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Abstract: [Objective] Rare earth elements (REEs) are indispensable for high-tech industries, such as clean energy,
national defense, and military industries, rendering them strategically critical minerals. In China, regolith-hosted REE
deposits constitute one of the most important REE resources, supplying over 90% global heavy rare earth elements
(HREE). Understanding the formation of such REE deposits can provide a theoretical basis for their efficient utilization.
[Methods] This paper summarizes the recent research results on the two key processes of REE remobilization and
transferring and puts forward prospects for future research to deepen the knowledge and understanding of the formation of
regolith-hosted REE deposit. [Results] These deposits developed primarily in the weathering crusts of REE-rich granitic
rocks, with the REE distribution patterns largely reflecting those of the underlying bedrock. The granitoid weathering crusts
are primarily developed by chemical and biological weathering. Clay minerals and Fe-Mn (hydr) oxides, resulting from the
weathering of major rock-forming minerals, such as feldspar, mica, and amphibole, serve as the primary hosts for REE ions
in weathered crusts. These REE ions originate from the weathering and decomposition of REE-bearing accessory minerals
in the bedrock, which exhibit varying degrees of susceptibility to weathering. Furthermore, metabolites such as microbial
organic acids can breakdown refractory minerals like monazite and xenotime, facilitating REE remobilization.
Simultaneously, microbial action can cause significant REE fractionation, and gram-positive bacteria are significantly more
selective for HREE than for LREE. During weathering and leaching processes, REE primarily form REE complex ions
within weathering crusts and are then transferred by meteoric water or groundwater. This process is primarily controlled by
factors such as pH, secondary mineral formation, and the weathering environment. Notably, in addition to inorganic
ligands, such as F~ and CO3~, organic matter can directly interact with REE, acting as organic ligands that aid in REE

transfer. [Conclusion] Consequently, the REE remobilization and transferring mechanisms in regolith-hosted REE deposits
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are predominantly controlled by chemical and biological weathering processes, which result from interactions between
inorganic and organic agents. However, the quantitative impact of these processes on the formation of these deposits
requires further evaluation.

Keywords: regolith-hosted REE deposits; REE-bearing accessory minerals; chemical weathering; biological weathering;
REE remobilization
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Fig. 1 The distribution of regolith-hosted rare earth element (REE) deposits in South China (modified from Li et al., 2019)
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(a) Albite is partly weathered to kaolinite; (b) Residual albite after
weathering; (c) Biotite is weathered to kaolinite; (d) Muscovite is

partly weathered to kaolinite
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B KA 2 58 A AT 2%, 3R BB K A 1 IKUAE 2 KU Ak
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Fig. 4 Backscattered electronic (BSE) images of the weathering of
allanite, titanite and apatite in the profiles of the Renju regolith-
hosted light rare earth element (LREE) deposit, Guangdong Province
(a) The etch holes filled by bastnaesite in allanite in weakly
weathered bedrock; (b) Fragments of allanite weathering in the lower
part of the semi-weathered horizon; (c) Weathering fractures and etch
pits of titanite in the lower part of the semi-weathered horizon; (d)
The disintegration of titanite in the upper part of the semi-weathered
horizon; (e) The etch pits of apatite in the upper part of the semi-
weathered horizon; (f) Massive etch pits of apatite in the lower part

of the completely weathered horizon

ST B AR LM EEREZ —, SRR,
Bl K A0 1Y) T il R R BE S R Y pHL AL B G T 1S
(Chairat et al., 2007), X fb.7¢ - &B 19 2 ¥ 21 5% (pH =
4~5.5) 4 R T W A WA i T RO o B K
A1 WAL TT B8 23 I8 iUk AR B M+ 8 4 (Sanematsu et

al., 2013; Berger et al., 2014; Sanematsu and Watanabe,
2016), (HTE ] AR A~ 8 45 WAL 76 BLRG 2 IR h e A
S BB IR A ] B i3 6 v AR 7 ), R W XA R ik
B LB KT

A F AN S HREEW ), ) IZ kB T
g KA S BV R 0 R I B s b o WA ROE £
T 5 A 1 6 UL 1 R AN R R A XAk, T T e
PEINE A 7 1P E 7R TN S =5 § N B i E L S
R P uE AL R, A o B L X S R S )
15 4 47 [ 5 (Baidya et al., 2019) . 7E V1. 75 K 3
i L R, 58 AL 3 5 v A A U LB AL
B R e A7 (1] 5a, 5b), ik HAAR P 3R T 2, A
HIRAAE I 2 0 Bois B 4l o e X2 o, h
T HAR A pH A5 4 a8 AE A2 2E T ALRI Si i IT A2
T i U A A A M T A 3R TR AR v R T 2

o —

o TR

a— 55 WAL 3 o oP £ R0 T A0 T S0 5 R AR ] B e 08 A7 5 b— 58
WAL EE 5 b AR T A A R KL TR A 06 75 c— 2 KL T &
AR T A AR TR B 1 5 d— 22 KPR 2 B384 4R T A KU IR IR

/N R

Hs5 THAZENACRBEERLET KT EHTFE N
1k, #y BSE HE 1%

Fig. 5 Backscattered electronic (BSE) images of the weathering of
garnet in the Dabu regolith-hosted heavy rare earth element (HREE)
deposit, Jiangxi Province

(a) Garnet weathering along the grain boundaries and fractures to
form kaolinite in weakly weathered bedrock; (b) Garnet weathering
at the fractures to form kaolinite in weakly weathered bedrock; (c)
Weathering etch holes in garnet from the lower part of the
completely weathered horizon; (d) Massive etch holes in garnet from

the upper part of the completely weathered horizon
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FOR A 3 7 32 2 S R ], DR AR A AR T R
T BT Rk (9 1l (18] Sc., 5d) o Bl 5 IXUAK i 4 82
BEAT, W IRGTE B G O, A5 E AT 0 Bk, 7
A T 2 B BB, (R A e (1 5d) o 7R KUK IR AR
AR, AR T XA RS i B HREE Bl O 1 XU AR
7e TR [T, 4 )AL JZ o 3% B A 11 4 B K
A nr LR 25 1) XU AR 52 v 42 43 B 1 25 HREE, 21 fie
BERAE T B R

3 M R AR A

MAEY A G2k A Y= r 75%, B4 K255
A FS T, 4 b 3R A A AR RO R T
A9 8 B A & 2 — (Cuadros, 2017) . KAk 57 #HG +
0 R I 53 A1 B4 IV FR — B A XA A o R AR 3
25 M A 16 30 # Sk BE % (Taunton et al., 2000), %45 4
5 OouR T REAF R E AR A EAE . AR O,
A 0 A 6 UL 58 B3R - B 1) 52 i) 4 32 G
o — 7T, A Y e a8 i o WA AL IR SE AR
YR i W BEA XA, IR TR S-S T
— 5T, WA W RE TE LA M A5 A b R v B AR
B, M AER L TEMEE- T RIRE. W
I, A Wi AR AT BE S i 20 WAk s i BT R IG
- EH-FENEEHNE,

3 RUUZPHEERED

A T 3l 2 2% A 0 B b B o 3 BR Y M TS
J1 22—, X6 KA S R B i R B AT B )
(Ehrlich, 1998) . 5 ¥y B/ F AN {24 4 AR L, % 4E
WE b iy A WAL E — @ W o0 Tl i 2B VR 32
S (R EE, 2018) o BARAWFFUESE T A 5 G
J& (Burkholderia) F1 5 %5 & J& ( Streptomyces) 55 & UL
AR ) R A 1 e AR R R 4 3 3 B AE T (W et al,
2008; Zhang et al., 2018), {H X4k 52 7 b 4 Bk i K1
A 0 9% At 2 ATV TR R R I A R B
AR . JETE XA 5T R Y - 2 AR Y A R S
T FL 25 AR AL R AE, R B A R A% L oe R TS
ARSI 5.8 S i

DL AR AT E KA 7e B R + 87 Ky ], Li et
al.(2022¢) 2R JH vy 18 8 P 1 150 A X AN ] T 5 B i R
(1 0 35 AR W I AT A0 B, SR I B A0 T 37 07T,
Heo P& a KT 1% WIS 2RET . R
FRERTT L ORI JRBER T TR T] . PR R ]

FWEHET] . AR EE 6 1], Hopfe# T h 7K
FTRHEF R 2 E K7 h i vF 2 35w 1T 7
B L X Ao S AR X R T S L
FRAAEE A 7z o A, B AT AL R 45 2 AR W R
V&I Ta 2 KB (Wei et al,, 2019) . W B 43 27K 73k
B, NS R R T s AN R . R Al A
W B R0 Rk SRR A L B S I
Rk A AR 8 A HILTS e 9 g (B35 3, 2019) o KR 3h
FE TR T 0 W 3 4 S S B AR R Y 3 P A A
FERCR A6 07 IR b g R B BRE, JFF — 2l o 4R
R S ity A5 43 0 ) 1) 7 A s e 2 AR 5 ) B AL T
Kt It REE,

AR 32 N TR) U BE R difh () A 2R ) B R 22 B 4y
BT 2 B, 126 W R T 1) 22 F P O A i o TR 38 n g
AW TR, BAEARREFENEZR . MAEYS
i 4 70 F A AL 7 T 1 43 A s LA 3 A G
AL W AT AR A B T R 5E R o TR 1R
WA, W E S W TR R A . ASTH
+ 3 LR W 2 R 0 &Y W B AR AE R
o B CHMEA M ER W EEERES T
B, SRR R SR A S AN A AR TR AT B RE R
GEMAT G (2B B4, 2024) o B 2% 1R I 40 B A A
PR X i A W B T 43 LA S A DU 4 RGN, H
TAT () B T 5 A 4 2% B0 o o s o O R R R . U
AL UL, RAR 7 1 3 A ) AS [R) 2B B 2 i 22 5 T g
EHARmEICREE- T HRMEERZE,
32 MAEYRFHEINENK

il A= 4 2 A AR B BB Bl Sy, ] DA sk
RN A MRS T YRR R A
L Ath, 2R A 27 P22 3 [ 95 1 5 KUk 2o B P R 40T
1 ER AL 22 AT O, (R EAAR Y 1 F AL B AT R B
Wi . A itk He et al.(2023) ] I A VL PG K 35 XU Ak 72 7Y
i 7 PR P 43 5 B A 4 bk 1 35 A eR DEA T AE B T
SEH, RIS T AR X e R [ R B AR A B A D
FIEE M. S ICTE A A E, AR K A
JCEMF W MR T 4~21 5 (K 6) o A, 1%
A ) 3 W AR 7 0 R 4 A I B A T R (A
i 70 R 1Y WL AR P IR 29 25% ~82%(He et
al., 2023) o — 25 M F 3 40 TR i B A2 0T R
1, R 100 3 YU G R 2 A B )
(He etal., 2024) . BE4Z W B ff 80K L R A K2
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fiff JEE AV, VS i o A v 3 4 TR s - T R AT RE R
A PR ITTTE , B AR S PR A X B AR 0 O A B IR &
SRR TR BB R . S AR K
B, AR W fie A R0 T E XA S B ) AR
#EH A B # £ oo F B i (Owusu-Fordjour and Yang,
2023) . foiltn, Sk A AL IR B AT AR B (Acidithiobacillus
Jferrooxidans) R % fill ¥ 5 A1 v (1) B - %5t (Becker et
al., 1986) . B K% M B (Bacillus megaterium) 5\ 5
Wl DA A R L AR AR W 25 F T R 50%~900%
(Hutchens et al., 2006) . & #h 5 & (Aspergillus niger) .
+ & # (Aspergillus terreus ) FIT %5 1 ( Paecilomyces
spp.) BER M JE 3V g Wl R Eh U5, DL J A rh i s
Fi £ 70 % (Brisson et al., 2016) .
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( 4% He et al., 2023 15 & )
Fig. 6 The contents of rare earth element (REE) leached by
different bacteria in 30 days (modified from He et al., 2023)

ERALSE T, E A0S A AR 2
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AT ) Bl DX 5 o 0 400 5 e, 552 Wil o A XUAL AR
F IR (B 7). AR T R IER
B 50 B 24, o v R ik 0 45 43 2 e T 2 110 A 4 R
FEAILHI (& 8) o AEAE 1= 5 W gl A v, oA o AR K
I BE 5 BOR W2 AL I o W 3 5 1 /N oy A HLIR,
3 o TR A R 2% G AR B AR B e AR T T, R
fis + 0 & (He et al, 2023) . 7 55 B2 Mt = ¥

pH &40, A LR FC AR 04 25 A VF FH 2 B2k o 4 20 4
TR B E LG o WAL R A i S
5 [F) B 36 W1 Gl A= W AR RE 7 A o | 1A HLIR O IR
A5 IR A T, 3 A T Ak R C IR 25 5 AL D IR] 42
HER - BERR LW IV R . A AR K AR X
AT Wl ) W SO R R R R TR R Y v i AN
PO TR Eh 0 PR UTTE . BLAh, S W TR AR RN
B Wy 3 T Y AR AR R AR T YOG
R iAo ok sy W LA R G0, B & T 9
B fiff R TED 15 B BAS B D B A e 208 A )
(Wanger et al., 2006) . £ %7 I P93 pH (. A fb i R
IR VAR DR 3 A NS 7S R N i I 1= S o
L5 8 Wy 2 T 4 G JF R AT Mok DR S R 10T
B0 B

a— 1) ZL B TP I A T 22 5 b— L B I 22 A8 T 3R T RV TR
T8 5 o— b BRETE T 0 3% T 04 A0 TR 5 d— AN B AR A0 K I 43 T 00 L A 43
WY a—d ¥ kil F B4R

W7 ShEdMEET WREHY TEBRE

Fig. 7 Microbial adhesion to mineral surfaces forms dissolution
traces

(a) Fungal hypha in mineral fractures; (b) Dissolution traces caused
by fungal hyphae on mineral surfaces; (c) Bacteria adhering to
mineral surfaces; (d) Extracellular secretions secreted by bacteria on

mineral surfaces. (a—d) are secondary electron images.

A ) AN B ] 8 412 32 A8 1<) 2 FOE XUAL R + 0
Vi i, W 2 G s R i Lot R o R, Kk
Fe RV £ o) B AR AR Y 3 2F 1R B BB S I
A PLIR , U R SRR RN A R, X T AR B
T i AE B A I b L AR o0 280 2 R i 1 oG
(Heetal., 2023) o 1A= 9 530 Wh i) /N 43+ A HLIR 5K
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Fig. 8 Mechanism diagram of microbial rare earth element (REE) activation and enrichment during weathering

oo RMEaReErEEZS30FEM xRy
SR EEmNE,

WEoE & AW W)V i AE ) 7 T, 22 b R 3
K 3% ] BB b 4l K% % 3 b A &4 (Fathollahzadeh et al.,
2018) o 1EXAL T, T WA T 09 0 W i R AR
3 A A AR 38 A A W R s D R R AR R S
(1, JLAE FHAIL T B 22 b 02k W B 52 2% ) A1 I
2% F 4% 3 2 (Finlay et al., 2020) 40 B8 H3 L1 AT LA
FEA ) ] L e AR R i B v AR v ) i A R, P IR
R JE5 4 KAk (Sun and Lian, 2019) . X110, BLA B 5T
K2 K FH 2l 5: 55 10 U W R A7 i 92 56, R 45
AR B AR T B 3R R MR R BB . SR T, RAR IR
b i R Bk R DAORR AR A R S R 2
1%( Solden et al., 2016) , 5 T 1% 57 B bk ir 4R 45 R I A
il 4 1T S AR A 0 %o LA 56 T 819 5% 1) ( Van Schall
etal., 2008) . X EEHFSE BAR R A A H YRR AW
XY R 22 4 # F s 3 R R T T IR
AR AR % 1 AR 52 v 36 SR B0 A B 3 sh x4
& LT Y Ry A P FHATS AT R R AR R ARAG T

4 R o £ on K a it

B b (35 M 1 R 4 XUAR BT B A 00 %
B T WO T K AT T RS, e AR B Y
JZ A5 Rt 4 0 W R P T R AR o e R T R A KA
AR PRI R E 2 pHAE L ARG YE BUR 28 &

WEESZm . Blan, fIK pH 44 T % W h H'5 REE* /¢
FERS IR I 5w A OC 3R, AR RE o5 PR BT A b 0 R B A
A5, T pH 3G 0 B 3 R g G 0GR B s, AR T
iy b B w5 WL B (5% 0 545, 1989) . SEER AR R
Y, pH>5.5 I, HIZE o W4 Ay 6 T 1) o5 40 SR <10%, 35 4+
W BRE A% 55 5 24 pH>6 I, X P 3 v W B 52 4 T 2R
(Farrah and Pickering, 1979) . M 4b, B & pH (B3,
REE* % L5 7K fift 19 7] B 2 38 i, HE 35 2 4 AR 07 08 553
B 45 5 U VE (Nesbitt, 1979; 5y #4245 2004) . 7E K
fhae i, % T2 52 5 59 . M KRR K 1 5% ma L B %
AR A HLER, H pH (H# % /T 5(Lietal., 2017) o
Wi 5 I 08 A 1) R B, T KA O Y BN T #E
T OH, A5 pH E B VR BE Y 3 B TR R
B, REBWREFRE AR T - 9E L0 W
Bb, ik i A B O 8 A ] iR RS, BE % pH(E T
1o, B R K AP SR, 5w R R A
16 RAL Ik 8 53 B2 b, LREE 9 85 2R 42 Kk, 0 5 W 2
+ 5 Wy B 5 i HREE B985 248/, B 5 11 F T 5
(A, 1992) o Bt K 38 09 XU Ak Ik 8 4 H 7T g
4> 53 LREE 1 HREE 2 [] 43 53 i i 5%

WA W) T8 5 i B T R T
Ce 2 — MMM R, HiIFEBE S 2 3 E bk )7
WM s . R+ 208 AL IE 15 Ce™ il ik
B Ce*, T Ce* %5 5y /K i T W ME s 1 &L Ak W, B s
I3 I8 R A 7 A (18] 9a, 9b) o I, Ce 76 KUAE
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A (Bemn et al., 2017) . AHX} FHEM Lok UL, B+ 5
BERR AR A v e BN, R L ULvE, S ECEM 1
5y i #% (Lee and Byrne, 1992) . 4, XAk 58 H 8 7
TR 2 By UCAE B AR Ak (&1 9d) , e [ W -85 +
CRIGesE5, 2022) . HM 8 5 fE A AL W) & 1
W Bl % 5%, % % HREE ¥ & 4£ (Quinn et al.,
2006) , i 4 % Ak 9 ) AH X & & LREE, Ji 2 42 if
Ce & bk, i Bl Ce IE 5 % (Ohta and Kawabe, 2001) .
)RR L0 RS, BRI e o T R
f) HREE, M T 5 20 17 WAL 72 o fi £ (9 70 5 (Huang
etal., 2021a) .

Lt 20) um

a— R EZ PO 50 0 R R A b— R LR E R
5 c— A AL JZ R BT 5 d— 4 KUK b Bk S e 9

HoO ITHAECERMCRABERHR LT RERET W
BSE [ %

Fig. 9 BSE images of the secondary minerals in the Renju regolith-
hosted light rare earth element (LREE) deposit, Guangdong Province
(a) Cerianite associated with kaolinite in topsoil; (b) Cerianite
aggregates in topsoil; (c¢) Churchite in the completely weathered
horizon; (d) Fe—Mn (hydr) oxides in the completely weathered

horizon
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