AR )
ZEUE T Be— (Sn) Bl BoAE L (% Be BERkm bl &SF A MY Sn Je HFEA)

(3) FETH VA AR K. w20 e e 2 il SR W E A A,
BT, 6 i PO SOV A T 1 48 ) A A v AR ) 25 D A3 A, 3K — BT
LR T~ DR i e 37 AMELRSOT i 28 IS (R DG R, DA @ 8 AT TR ) 2 (R R
VEARAE T BN EIOAESE . B D hOER (R R A ORI T 2 A DV RS K
NEFERIR A SR e (Liuds, 20200 , WBiGEA. BIL%, RAERXME, £
X SEHE R A X, BRI T U AGRR B i 0 Li-Cs fh b, P A A
PR B O ALY, RN A AR = RER S I GO MSE, 20235 1R

FZEE, 2025; fRESSE, 2026) , UEEMFBSANFEALNBACREN G BT AR,
TR R A 4 Ja B 1 F AR [A]
8. W

MCEAELRIR TR AL b, IR R M, JREERAA €8 iy HiE,
RGWTIT “ LAYz BT R 88, WE T Fif )8 S Iy M R4t

(1) Mo A, ARGl @i WL, #ie () A,
PR BRI e — 2R T SR AT & Ul 0 2R 2

(2) MWERIENE . e B AR, B AR RACRAT &R 1 70 A R ,
BE— DR T WAT &8 R S KR TR A AR TR R B R AR

(3) BFmmpitEER, EMA TR AT N SR &R 87 Z F
KF, EWNRAT &8 E AR #AR A5

(4) MWEREERAEE, RGEaHTIEbda . hlia AE 3 R RO I 2GR
BAR R, BEWAA SR YIS & P ZI bR S0 A, MR TRA &R Yk
Ik PR 22 46 P B 7R R AR 2R

(5) PRI AL AR ] AAE R SC B R AR L, BRI RIS AL L IR AN R 7>
ATANEARA A, M B3R Ti%, ST R T W S Rk 0 2 TRl 3R 5%
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Boig: 20RO AN P AL T S LA PR, PR B B EE 2 e SR AR PR At
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