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Migration enrichment mechanism and ecological effects of rare earth elements in soil
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Abstract: Background, aim, and scope Rare earth elements (REEs) are known as “industrial vitamins”. The
increasing use of REEs has led to their widespread distribution and accumulation in the soil, and they are
considered emerging pollutants. Southern China contains granite bodies in which ion-adsorption-type REE
deposits have formed due to surface weathering. REEs are highly soluble and prone to migrate by leaching into
the surrounding soil environment, a process affected by the weathering crust medium, climatic conditions and
geomorphic characteristics of the natural environment. REE pollution is believed to pose a long-term ecological
risk in China. As both an important “source” and “sink” of pollutants, the soil environment is an important
window through which to study the migration and enrichment processes of REEs. To make efficient use of REE
resources, while controlling associated pollution, geochemists and environmental scientists worldwide have
investigated the geochemical processes of REEs in soil. This paper presents an analysis of the sources, processes
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and ecological risks relating to soil REE pollution based on a review of research on REEs in soil surface
environments, and proposes future research and development directions and key problems relating to soil REEs.
The paper will provide a reference to support further exploration of the migration and enrichment of REEs in
soil and the evaluation of the associated ecological risk. Materials and methods Based on the literature on REEs
in soil environments in China and beyond, this paper summarizes the progress of research into the migration,
enrichment mechanism and ecological effects of REEs in soil. Results The main sources of REEs in soil are
the natural leaching of ion-adsorption-type REE ores, mining of REEs, agricultural application of fertilizer, and
vehicular and dust emissions. Differences in soil texture and utilization type lead to differences in the content and
spatial distribution of REEs. Generally, REEs exist in either an inorganic-bound state, an organic-bound state or
an iron manganese oxide-bound state. Depending on the pH value, redox conditions, soil texture and other factors,
REEs undergo migration and enrichment at a range of scales. These processes have an adverse impact on the
physical and chemical properties of soil and on animals, plants and microorganisms, and pose varying degrees of
risk to human health through respiratory exposure and the food chain. Studies have revealed the potential health
risks of REEs at the molecular, cellular and individual levels. Discussion The migration and enrichment of REEs
are restricted by multiple factors. The occurrence phases of REEs in soil affect their content, migration behavior
and bioavailability. Specifically, REEs form complexes with inorganic oxyacid anions and organic ligands, and
are mainly distributed in the soil in the form of inorganic-bound, organic-bound or iron manganese oxide-bound
phases. The distribution of these phases results in marked differences in the content and migration rate of REEs
in the soil. Meanwhile, the migration, enrichment and fractionation of REEs in soil can be understood as a series
of complex chemical processes, including weathering-leaching, oxidation-reduction, dissolution-precipitation,
adsorption-desorption and others. These processes are affected by the soil pH value, redox conditions, soil texture
and other factors, resulting in variations in the migration and enrichment of REEs and corresponding changes
in their geochemically driven fractionation behavior. REEs differ in their abundance distribution patterns and
environmental migration potential. Future research is expected to focus on further tracking and investigating the
sources and contributors of REEs in soil from the perspective of multiple temporal and spatial scales and land-use
types, revealing the dynamic mechanism of their release and migration, evaluating the dose-biological response
behavior of REE compounds as pollutants and the corresponding health risks, exploring the response strategies
of microorganisms to REE-rich environments and developing new technologies for resource utilization of REEs.
Conclusions Through field monitoring, experimental simulations and theoretical model calculations, researchers
have conducted in-depth investigations of the abundance, differential activation and migration mechanisms,
morphology and influencing factors of REEs. Due to the complexity of soil pollution profiles and the diversity
of sources of REEs, the behavior of REEs in soil and the associated risks are not yet clearly understood. The
differentiation and occurrence forms of REEs significantly affect their migration process and environmental
effects in the soil, in turn affecting the biological, ecological and human health risks these elements pose.
Recommendations and perspectives Relevant knowledge is helpful for understanding and managing the migration
and fate of REEs in soil, and providing a theoretical basis for the prevention and control of REE pollution.
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YWy, T AE AR A 2 A B[] P X A G His X 1Y)
RIS R fEE .
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RME IR T5 0] 5 g, DU O F AR G 1T
RITH e AR AL 5 AR A PR T RS T Al 2 B~
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Fig. 1 Sources and pathways of rare earth elements entering into soil
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B R RIR E8TR T2 oA T AR -
PerX, EAERER LY, DUGER . 24,
i) . ZEE . FERREME R ITINEE K /X,
0 W B R AT PR A S R R A
KALZ, Wt IoR EEU =M HE FIESMAE (4
s 102 BB 60% —95% ), W Ff7E & A A il
WO ER AT Y FE (Liu et al., 2019; Borst
2020; Liand Zhou, 2020) . X fk5¢ b2
M R A 3

et al.,

52 B4 S KA AR T s 2,

BB A KPR o B R s IR 4%, 2022) .
TERET . MRS T AKERT, Iz 1%
TE ARG SR BCA PR, LA KA BILT 50
R, WakreEsmtt (pH{EZ) 5—6.5) (Li
etal., 2019) . ZERMESMEAE® R T J5A KXk
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R LB LB AR 2, R AE BT
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EERMMERE B, B Lo R R EER
FHIEALIR B, BRIV FH 12 EOR 7 R A Vs VAR v i 15
TIE T2 AER, $RHUR B 1 IS 10T
£, [FIRERRRAR 55 TR %A RN, I
i TR BCRERS . T RUbe s SR 0
Y1 TR e, BB R . fLAEBRME
A, RS TR R BE A A A T A
WE NI, JFake 5 TR . XA LsE
TR R AT A, AR S AL AT
Mo MR L3R B e HIEER)ZE, b5 8 Ot o
ELE RS 12w A B - R JE A DL SR b T UK R
45, FEMKRE . R RS T2
| BZA R R I BT NS W P A~ S 3
TR LA FFRXT X K J8 00 1l X+ 8 7= A T
SN, i IOCR G RVEEITE 396 —2314 mg kg
Home AR B 2 3R - S s E M (4=
45 2014; Liang et al., 2014) . i HIFRIESHIA
LY IR o R S EE, ER
T4 B IREER KR DT AR 44 rp
R T M+ &% (Liuetal, 2019) , +3E#H+
TESTXEREREMHCR (E¥ERE,
2019) .

1.3

i 10 ATAVE A O Rz W A0l 2
1 A i BT & A & (Gueroult et al., 2018) .
Fean: wERAEHEENER LY, TR
Ve SR RIBERR R (PO, ) MERL, HK
W B R o R W R RARE, Kk
b - HERR + o0 R & 53 F Y 16—2450 mg kg
( Mihajlovic and Rinklebe, 2018; Adeel et al.,
2019; Mihajlovic et al., 2019) , H: La,0, F44
TN 6.6—50mg kg ' (Lietal, 2018) . Z&[H
X TR A AR 0Tt R E , 5 D 58 rh s 1
RIFLZE ( Sukitprapanon et al., 2019) . 7EFKE .
TR, DR SR A A S E K
FELRMISL (Zhang et al., 2006; Mihajlovic
et al., 2014; Mazhari and Sharifiyan Attar, 2015;
Britoetal., 2018) .
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+ICE IR — (Mihajlovic etal., 2019) . JEX
T T R IR TR & Sh AL AL e Ak 2% T
W% 6% (Borowiak et al., 2018; Yuan et al.,
2018) o WFFE B, PR A R e X
& fi 0% (Borowiak et al., 2018) , JuH &
Nd 1 Ce, {HFifi % 18 B HE 2 38m, K280 +c
Z IR /> (Mleczek et al., 2018 ) . Mleczek
etal. (2021) 5 AR HIER TR HS
24—78 mg-kg ', SR EHEYIMH L, RIE.
PE R Lo RBIREE T, W R
TG Y F BRI, AR b Tk T, KR
SHRENERETE (Lietal, 2020) , #4
PR, HA T uR Sl R s, e
T R F TR R,

2

5w X FEM L, TR X L5 e
IR AT RIER D, ANE R A
FH S R4 25 s il 1 A £ 00 2 & 8 M 18 R AE
fEfEZRM. BT, BRI E DRI 2 B REE
WF5E T H e £ o0 & KOV 43 AR i
FFIE
2.1

KT R £ X R L OeE TG e, sk 1 pr
/~, Liuetal. (2019) &3 15 b KE 1T
BIRG8" (VLPUEMN ) FAs 1, kB A
e A B g por34 5 0 IR 392 mg kg A
928 mg-kg ', R TR L ICRTE I - KK - R
GEARRIIEA B 22 AR, H5 IR
FAARURR 1-07 FT RE X JE L AR B . OC TR IX
13, Huang et al. (2019) WF5E T 48 JLE i 4k
KRB, RGP EVRE N 267 mg kg ',
23] AU R EE BRI 5) A . FERRVL = AN
X, thBUZ M + & A 37—550 mg kg ',
S 44 {4 M 268 mg-kg ' ( Chang et al., 2016) . LI
AR YRR TR E R TR
(187.6 mg-kg ') (EMEEEE, 1991) .

HAolEZ M+ EEX LEPH Lo EN TR
TR A AR AZ B OCTE . 28 B A E R K
W R KA, RELE (0—20cm) HH TR
T, MR ICE S ENREGER L HER A
Wi #2 )21 0 ( Sukitprapanon et al., 2019) . 7E
EL VG S S5 380 9T A W S K SR (& LB A L 24
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AL )

PR 2 2 3t R T DX S 3 2 R R R s
JLR R, KA R LT R S
B T BT A B s AT DX, R

PRyt 5, s sl HLZ

Wy 3 p RS £ EVE B S % (N 0.01 mg kg
(Lu) #1456 mg-kg' (Ce) , H AN S 1
H1450.05mg-kg' (Lu) £158mg-kg' (Ce) (da
Silva Ferreira et al., 2021 ) .

F 1 BIEWALITR SR (BT MR BIAR L 5K )
Tab. 1 Content distribution of rare earth elements in soil (ion-adsorption rare earth enrichment area)
5 [ HuIX. Y SR E= BN
Country / Region Content range Fractionation References
BEFE6a. 9afl14a i EH L1 REEs A& 43510 187— . e
. N B L ZRORE HEEEB D TR TR, 2R
1148 mg-kg ', 240—456 mg-kg ' 1 315—485mg-kg ', HIH N . s -
o ° ” L WA RBUAIE Ce . A W) Bu .
o (392+225) mg-kg o BZY5 YA H R £ L3 REEs {5 k43l o e . o
TP  (760854) ma ke (1100269 g kg A< H +3% HREEs JUH & 4. R H L3P -0 R
A4)mg kg, J)mg-kg o N e
o 3 B, o 2
M T Y TR h R R IR E IS
5 . The contents of REEs in tailings soil abandoned for 6, 9 and 14 - E # . Liu et al.,
Ganzhou City, B o Most tailings soils showed enrichment of MREEs and
. ) . years were 187 —1148 mg-kg ', 240—456 mg-kg  and 315— . . » 2019
Jiangxi Province, B . . _,  HREEs. Most tailings soils show positive Ce anomaly.
) 485 mg-kg ', respectively, with an average of (392+225) mg-kg . . . L .
China . . . . There is no obvious Eu anomaly in tailings soil. The
The contents of REEs in the soil of contaminated farmland sampling . ) . .
. . . pollution of REEs in farmland soil was mainly caused by
points were (760+85.4) mg-kg ' and (1100£26.9) mg - kg ', ) .
. the leaching of waste tailings.
respectively.
RE #JZ - R 5 b YREEs, Y LREEs Fl Y HREEs 4}l % 37—
ZIN
- 550 mg-kg'. 32—480mg-kg ' f148—128mg-kg ', D .Cedy )
BR=AAHIX LB A R0 Ce IE 57 MIRZ Eu fUR4 .
i 15 80%, XY Z15 20%., : o ] - Chang et al.,
Pearl River Delta, . Most soils exhibited slight positive Ce anomaly and
>'REEs, 2 .LREEs and Y HREEs were 37—550 mg-kg ', 32— ) 2016
Guangdong B B ) strong negative Eu anomaly.
. . 480 mg- kg and 4.8— 128 mg-kg , respectively. Y'Ce accounts
Province, China
for about 80%, ZY accounts for about 20%.
REE %t A T A 2 382 - 2 R Rk dh, i+
RO Z B LENACE IR M . = LREEs/HREEs
FEFME XAk Y REEs A 167.4 —1814.2 mg-kg ', YLREEsfl Fl (La/Yb)y Lt {H il 5 - 3 i + iJ 72 ' LREEs [t
WX Y HREEs 4354 137.1—1129.7 mg kg ' . 3029—684.49mg-kg ',  HREEs T Hi sk, Chane et al
ang et al.,
Karst areas Y'REEs in weathering profile was 167.4—1814.2 mg-kg ', REEs content decreased from the bottom of the profile to ng19
in Guizhou > LREESs and ) HREESs were 137.1—1129.7 mg kg ' and 30.29— the topsoil. REE fractionation was affected by continuous
Province, China  684.49 mg-kg ', respectively. weathering. High LREEs/HREEs and (La/Yb)y ratios
confirmed that LREEs was more mobile than HREEs in
the process of soil formation.
KA b M T R Y 43 A1 4% JR i LREEs & 427,
B ) . . LREEs 9L i W] 5 19 43 45, HREEs % 47 91 &2 1 43
L TT P Ry 26686 mg-ke !, Ce Hfi3k 1121 mgkg ' e ]'5' Dﬁgﬁ;% Co RRERH b
et e R 1H o u e UoR T, Ce Iy o
KEMEE (5L EERY 42.3%) , YLREEs, Y HREEs f¥FH(H5 51 . =
o \ ) B T AT BB
JURTRBL 7239.45mg-kg ', 27.42mg kg ', o ) )
. . . o The distribution pattern of REEs in paddy soil was Huangetal.,
Jiulong River ~ The average total concentration of REEs was 266.86 mg-kg ', the X X
LREEs enrichment type, LREEs showed obvious 2019

Basin, Fujian

Province, China

ES LIS
X
Central Thailand
low plain tropical

region

mean value of Ce was 112.1 mg-kg ' (accounting for 42.3% of the

total rare earth), and the mean values of ZLREES and ZHREES
were 239.45 mg - kg ' and 27.42 mg -kg .

Sc. Y. La, Ce. Nd Fl Gd #4010 58— 12 mg-kg '\ 5.0—
34mg-kg'. 13—36mg-kg ', 28—81mg-kg ', 11—36mg ke
M 1.0—73mg kg,

The contents of Sc, Y, La, Ce, Nd and Gd were 5.8— 12 mg- kg’l,
5.0—34 mg-kg ', 13—36 mg-kg ', 28 —81 mg-kg ', 11—
36 mg-kg 'and 1.0—7.3 mg-kg ', respectively.

differentiation, and HREEs had no obvious differen-
tiation. Eu in soil showed significant negative anomaly,
and Ce had no significant anomaly. REEs in soil were

slightly enriched.

S 1 TC R i R B Y RTEBRIRER 2 OISR . 10
" REE [ e L AR £ o

The minimum concentration of REEs appeared at the
bottom of the sulfate layer. The highest concentration of

REE:s in soil was observed in topsoil.

Sukitprapanon
etal., 2019

(158

To be continued )
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(£:4 1 Continued Tab. 1)
K /X e MR 2 3k
Country / Region Content range Fractionation References
KB R Z AR IZ ) REES $H4 10928 mg-kg ' F194.11 mg-kg ',
LREEs & ¥{f N 78.09 mg-kg ' 1 72.01 mg-kg ', HREEs 5 #{H
7 4.85 mg-kg ' F14.60 mg-kg o HLAPPNKE D B HERIZFNRE R
Tt Ie RSB h 43.9515 mg-kg ' 1 38.40 mg-kg ', LREEs &y SZRIMUFAHE . TURWIAI A ki A2 8l sh2s
4 3326 mg-kg ' (0—20 cm ) F129.18 mg-kg ', HREEs S HI(E N M LA, HHEPH oS REH
2.07 mg-kg ' 1 1.68 mg-kg ', HEHiZ+ REEs, LREEs fl HREEs /3% AR KAYA8(k, BEM oL,
ELPG Y Shighin]  hy 38.62mg-kg ', 32.44mg-kg'. 1.47mg kg ', LREEs #HX/F* HREEs &4, dasil
- a Silva
W X The average contents of REEs in the surface and subsurface of SolimOs Affected by the dynamic interaction between el
erreira
Brazilian soil were 109.28 mg-kg ' and 94.11 mg - kg ', the average contents of geological characteristics, sediments and L 5
etal.,

Amazon region

LREEs were 78.09 mg-kg ' and 72.01 mg-kg ', and the average contents
of HREEs were 4.85 mg-kg ' and 4.60 mg-kg'. The contents of REEs in
the surface and subsurface of Rio Negro Basin were 43.9515 mg-kg ' and
38.40 mg-kg ', respectively. The average contents of LREEs were 33.26 mg kg '
(0—20 cm) and 29.18 mg- kg, and the average contents of HREEs were
2.07 mg-kg ' and 1.68 mg-kg . REEs, LREEs and HREEs in urban topsoil

human input, the content of REEs in soil shows
great changes. The differentiation of LREEs
and HREEs was significant, and LREEs is
enriched relative to HREEs.

are 38.62 mg-kg ', 32.44 mg-kg ' and 1.47 mg-kg ', respectively.

2.2

& Fi 2 oC R AE M FE v T 8 B A 22 R K
(Borst et al., 2020; Huang et al., 2021) , —f#%
¥4 Oddo-Harkins #RN, i + 0% & & bl s 17
BOg b, R RECH R LT R S
1o TARAB IR 7 B A 500 & o 3 K R
i [ e R E bR, IR TR
i oo R ARt 2, SRBRBR o0 R Bl i =X
( Laveufand Cornu, 2009 ), #i -+ CZE M EEbRIE
b S B AE. BRORMiA ( chondrite ) |
LR BUA (NASC) | Ja Kb AU A ot
(PAAS) . LJZHi5E (UCC) (Godwyn-Paulson
etal.,, 2022) .

M T LR i FAT I EA 4 R 5 H
GBI WA, AR B A A A A,
(1) 5%MAHML, EMEEAZKE; (2) M
BT M A, EM LSS PR Y JeAL A A
CO; . SO, %Itk &, FEMBEhiT B hE )
5;  (3) 4l (Ce) A% (Eu) 7E—E &M T AL
FAAGIRJR, W: Ce Al Bu ilH DL +3 MA77E, Bl
. BRI, Ce Wi AL Ce*, I K ARk iR
UUUE; FEIRE BT, Bu’ 05 ag Bu™, HA
T VS A

i Lot R ERAL . BRI ET, 55
TIEREAY . BT RIAEDLE A YA
ML E &Y & EM B AEH (Johannesson et al.,
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2004; Davranche et al., 2015) , MM 7F=A 4018
MG, TR BT EELS BEdE, R
i LT R MER LT R SR IE . Bu 28 R4
Ce W REESH L ELAF TG e K B s
J, R R TR R IL TN
221 W HICEEEHE

Wi 10 &R — Al 43 % W 90 R (LREEs,
La, Ce. Pr. Nd. Pm. Sm. Eu) F&E# t+t&
(HREEs, Gd. Tb, Dy. Ho. Er, Tm. Yb,
Lu) . T Y S5HEMEIGHEEA ML ER{L
MR, WE R N ER L TE (Lietal,
2017) . LREEs il % #% & & %6 5 M 2 8 A 1k
Yt £ BER DU YW B, I HREEs & 5 -1
i TR £h 25 & 77 4 UL vE ( Compton et al., 2003)
+ HE¥ W h HREEs 1] 54 ML A& & A= 4 & 15
( Johannesson et al., 2000) , A F T+t &
e, RS TR AR P e R
5 HREEs 1, LREEs 7EfR 1+ 3 Jeibkis,
BAFEMITHE (Liuetal, 2019) . s,
AKH T, #AH b R 250 (La/Yb)y HU{E
£ 0.35—0.96, ¥ HREEs 05 4R A ( Zhou
etal., 2020a) . {HHWL A WF5THE A M+ R
H LREEs & 4RA, XRS5 1588k / 48
FALPIL Se W B LREEs A % ( Tyler, 2004) . A
[vi] = b A FH 2R 1 2 S T R IR R 22 57
LREEs S5#RM . JEHbE W 35 IEAHC; HREEs 54
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b A3 B TEAR DG, ST A Tk T A
XM (Borowiak etal., 2018) .
222 Ce SFHYFHE

TEfE . AALSIET, i e BEk s
CeO, (Ce™) , CeO, NG iTRs, FH Ce IEFH
R SR A RS B R S LA TG Ce™ B I B AR
fbfE 1858 (Janots et al., 2015) , fifi Ce {5 7E
THER R B E AT Ce S 152 LIt A7
TE4 L, Caoetal. (2016) AN Ce S BT 4%
RIFAET Y R FE 1 DL R S A P P JBRN L
i, {H Chang et al. (2016) I\ WEEEAD S Ce 5t
HHE D EAA, BREYRT Ce 50 BA W%
HSEME, Ce™ Ak ETES 5 AR5
AN [R) S5l A S 00 AR R SR AR AR TR, Ce S8 REAIE
eSS (Lietal, 2017) o 7EA A M (il 2
RIJ5 T, AH SIS A AN — S MRHE I T 5 Ce 1
SR (055—0.78) WA, KH. FEH, #
SR b %5+ 5 T Ce A1 Bu JLF% A 5% (Zhou
etal., 2020a) .
2.2.3 Eu SEHAFIE

Eu BA +3 f+2 41, HHABR oo AR
vk, S5HAFOCE Sm A Gd ML, %% B Eu
T, RIS Bt PR AR TR, B
B XA T R B Bu iE SR, But R E Tk AR
5 Ca”™ EH ML, Bu IE S i A g i rh bk
AR Ca™ B Eu™ #4051 (Wang and Liang,
2015) o AHOCHFSRIESE T A B 148 Eu 1
WHMRKERSA (F5KA) HEPH EuERs
# (Caoetal., 2016) o & KA & A2 M + 35
B8 BulE R %, Mot LS R Bu i s

( Laveufand Cornu, 2009; Temgaetal., 2021 ) .

Eu IE 5 1L 0] B8 5 B 2 £k ol A4 - 04 A0 ELAE
A%, B BT L ST RIN, Sk A
Eu &4 1E 5% (Compton et al., 2003) , #"IX
JE A 1 3 Bu R EHIIME (0.92+0.10, n=6)
BT I (0.81£0.04, n=3) (Liu et al.,
2019) o BR =X UL RS EUAY Bu 715
% (Chang et al., 2016) , F ZIHH T ik F &4
T Eu™ [ But R, IR AT RES T AL AT BRI R
PR EE T B S A B s bk i ik B2 A5G (Laveuf and
Cornu, 2009) . FICAIRI, 13 Bu 57h 323245
TPFIHLE] . AR SN FIRES Bu FFAIE

3

3.1

3 1 TR BRAE AR AR M L REREE
AT A A A SobE % (Mittermiiller et al.
2016) o fE HEEALE T, it onR A 5L
MBI B F (CO; . SO; Al PO, %) i HL AL 14

(BIHREE ) WS EY, FEULHERE.

AP G SRR F AL 245 6 B A A S 7 A
Y, SEEEER TR S BT R
TR &% (Feitosaetal., 2020) .
31 EHESES

Fii 85 T 5 TCHLECATE L4 A5 B Ak 1 7k
. pHIEA K. BMRERKAEE . IR ST
IR L B EEIRAEARS . TR,
SO, i+ TR EBLEE T, SO, S LB T
AIJE M REE(SO,)' . REE(SO,). REE(SO,) (Gimeno
Serrano et al., 2000) . 4 SO, ¥ <0.05 mol-L"
i, Wit B TS SOy 4A KA REE(SO,)", %4 SO,
A FHALRASRE, #8715 SO, %At
A 1 REE(SO,), AFAE ) REE(SO,), o 7ERKREh
JE m BRI R, W LB TS cOy KA TEHIE
A% REE(CO,)" il REE(CO,), Sk FREL 45 &%) ( Tang
and Johannesson, 2006 ) , 45| 4 &E# + 4
o FEVLVUEERE M L X agis ek H b, fRiRERZs
AW A IR 51% (MRS, 2013) , B R
m T HALSE A8 IEAh, BERRERH TR HA T
TEMLE1EA (Byme etal., 1991) , +3dhasm
W ER AT LAREAIH: TR i R8 ik
312 AHEES

TP IRARA VLR, R EAPUR . 2R3
RFEREYI T, RIETRUEAE)™ ) . HaY) 5k
YR PR, St L OC KB A YT

(Marsac et al., 2013) . FHIEHPL A RIE.

By iR N—HF S—Z5 50, B 50 Le 14
G, YR T AP TR NS (Wuet al.,
2001; Pourretetal., 2010) ., XELEEYITEEMS
1 Fif#, B9 REEs ( Davranche etal., 2015) ,
$& =M 0 F T B 3, Liand Liu (2020) #E#
PR AR FEFR I A A AL, ©F9E T ASRIAT AL
TE &M B R MR E A gt B R £OT R
A BRI PE AL, & IR SR REAE AL IE 1
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Ce 1E 5%, [A) B J 4 R FN 2k 2% /4 1 55 HREEs H
AR, IR ER R, AN E 4 A
FHZER b, A AL B 5 R ) T RN
Yy F RS R A B IEAM XX R (Zhou
etal., 2020a) ., Chang et al. (2019) % B{ 13|
[ A LR A S A, WA, iR AT
et FAVLR KRG, # oo RiE 5K
ks, FE LR,
3.1.3 HEEMADSES

fi R R TR R B A R E T
Af ML T 25 19, — % UL REE™ H1 REE(OH)* 1) &
= B AE R AL A b £ 1 (Laveuf and Cornu,
2009 ) o BRAG A ALY XA 1 BT IR AL R
PEWE R, W T EM LK ARG )i TR -, ME
Wi 2 AT YR EE, EEE% (2019)
P& ARV P 0 X i I pH [EA T, H
FIREREG KA, ISP A,
SRR A A G E % Temgaetal. (2021)
3B TS A & EN D, BT EREK
wHEE (6—1942 mg'kgf1 ), 5B AR
5% IE A€, Mihajlovic and Rinklebe (2018) &
WA e R S R AR A E T, M
e A KT 500 mol kg ' IR 1 G S = B
BB b= M =& T 500 mol kg
B oo R N RIS, ARZGEEN
Fis oL R BAFEM IR, . A YR AEE
SR HG 0 R AR A W AR AR Ak B
fff ( Davranche et al., 2008 ) , T A HLH A
B OIAAR . pHAE N 3—6 I, JEF IR 5 E L5
AL ISE S i A (Yang etal., 2019) .
3.2

TP TR IR W E R RITN E—R
G2 ik E R, ARk g . A fbid
Ji . WSARDTTE . BRI S 0 R A2 F 123 pH
(B SRR D 25 17 R A 9 o b 25 PR35 19 2 i) R il
2y, FEW TR IER WLV L EAT R E A
BRAb ot B R AR AR AR AL, S A AR B R
BRI IFEER
321 LHEpHHE

-4 pH @ HIK - LR (R, Afk
WS AN TTE S ) S mafs Lo R &, pH (H
ARG 0+ HE A YL R P R L, A5
M B 55 1 ) HE B R FIE S (Alshameri et al.,
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2019) . 3% pH (B 5 bR M R0 5 M #1809 REE &
SERFIEADE, 3 pH X5 fG o E T B HA
FEYI (Zhou et al., 2020a) . fii A7 K AT HERS
T3 pH (H, SECEZHM LocE e B m A HL
Wy 3% T W BFF ( Sukitprapanon et al., 2019 ) . Yang
etal. (2019) KB LAE il A1 NI A7 L A FfS
IR pH (ERE g .

135 pH {HIA G o R R . W HonE
I B 5 - pH fH R IEARDC, FifiE 135 pH (E 3
n, SsHEEZESEDE T (OH ) S5MtET1
W2 5% (Cao et al., 2001) . filfl: La, Ce
FERRME R SR 45T, A B A5 5) Rk
pH {E & T 6 i, i LICR FELRGIBRAAE,
H HREEs It LREEs 5 8 HL%% 5, 1l LREEs
W5y T L AR b g B FE RS . 7E = pH (BRI
IR VR FE RS T, £ 3 LREEs {6k ¥ 7E
+ 48, HREEs k22 5 WHE 5 TR

( Laveuf and Cornu, 2009) . B T°Y fl Ho A

FHIFI A A FIAR L B 7242, R —3 A Bk
22470, Y/ Ho WWE— MR A K, H HIPERAE
i +ICE 1818 b5 (Lawrence et al., 2006 ) .
EFREPE TR B IX, -4 pH {5 Y/Ho HAH
BHTAHEIF R (Chang et al., 2019) . /=& pH {H
4{FF, Ho 5 HCO; 8UH LT £ A 1EH, H
Y 5EEA BRI TTVEE R, 33 Y/ Ho R
FEAK. FEHERE T, W T 3 pH EAESIRREAS T
Ho il HCO, 454, Ho W4 %iT# ( Quinn et al.,
2006) , HYAH CHNERAEARY ) 0y e T
5#. ( Thompson et al., 2013) , W {5 2% 1w L #p
Y/Ho L3838, vl g, AR LT R A
pHEAM NS 5% G RN BEIFfEEESR, SRR
TR RIS
322 M RAAT

FALE R ARSI LT R R ERIT R
M R, Wi AR AL (Eh) AR R4
iR JFRE I aRss ( ERIES, 2021) o HHEAEE
TR EA . A IE S AR R AL
SR T A A P A 25 S BT 1 Eh (H R

FERJF AT, La. Ce. Gd FlY B 58

(Cao et al.,, 2001 ) ; Eh Fll pH {H 75 fb & 5| i i

TR EMAAAS KA, o En Sy &
AR E ALY 45 4 AW BE Bl Eh F1 pH A B A
R, A8k IE I 5 1 i pH (B AR fE X 1 o0&
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RERSN J1 54— s2 ), ] RE 2 i T4 kit /&
1 i T IE AL (Cao et al., 2001; Frohne et al.,
2011) , Eh¥4hn5 1 pH (EREAR, 258 A ik
FFRVERCE Z50F, (et 58, . BT
B (Mihajlovic et al., 2017) . {5 / Ak
FAF R AR - SRS, Fe ¥ 0# + TR
FE a8 R 2 (Guénet et al., 2018 ) . i -G
REERMM B FESHIRL S, RIGTERER
BIME B ALY (DOM ) A i Wi B, B
ALY ZEON R & B, CRREY R
( Fedotov et al., 2019 ) , f#HA LR A 75 F4
T RIEB I E

BRI S B i B X Ce S Al Eu St B4
EA HEf# P /) (Nakada et al., 2013) . i#id Al
PR IK 3l 1) E AR SR FE S 5 S Ce 1IE 2% (P
4, 2013) ; 1Mi7E Eh 3¢ pH B RARAYIE AL T AR fE
K3 Ce 5% ( Akagi et al., 2002) . {BHiAE Y
FRBRAR IS 8l 5 80U 2 4R 5E Eh 4530 P FEAIG,
AT Eu’ i A Eu i P Eu 615 (Krzeiuk
and Gauszka, 2020) .
323 HIEEH

e SR EE R A, TR
JEIX, BEAXALJG, LREEs il HREEs £ | AR2:
KA (Huang et al., 2019) . 5+ FIBRERE:
FOE BN AL, AR / R ST B
Hefs+oC R S EE (Huetal, 2006) o 75
RT3 S R OCEZ (Mihajlovie
etal., 2019) . Ce #H fl Eu W MR Wk AT
XFREF R R Ak K, 3R T R & R B
PRI /N R R0 G T 3 L R B g 3 n (U
A3 A HBEHR4MRBE REEs & 28fb, Bt aEyh
50% B REEs & f AHX 84K, 6+ & & T 40%
AR FEE G P TR S B S (Compton
etal., 2003) . Zhi-w P+ o0 B E o
AMURPET R B R i, BT R+
ki 2H B ( Laveuf and Cornu, 2009 ) . +3EH +
LR RR TS, Saifok—k K
PR ESER, RLSOR 2 2R AE R ( Zhou et al.,
2020b) . Liu et al. (2019 ) FEWFRZH + TR
W IS BT I R B, E U S SO i R
pHE AT, W Lo R LUK AZ/NT 022 pum 1
HorhE, Fi £ICELALIREET, REE(SO,)" I
REE(CO,)" R F, BEE T UF X I8 AL & 2 3% i

M pH ETE, Mt cREEAES FEH 0.22—
0.45 um FYPCRI 2 o3P e . AR AR, 1M
+IeR S5 RS Z KA AHEYE (Feitosa et al.,
2020) .

4
4.1

fen R FE AR - on R AT 51 - e AR i DL IE
JiHER A TR A LIRSS, WHIAE
TR ARENAE F IS T SEm LS T
etk A -3 W, FIEE, SETReT W TR
S5HPA A BB ok, 8 s
PRRE (Duetal., 2009 ) . Liangetal. (2021) i
BT XFRER pHE (437—4.75) FIF
PUBK & YA, ORIk K- (e (B
WA 33g-kg FM103g-kg!')

it AR AR 1= 52w I b A AR iR S
o EMESE (1999 ) & Bt KR BEAR L RIE 212
HE SR PR, B0 - S AR R, T 0
o R R A - TS D) B S A SR T P, b
HHEA R . BINSNER 5 E A 11 pH AR
R A VSR S A N R, 7
B5 AT i s A T 2 AR AT BRI A Tl A 5 3k
BAR RN ER ST ®EL, WKFMFTHT
+HeHs £ oT KM s b e et /&, ek
ABARKIFER G =D (T HHAE, 2004)
Wang and Liang (2014 ) il it SCEAF5E A B, SN
(3587135 (i oI N N =2 i e o~ R i i 04 )
BLa, I P R R REAL, ASn
WeREH LT, ATRE N MR 1 B SRR B
B2 R AR SN, g R B R R
o TP LT YSIE R
DA NSIE R, oo g 5 08
EFm (CREEY%, 2001)
4.2

KA ZREE, JUHIE W 7 JURHRI B 38
Hahr ek, 51560 oo R ACEE I,
Lietal. (2010) 5% & M HIERBISHYREL (£
FGH H0) F S5 0 R K2 ] 2 A G
Naccarato et al. (2020) #f 5375 8 A = W 45 16,
R H o B 88 T N 1 oG 2 A0 e i B 2
Ce. La, Y FINd B R, #7058 28 A R s +
TCER AL Poxt e 5] B A AE S A S A AL AT TR
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Ko Lahive et al. (2014) #iB T i W5 5 8% T SR
Bl Iy, H A ARG Y A2 B A T RS R, T AR B
T CeO, GUIKIRLBA 1 ILI 520w, W21 1F W5 2%
& T CeO, GUASRYI B R 13 (5000 mg kg )
7dJE, HAZUMZEME B Ce R (5.3 mg kg
fl 495 mg-kg ') (Antisari et al., 2012) . Adeel
etal. (2021) F8iH A WA R AR
#irk; 78 100 mg-kg ' B, La,0; F1 Yb,0, 7 51| %
i ] H BRAE T LA S A s B A R W
7N, 500—1000 mg-kg ' [ ALY T NS
MMy (LR E/RIAFIGRR ) S

4.3

His 1 TG AE 1 e B R IF 2w B AR Y I,
T o0 A R AR TR A5 fe R ) B A XU . DA
TR w7 16 b A 2D R i SR R S SRR 4
A 368 T R 1 K A AR L B e ) AR > 1 >
FEAMELE (DEHRE, 2018) o AHEEAE T X
T, Wit CeO, 5 KRG MM 4 Ce &= KR
BEREAN, 13N CeO, J5 K GARRHL &5/ Ce
FRAR, R iR 2 T e R A2 3w B - i
W SRS DL AR RICRE I sg S8k
WA BIEATE (Salehi et al., 2018) . Hi Ly Ny
0.5mg-L" Ffl 1 mg-L" A, HEBKE, e fid
Y WM (Martinez etal., 2018) . MAEAH
M, A o0 R T o7 7 4 0 40 R 1 400 ik B
JEfE, ARREE B . R AT, — R
JCRINRES | E A0 MR RN N it I 24481k, iR
FAEWIEA; HEE La™ BRI -SRI a1
FEARM SR e 2 M 2 5 &, IRt
AYERAK (Huetal., 2016) ; CeO, 4K ik
BEVR T A A B AL (SOD) i, i
SRR AL AR T, M HIAR R (Cui
etal., 2014) . 7EAMERZEZW T, WAL
Al LREEs, Wi+ 0% (MREEs) #l HREEs
FEAEAFEEEERON, WNGEAEL ( 1) B LREEs
XoF KRR A AR AR R IR VE R, WS AR R I Bk
( 11 ) By MREEs fl HREEs % 7K fi AE Kt HA F1
B (Martinez etal., 2018 ); i HICEKIERRF
QA . EEEAT RS XTI A,
AR P R DA S A B A A R AT
5200 (Liu et al., 2016; Zhang et al., 2017; Liu
etal., 2021a) , FCEZmaFE R MG T Whin [N 5
s e R EH G KT
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4.4
o o T R A YR RS i £
FEPERGRO I 2, IR - A 8 R gk ek
FEA AR —JEH o0 i g R
ARG (B HEEMPZ IS, 2005) 3 KR
FEAE JE R B X L ERREE, AT RES A ik
A= W R AR R B T T A2 RN B B R R
(Liuetal., 2021b) ; =J&H oo E 5 e
ANEAT R B AR, R R 75 2540 2
P, ELA T A B R E O R T K A
AR (R, 2019) o [FEE, BINF oo E#
] - 1 ol A Wy BETE ARISK S, S50+ 38 pH A8k,
W HAEH T e E e A, (Rl A A
RN, SEERARESMG R (TR,
2004) o Fi Ry EHEREFRY AL, R
B FRER 7K ST 1 38 i AN 2L RUK P B REAIR, ST
FLRAREE AL SM ZRE AR, DA DL BN
SFEACE R & A (Lietal, 2019) . BT
B L X R R G, M. R A
et EFEE ST LR ERE MG, Mtok
S I A R AR 25 H 1 3 5 (Liu et al.,
2021b) o ANFEH XIAEE S FHR R, R4
Yen] 5| EC AN YR T E M SRR . AN REE AL
B A B AR AL
4.5

IS IR R MBI, TR TR ANK
(1) R AR B AR XU o — 7 TR 22 R
I ERIAEZ 05 T AM L oc R R i
ek, SIS BT R BRI A CeO, 9K PR 5 &
R, BEI0T M A AR Y LA R -12
T2 v (Maetal, 2011; Maetal., 2014) . #i
T XA A PM, 5 $6 A B 1503245
4 5.09x10 "—2.25x10 *mg-kg '-d", JLEMIE
P2 B A9 LREEs -4 7 & 8 4.27 x 10—
2.63x10° mg-kg'-d"', Holid HAbFZEEE (A
WA PM,s) i 2—3 N, HZkhRK/NE
M G2 5, L2 DA (K 2R B 4R R (<100 pm )
T4 LREEs HA ™ H X (Lietal., 2020) .
T — TR E WAL, AR AR A DX R
VLV Hb XA B AR S, W TR S s R
358ug-g' (TH&E) (Lietal, 2013) f637ug-g"
(+# ) (Zhuangetal., 2017) ., J M LICE
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o R X SR R OC R (A 24.95 pg- g
(T ) (Wangetal., 2022) , +EH oK M
TR & 4R fa it YR R A . D565
(2018) f5 i fEA G Lo R & A AR H 25
FICEBARME (533 pg-kg ' -d) , AAKK
I AMPSAEAE — 2 B R XURS: o IO et AT
TIorE, WL L B N AR E Y e
FARH T Z AW F BN, fESE M E A
#5748 (Rim et al., 2013; Aalapati et al., 2014 ) .
4.5.1  G3FFAH MK T2 7 A AU

TES T, BIRITE S/ A=) 5+
B AE A A BAE AT AAEWO . iz e FLZH 4
o BCHLTR Oy i & AR E EAER (Ansoborlo et al.,
2006) o X AAKFZHY AT TEERY, Ce BUZE T
ML EMEFEMS (Cheng et al., 2000) ., T
Ce™" [ HL fof - B T2 42 He e 230 Fe™, Ce™ 5
21 25 A0 EL AR FHRE A A R R b 5 i I 21 3R 1) 44
S (Kumar et al., 2016) . fi Boo Xk

S0 B 5 ] () B ST A R AN 3R 2 FroR . TE 20 ALK
VL AR T B A R S T G ) 6k 20 R R AL
N LI (Heller et al., 2019) , AN[FEH+
JGER N 7] — 20 b 2R 0 SRR B 4 e A T AR AE
%75 (Feyerabend et al., 2010) . Heller et al.
(2019 ) LRSS K I 40 ifL 28 X 40 2R OC 3=
(La, Ce. Eu 1 Yb) EA Uz FIT E]HH 2%
N, AP i v T B AR 0T 3 A A
WS, AHSRIE TAERA A Tk X R R EE Ce
HTEA EF, Wu et al. (2020) W%3] LaCl,
XHARSMNE SR H bEnd.3 G A RER, HHEA
401N Ca™ ARSI, Korotkov et al. (2020 ) & ¥H
Gd™ AT PRk Py B B PG 3 fL (MPTP) 1Y
TRl SR A T E T T AR, 1
T R, BEE LR AR RE L &M AR,
TR NG PESA (ROS) KFETHE, s

i DNA$# 5 0977 205 F A 17 ( Noorimotlagh

etal., 2018) .

P2 TRt ICEXHARINN AL A R
Tab. 2 Effect of rare earth elements on cells in vitro
AR5 Hr EE 230k
Cell series Object Result References
TE—EWET, M AL S d F s A E R, B HRET,
5 LaCly A1 CeCly A AMAEAR IR ANJA X IEH B AHAIE (CFU-GM ) B W1 i il £7: 11
HL-60 4fififd . NB4 4l SZMAIL ] At a certain concentration, rare earth compounds inhibit the growth Dai etal.,
HL-60 cells, NB4 cells To study the mechanism of LaCl; and and induce apoptosis of leukemia cells, and have no obvious 2002
CeCl; on cell growth and apoptosis inhibitory effect on normal bone marrow hematopoietic progenitor
cells (CFU-GM).
WFEM T ORI EESG AP T SR 58 TARMR BEAR 1, A1 i B A A% 0 N i Al 1 42 55 T 0 IR
EVENIR il 2 4, XA TR TR e
uetal.,
Peripheral blood mononuclear  To study the effects of rare earth Under low concentration rare earth exposure, the telomerase activity 2007
cells elements on enzyme activity and of peripheral blood mononuclear cells was higher than that of the
apoptosis control group, and had no effect on the apoptosis rate.
WEFE A7 B RR A (LaCit ) Xt 40 i 75 T % e o = o
peetagpey iH B C R S A SR S T, S R O 2 i
Hela it HIR R g Su et al
Z Vo .
To study the effect of Lanthanum . . .
Hela cells X X X . Rare earth elements induced cell loss of nest and apoptosis, showing 2009
Citrate (LaCit) on cell induced anoikis
X a dose-dependent cellular response.
apoptosis
NHE AR (MG63) . AJBFak ifiL ; ; . . N
S “(J HUCPY) 4. /1B, MG 3 T RE, MUK P RRRISE R M AR NIRRT R
=R ZHAE /N P — . e
S W4T (RAW 2674 ) WHoE %8 T Y. La, Ce. Pr. Nd.  [fl—4iN R A SURE S A e AR AR i 22 57
S ) Eu. Gd J& 40y Cell viability decreased and mononuclear and oligonucleosomes Feyerabend
Human osteosarcoma (MG63), . . . o .
To study the cell activity after exposure were enriched in the cytoplasm. There were significant differences etal., 2010

human umbilical cord perivascular
to 'Y, La, Ce, Pr, Nd, Eu and Gd
(HUCPV) cells, mouse

macrophages (RAW 267.4)

in the sensitivity and cytotoxicity of different lanthanides to the same
cell line.

(152

To be continued )
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(%232 Continued Tab. 2 )
il 251 Hir 45 E= BN
Cell series Object Result References
CeCl; X BRETAEA AT RIFAEI , (EXT B M RIE .
WF5E B #% T CeCly G MC3T3-E1 A thBMP-2 RESSfl ALP 16 P T4 REZKF, thBMP-2 A {2iks"
AR RERRAG (ALP) i UURL, ] Ce™ MRBER T AR R TR
MC3T3-EL 4 JH L S B P L i ‘ (é8 7] ?}Ifﬁl {7&‘1 K- LIRS Eﬁﬁ A . R
To study the alkaline phosphatase CeCl; can stimulate fibroblasts, but inhibit osteoblasts. Adding
MC3T3-El1 cells . L i etal., 2012
(ALP) activity of MC3T3-El cells after rhBMP-2 can make ALP activity higher than the control level.
exposure to CeCl; solution rhBMP-2 can promote mineral deposition and control Ce*
concentration level to reduce toxicity.
PPARACHE B GACL, XFANIIETA M Gd 3841 7545 Hela 41 773 /N F 100 pmol - L™ B3k A S HITT
Hela 40 HLHI fEFEREHE Zhang et al.,
Hela cells To evaluate the mechanism of low Gd induces Hela cells at concentrations less than 100 pmol - L™ 2009
concentration GACl; on cell proliferation enters S phase and promotes proliferation.
U937 NN, ASH i N . R
" ) U . IR TE R W TV R B A AERCITVREE 40
HRZANM (PBMNCs ) WFFEHE R IC 2 140 =
. .. . BA RAF 2. Bladen et al.,
U937 human tissue cells, human To study the cytotoxicity of lanthanides : . . .
. Lanthanides are cytotoxic only at very high concentrations and well 2013
peripheral blood monocytes .
tolerated at lower concentrations.
(PBMNCs)
X PIRR I 2R 24 B AN AR A B (2 RE 0, HPL X La AbBELL
Jurkat 40 ASMELL PG (La) XSPFNANI R4  Jurkat A0 GUR, HIEIE La B AN EEMEARAE . SAUALIIK
= N | ) - ) .
PEFRR L TTRES S T AR R .
WRELAmNfL (HPL ) o o o . Paiva et al.,
. To evaluate the cytotoxicity and Lanthanum has cytotoxicity and genotoxicity to both cell lines.
Jurkat cells, human peripheral . X . . 2009
genotoxicity of lanthanum (La) on two HPL is more sensitive to La treatment than Jurkat cells. Necrosis
blood lymphocytes (HPL) . . . .. .
cell lines is the pathway of La induced cytotoxicity. Oxidative stress may be
involved in the process of genotoxicity.
KA NRK-52E, A HEK-293 #F%¢ La, Ce, Eu Il Yb % 5% X Wl 5205 X PIRN AN HE 22 189 s vl SR (] otk s2mm , Horp Ce
Etiliich WL R 2 L 2R 005 3 A S0 JERARUNICR . TERIMASR R T X B AR A . el
Renal rat NRK-52E cells, human To study the effects of La, Ce, Eu and Lanthanides showed concentration and time-dependent effects on e v

HEK-293 cells Yb exposure on the viability of two

mammalian kidney cell lines

both cell lines, of which Ce was the most effective element. The

concentration of trace renal cells had no significant effect in vitro.

452 RIS
TEARAK, 28 I/ BB 5L 50 S 454
MW 2518, La, Ce Fl Nd I 2 90l /)N BUE AE i 4
AL AR R RaE, WLEFSS m, JRR . IR
A FHABEL D SERIE S D RERE IR B
FW /N R #E T REEs J5 &4 B R B R 40 g IR
BE5 AL B VIR G s B 43403 7 4 Ce™
Nd™. La™ B @MWK FFEAL, X0l 660 B T4 & o0
KA T 452257 (Zhao et al., 2013) . Cheng
etal. (2014) X/NEHE H 24525 CeCl, 152290 d, /Iy
ST 20 A e R AR B s L, R R I . FLIR
JUi . AHBR RS . R = ER A E R, 7E
W T A 5 ) 675 A HE R oML B 25 7 3R GA
Fis 4 70 F 0T AR K B 1 A R BRU A R AR O A 23
FEAEREE i R A R 42 175 M 42 Sprague-
Dawley K R AH: 5 A4 &1 ] it 48046 107 355 RN 248 it 17
-, [FBTAEALRE JJ3E 9, ( Zhang et al., 2020) ;
KEM IR 2= W5/ 14> H 918255 [F) ik B2
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FALHE (LaCly) , @R La il % K a5 6]~
iz, RS RART 2, S BG4 M Sk
KRG BERS, La b6l il 2104 2250 344
b, $En La 51 2# e 2B v fE S5 MQC %=
LA (Yuetal., 2020) .

5

1T R EPREE 5 e W R 25 S 2 L) KA L0 R
KURZHEAL, HATR LIRS LT R AT K
DR B TA TR R TR AT T o s T 3R B4 231 R
RSB ER W T # L ooR e LR E R g R
KA S ERGE RN, AL 52 0 36 A b 0 3R A - 4
PRI op 7 A 0 A W A A R R A R R o o
e e — BRI LA [l

(1) ARAEAS ) e 25 JE BRI T A 4 3R 10
RHPRIES TTER, TRAMETEA [R] I 5] 25 BE A 10T
RAELHE - K - DURY) - YR R G AR, A
RNBE =5 18] 22 S O AL A 4 7 33860 H TR AR
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SrPC A B RS LA, O R PR e R TS g
B 6 R 5 e A AR R~ df

(2) Wt Bt M LR 5
G VLB R o0 3R Z ) 5 5 i e ), 5
HE— 2P WESE + A 1T R 5 AT T eSS
YERIAN B Ry e AL, PR LR E R
LR - A= AL S AR, Sy L SR 1
JLERIPBERFANE AR SR AT R 25 AU A
TR SRR .

(3) RFEY R L IC R W PR Y R )i
W, IR R YRR LR BUE L B
TR AR IE, AT il A o Sk i D
Lo O i R XA T R WA A S A R T AR
BORZ N B AL, Al oA A AR A R R L7
Gt e Yy R RIS S 4

(4) I AR - 0 3R 500 T A I R A
B, ISP A e R IT R MG g, S
M RICER BT RAM AR s Al R ou R g
22 M 0 2R R IR e R A L A Dy ) M A B
WA TFR . sk, T SR A ] Aad fE
R LoTR K WM TR AHTE R,
el i+ R AR R LT

(5) ASRBIBTFENHE— 2 B A 2 2R F AN ]
R (s SRS ) M oo RBEh 1o
0 o R DA T AE i AL R, X B s
T AR LR W Ml SR~ B 4 DXl S i AL A A
R R A 2R R

TEW], kAL, B W, 42004 bR U K
LI B EFAC 2 (9] A [5 £ 2# 77 L 223):
375-379. [Ding S M, Zhang Z L, Liang T, et al. 2004.
Effects of rare earths on fractionation and transformation
of available nitrogen in soil [J]. Journal of the Chinese
Rare Earth Society, 22(3): 375-379.]

Gkt ERESE W A 2014 VIV ARG 0 X 4
FIAAEY s L0 R B i S AR KR AR (1), 2Rt
Fl229R , 34(12): 3084-3093. [Jin S L, Huang Y Z, Hu
Y, et al. 2014. Rare earth elements content and health risk
assessment of soil and crops in typical rare earth mine area
in Jiangxi Province [J]. Acta Scientiae Circumstantiae,
34(12): 3084-3093.]

B Oms, XEST, B M, 4F L 1999. SN GO X 4
RABEFR T 0OSE W (1), BRBEFE R L 19(5): 532-535.

[LuP, Liu D F, Ma M, et al. 1999. Effect of REE-fertilizer
on soil nitrogen and phosphorus [J]. Acta Scientiae
Circumstantiae, 19(5): 532—535.]

B, 52005, Fi LOCRTEMEE AT SRR
B [1). B A F IR ( HIEFFFIR ) 5 26(3):
60—-64. [Luo J M, Ji H B. 2005. Ecological effect and
behavior of REE in environment [J]. Journal of Capital
Normal University (Natural Science Edition), 26(3):
60—-64.]

St , BRASH , FRAEIE, 9F . 2018, RIJ7L0AR MoK
i L ep i T R i IE R BRBURIE (1], BB FLZ# R
38(3): 1172—1178. [Ma Q Y, Chen Z Q, Chen Z B, et al.
2018. Migration and accumulation characteristics of rare
earth elements in paddy field of red soil erosion area in
South China [J]. Acta Scientiae Circumstantiae, 38(3):
1172—-1178.]

P A, BR/ANEE 2013, B T IX TS ek 4 b
RS TR AR ST 0. HREEREE S5
K, 36(6): 32-36, 52. [Sun F, Feng X J, Chen X P. 2013.
Speciation analysis of rare earth elements (REEs) in
farmland of mining area [J]. Environmental Science &
Technology, 36(6): 32—36, 52.]

T, FUNT ST AF L 2019, AR ARG 5T A R
SRR a G T AR KER 1. a2/, 43(11):
1131-1141. [Wang M, Huang X W, Feng Z Y, et al. 2019.
Progress and trend of green technology in hydrometallurgy
and separation of Baotou mixed rare earth concentrate [J].
Chinese Journal of Rare Metals, 43(11): 1131-1141.]

E, PES, B E, 45 2019, MU 147 X JE
LI PRG T R RWAPIR ST ). &0
38(2): 137—146. [Wang X F, Xu C X, Gu X, et al. 2019.
Concentration and fractionation of rare earth elements in
soils surrounding rare earth ore area [J]. Rock and Mineral
Analysis, 38(2): 137—146.]

TR, XS, T AL %2021 W HOCRAE R R
MCSGIERWITEHEIE [J). ZE&HBEA , 30(3): 644-654.
[Wang Y J, Liu B B, Wan Q, et al. 2021. The release
and transport behavior of rare earth elements in soil: a
review [J]. Ecology and Environmental Sciences, 30(3):
644—-654.]

B, XV, BT, 4% . 1991, FIE L3 h i o R
WEAASAE [V]. ZREEFI . 12(5): 7882, 97. [Wei F S,
LiuTL, Teng E J, et al. 1991. A survey on the background

contents of 15 rare earth elements in Chinese soil [J].

DOI: 10.7515/JEE221024



534 HOERIRIE 24

Environmental Science, 12(5): 78—82, 97.]

WEUE, R E, EAR, AR 2021, R I R IR
R L0 L RIEH W ERAEWE ST (0], 1 E A A
K, 40(4): 697—-710. [Xie M J, Zhou J, Wang X Q, et al.
2021. Research of elements’ migration and enrichment
characteristics of ion-adsorption type REE deposits in
southern Jiangxi Province [J]. Journal of the Chinese
Society of Rare Earths, 40(4): 697—-710.]

W RN XS, 482019, 0 IX A5 Y I AT
ZHETE SRR L - R B W BRI []. A
Y FIR , 59(12): 2334—2345. [Yuan H, Lu M H, Liu HW,

i

et al. 2019. Fungal community structure in mining soil and
its adsorption kinetics of rare earth-heavy metal ions [J].
Acta Microbiologica Sinica, 59(12): 2334—-2345.]

A, WM | #ETEEE , 45 2001, SMIRBIXTZIHE . KA
T SE e (). PE R R 19(3): 261-263.
[Zhu J G, Xie Z B, Chu HY, et al. 2001. Effects of
lanthanum on fertility parameters of red soil and paddy
soil [J]. Journal of the Chinese Rare Earth Society, 19(3):
261-263.]

Aalapati S, Ganapathy S, Manapuram S, et al. 2014.
Toxicity and bio-accumulation of inhaled cerium oxide
nanoparticles in CD1 mice [J]. Nanotoxicology, 8(7):
786—-798.

Adeel M, Lee J Y, Zain M, et al. 2019. Cryptic footprints
of rare earth elements on natural resources and living
organisms [J]. Environment International, 127: 785—800.

Adeel M, Shakoor N, Hussain T, et al. 2021. Bio-interaction
of nano and bulk lanthanum and ytterbium oxides in soil
system: biochemical, genetic, and histopathological effects
on Eisenia fetida [J]. Journal of Hazardous Materials,
415: 125574. DOI: 10.1016/j.jhazmat.2021.125574.

Akagi T, Fu F F, Yabuki S. 2002. Absence of Ce anomaly in the
REE patterns of peat moss and peat grass in the Ozegahara
peatland [J]. Geochemical Journal, 36(2): 113—118.

Alshameri A, He H P, Xin C, et al. 2019. Understanding the
role of natural clay minerals as effective adsorbents and
alternative source of rare earth elements: adsorption
operative parameters [J]. Hydrometallurgy, 185: 149—161.

Ansoborlo E, Prat O, Moisy P, et al. 2006. Actinide speciation
in relation to biological processes [J]. Biochimie, 88(11):
1605-1618.

Antisari L V, Carbone S, Gatti A, et al. 2012. Toxicological
effects of engineered nanoparticles on earthworms
(Lumbricus rubellus) in short exposure [J]. EQA:

International Journal of Environmental Quality, 8(8):

DOI: 10.7515/JEE221024

%14 %

51-60.

Balaram V. 2019. Rare earth elements: a review of applications,
occurrence, exploration, analysis, recycling, and
environmental impact [J]. Geoscience Frontiers, 10(4):
1285-1303.

Bladen C L, Tzu-Yin L, Fisher J, et al. 2013. In vitro analysis
of the cytotoxic and anti-inflammatory effects of
antioxidant compounds used as additives in ultra high-
molecular weight polyethylene in total joint replacement
components [J]. Journal of Biomedical Materials
Research Part B, Applied Biomaterials, 101(3): 407—413.

Borowiak K, Lisiak M, Kanclerz J, et al. 2018. Relations
between rare earth elements accumulation in Taraxacum
officinale L. and land use in an urban area— a preliminary
study [J]. Ecological Indicators, 94: 22-27.

Borst A M, Smith M P, Finch A A, et al. 2020. Adsorption of
rare earth elements in regolith-hosted clay deposits [J].
Nature Communications, 11: 4386. DOI: 10.1038/s41467-
020-17801-5.

Brito P, Prego R, Mil-Homens M, et al. 2018. Sources and
distribution of yttrium and rare earth elements in surface
sediments from Tagus estuary, Portugal [J]. Science of the
Total Environment, 621: 317-325.

Byrne R H, Lee J H, Bingler L S. 1991. Rare earth element
complexation by POZ_ ions in aqueous solution [J].
Geochimica et Cosmochimica Acta, 55(10): 2729—-2735.

Cao X D, Chen Y, Wang X R, et al. 2001. Effects of redox
potential and pH value on the release of rare earth
elements from soil [J]. Chemosphere, 44(4): 655—-661.

Cao X X, Wu P, Cao Z X. 2016. Element geochemical
characteristics of a soil profile developed on dolostone in
central Guizhou, southern China: implications for parent
materials [J]. Acta Geochimica, 35(4): 445—462.

Chang C Y, Li F B, Liu C S, et al. 2016. Fractionation
characteristics of rare earth elements (REEs) linked with
secondary Fe, Mn, and Al minerals in soils [J]. Acta
Geochimica, 35(4): 329—-339.

Chang C, Song C S, Beckford H O, et al. 2019. Behaviors of
REEs during pedogenetic processes in the karst areas of
Southwest China [J]. Journal of Asian Earth Sciences,
185: 104023. DOI: 10.1016/j.jseaes.2019.104023.

Cheng J, Fei M, Sang X Z, et al. 2014. Gene expression
profile in chronic mouse liver injury caused by long-term
exposure to CeCl; [J]. Environmental Toxicology, 29(7):
837-846.

Cheng Y, LiY, Li R C, et al. 2000. Orally administrated cerium



PRELFY, 4. L5 LITRIERS - WAL SR A0

chloride induces the conformational changes of rat
hemoglobin, the hydrolysis of 2,3-DPG and the oxidation
of heme-Fe( ), leading to changes of oxygen affinity [J].
Chemico-Biological Interactions, 125(3): 191-208.

Compton J S, White R A, Smith M. 2003. Rare earth element
behavior in soils and salt pan sediments of a semi-arid
granitic terrain in the Western Cape, South Africa [J].
Chemical Geology, 201(3/4): 239-255.

Cui D, Zhang P, Ma Y H, et al. 2014. Effect of cerium
oxide nanoparticles on asparagus lettuce cultured in an
agar medium [J]. Environmental Science: Nano, 1(5):
459-465.

da Silva Ferreira M, Fontes M P F, Bellato C R, et al. 2021.
Geochemical signatures and natural background values
of rare earth elements in soils of Brazilian Amazon [J].
Environmental Pollution, 277: 116743. DOI: 10.1016/
j.envpol.2021.116743.

Dai Y C, Li J, Li J, et al. 2002. Effects of rare earth compounds
on growth and apoptosis of leukemic cell lines [J]. /n
Vitro Cellular & Developmental Biology: Animal, 38(7):
373-375.

Davranche M, Gruau G, Dia A, et al. 2015. Biogeochemical
factors affecting rare earth element distribution in shallow
wetland groundwater [J]. Aquatic Geochemistry, 21(2):
197-215.

Davranche M, Pourret O, Gruau G, et al. 2008. Competitive
binding of REE to humic acid and manganese oxide:
impact of reaction kinetics on development of cerium
anomaly and REE adsorption [J]. Chemical Geology,
247(1/2): 154—170.

Du Laing G, Rinklebe J, Vandecasteele B, et al. 2009. Trace
metal behaviour in estuarine and riverine floodplain
soils and sediments: a review [J]. Science of the Total
Environment, 407(13): 3972—-3985.

Dutta T, Kim K H, Uchimiya M, et al. 2016. Global demand
for rare earth resources and strategies for green mining [J].
Environmental Research, 150: 182—190.

Fedotov P S, Rogova O B, Dzhenloda R K, et al. 2019. Metal-
organic complexes as a major sink for rare earth elements
in soils [J]. Environmental Chemistry, 16(5): 323 -332.

Feitosa M M, da Silva Y J A B, Biondi C M, et al. 2020. Rare
earth elements in rocks and soil profiles of a tropical
volcanic archipelago in the southern Atlantic [J]. Catena,
194: 104674. DOI: 10.1016/j.catena.2020.104674.

Feyerabend F, Fischer J, Holtz J, et al. 2010. Evaluation of

short-term effects of rare earth and other elements used in

magnesium alloys on primary cells and cell lines [J]. Acta
Biomaterialia, 6(5): 1834—1842.

Frohne T, Rinklebe J, Diaz-Bone R A, et al. 2011. Controlled
variation of redox conditions in a floodplain soil: impact
on metal mobilization and biomethylation of arsenic and
antimony [J]. Geoderma, 160(3/4): 414—424.

Gimeno Serrano M J, Auqué Sanz L F, Nordstrom D K. 2000.
REE speciation in low-temperature acidic waters and the
competitive effects of aluminum [J]. Chemical Geology,
165(3/4): 167—-180.

Godwyn-Paulson P, Jonathan M P, Rodriguez-Espinosa
P F, et al. 2022. Rare earth element enrichments in
beach sediments from Santa Rosalia mining region,
Mexico: an index-based environmental approach [J].
Marine Pollution Bulletin, 174: 113271. DOI: 10.1016/
j-marpolbul.2021.113271.

Guénet H, Demangeat E, Davranche M, et al. 2018.
Experimental evidence of REE size fraction redistribution
during redox variation in wetland soil [J]. Science of the
Total Environment, 631/632: 580—588.

Gueroult R, Rax J M, Fisch N J. 2018. Opportunities for plasma
separation techniques in rare earth elements recycling [J].
Journal of Cleaner Production, 182: 1060—1069.

Gwenzi W, Mangori L, Danha C, et al. 2018. Sources,
behaviour, and environmental and human health risks
of high-technology rare earth elements as emerging
contaminants [J]. Science of the Total Environment, 636:
299-313.

Heller A, Barkleit A, Bok F, et al. 2019. Effect of four
lanthanides onto the viability of two mammalian kidney
cell lines [J]. Ecotoxicology and Environmental Safety,
173: 469—-481.

HuHQ, Wang LH, Li Y L, et al. 2016. Insight into mechanism of
lanthanum( ) induced damage to plant photosynthesis [J].
Ecotoxicology and Environmental Safety, 127: 43-50.

Hu Z Y, Haneklaus S, Sparovek G, et al. 2006. Rare earth
elements in soils [J]. Communications in Soil Science and
Plant Analysis, 37(9/10): 1381—-1420.

Huang H B, Lin C Q, Yu R L, et al. 2019. Spatial distribution
and source appointment of rare earth elements in paddy
soils of Jiulong River Basin, Southeast China [J]. Journal
of Geochemical Exploration, 200: 213-220.

Huang Y F, He H P, Liang X L, et al. 2021. Characteristics
and genesis of ion adsorption type REE deposits in the
weathering crusts of metamorphic rocks in Ningdu,
Ganzhou, China [J]. Ore Geology Reviews, 135: 104173.

DOI: 10.7515/JEE221024



536 HOERIRIE 24

DOI: 10.1016/j.oregeorev.2021.104173.

Janots E, Bernier F, Brunet F, et al. 2015. Ce( ) and Ce( )
(re)distribution and fractionation in a laterite profile from
Madagascar: insights from in situ XANES spectroscopy
at the Ce L -edge [J]. Geochimica et Cosmochimica Acta,
153: 134—-148.

Johannesson K H, Tang J W, Daniels ] M, et al. 2004. Rare
earth element concentrations and speciation in organic-
rich blackwaters of the Great Dismal Swamp, Virginia,
USA [J]. Chemical Geology, 209(3/4): 271—-294.

Johannesson K H, Zhou X P, Guo C X, et al. 2000. Origin
of rare earth element signatures in groundwaters of
circumneutral pH from southern Nevada and eastern
California, USA [J]. Chemical Geology, 164(3/4):
239-257.

Korotkov S M, Sobol K V, Schemarova 1V, et al. 2020. Effects
of Gd** and Ca®™ on frog heart muscle contractility and
respiration, swelling and inner membrane potential
of rat heart mitochondria [J]. Journal of Evolutionary
Biochemistry and Physiology, 56(6): 541 —549.

Krzciuk K, Gatluszka A. 2020. Presence and possible origin of
positive Eu anomaly in shoot samples of Juncus effusus
L [J]. Journal of Trace Elements in Medicine and Biology,
58:126432. DOI: 10.1016/j.jtemb.2019.126432.

Kumar A, Ali M, Ningthoujam R S, et al. 2016. The interaction
of actinide and lanthanide ions with hemoglobin and its
relevance to human and environmental toxicology [J].
Journal of Hazardous Materials, 307: 281-293.

Lahive E, Jurkschat K, Shaw B J, et al. 2014. Toxicity of
cerium oxide nanoparticles to the earthworm Eisenia
fetida: subtle effects [J]. Environmental Chemistry, 11(3):
268-278.

Laveuf C, Cornu S. 2009. A review on the potentiality of
rare earth elements to trace pedogenectic processes [J].
Geoderma, 154(1/2): 1—-12.

Lawrence M G, Jupiter S D, Kamber B S. 2006. Aquatic
geochemistry of the rare earth elements and yttrium in
the Pioneer River catchment, Australia [J]. Marine and
Freshwater Research, 57(7): 725—-736.

LiJ X, Hong M, Yin X Q, et al. 2010. Effects of the
accumulation of the rare earth elements on soil macrofauna
community [J]. Journal of Rare Earths, 28(6): 957—964.

Li J X, Verweij R A, van Gestel C A M. 2018. Lanthanum
toxicity to five different species of soil invertebrates in
relation to availability in soil [J]. Chemosphere, 193:
412-420.

DOI: 10.7515/JEE221024

%14 %

LiMY H, Zhou M F, Williams-Jones A E. 2019. The genesis of
regolith-hosted heavy rare earth element deposits: insights
from the world-class Zudong deposit in Jiangxi Province,
South China [J]. Economic Geology, 114(3): 541 —-568.

Li MY H, Zhou M F. 2020. The role of clay minerals in
formation of the regolith-hosted heavy rare earth element
deposits [J]. American Mineralogist, 105(1): 92—108.

Li W S, Liu X M. 2020. Mobilization and partitioning of
rare earth elements in the presence of humic acids and
siderophores [J]. Chemosphere, 254: 126801. DOI:
10.1016/j.chemosphere.2020.126801.

Li X F, Chen Z B, Chen Z Q, et al. 2013. A human health risk
assessment of rare earth elements in soil and vegetables
from a mining area in Fujian Province, Southeast China [J].
Chemosphere, 93(6): 1240—1246.

LiY HM, Zhao W W, Zhou M F. 2017. Nature of parent rocks,
mineralization styles and ore genesis of regolith-hosted REE
deposits in South China: an integrated genetic model [J].
Journal of Asian Earth Sciences, 148: 65—95.

Li Z Y, Liang T, Li K X, et al. 2020. Exposure of children to
light rare earth elements through ingestion of various size
fractions of road dust in REEs mining areas [J]. Science
of the Total Environment, 743: 140432. DOI: 10.1016/
j.scitotenv.2020.140432.

Liang T, Li K X, Wang L Q. 2014. State of rare earth elements
in different environmental components in mining areas
of China [J]. Environmental Monitoring and Assessment,
186(3): 1499—-1513.

Liang Z T, Zhang W J, Yang Y S, et al. 2021. Soil cha-
racteristics and microbial community response in rare
earth mining areas in southern Jiangxi Province, China [J].
Environmental Science and Pollution Research, 28(40):
56418-56431.

Liu C, Liu W S, van der Ent A, et al. 2021a. Simultanecous
hyperaccumulation of rare earth elements, manganese and
aluminum in Phytolacca americana in response to soil
properties [J]. Chemosphere, 282: 131096. DOI: 10.1016/
j-chemosphere.2021.131096.

LiuJJ, Liu W, Zhang Y B, et al. 2021b. Microbial communities
in rare earth mining soil after in-situ leaching mining [J].
Science of the Total Environment, 755: 142521. DOI:
10.1016/j.scitotenv.2020.142521.

LiuR Q, Xu X J, Wang S, et al. 2016. Lanthanum improves salt
tolerance of maize seedlings [J]. Photosynthetica, 54(1):
148—151.

Liu W S, Guo M N, Liu C, et al. 2019. Water, sediment and



PRELFY, 4. L5 LITRIERS - WAL SR A0

agricultural soil contamination from an ion-adsorption rare
earth mining area [J]. Chemosphere, 216: 75—83.

Ma J Y C, Young S H, Mercer R R, et al. 2014. Interactive
effects of cerium oxide and diesel exhaust nanoparticles
on inducing pulmonary fibrosis [J]. Toxicology and
Applied Pharmacology, 278(2): 135—147.

Ma J Y, Zhao H W, Mercer R R, et al. 2011. Cerium oxide
nanoparticle-induced pulmonary inflammation and
alveolar macrophage functional change in rats [J].
Nanotoxicology, 5(3): 312—325.

Marsac R, Davranche M, Gruau G, et al. 2013. Effects of Fe
competition on REE binding to humic acid: origin of
REE pattern variability in organic waters [J]. Chemical
Geology, 342: 119—-127.

Martinez R E, Pourret O, Faucon M P, et al. 2018. Effect of
rare earth elements on rice plant growth [J]. Chemical
Geology, 489: 28—37.

Mazhari S A, Sharifiyan Attar R. 2015. Rare earth elements
in surface soils of the Davarzan area, NE of Iran [J].
Geoderma Regional, 5: 25-33.

Mihajlovic J, Bauriegel A, Stark H J, et al. 2019. Rare earth
elements in soil profiles of various ecosystems across
Germany [J]. Applied Geochemistry, 102: 197-217.

Mihajlovic J, Giani L, Stark H J, et al. 2014. Concentrations
and geochemical fractions of rare earth elements in two
different marsh soil profiles at the North Sea, Germany [J].
Journal of Soils and Sediments, 14(8): 1417—1433.

Mihajlovic J, Rinklebe J. 2018. Rare earth elements in German
soils — a review [J]. Chemosphere, 205: 514—-523.

Mihajlovic J, Stark H J, Rinklebe J. 2017. Rare earth elements
and their release dynamics under pre-definite redox
conditions in a floodplain soil [J]. Chemosphere, 181:
313-319.

Mittermiiller M, Saatz J, Daus B. 2016. A sequential extraction
procedure to evaluate the mobilization behavior of
rare earth elements in soils and tailings materials [J].
Chemosphere, 147: 155-162.

Mleczek P, Borowiak K, Budka A, et al. 2018. Relationship
between concentration of rare earth elements in soil and
their distribution in plants growing near a frequented
road [J]. Environmental Science and Pollution Research,
25(24): 23695-23711.

Mleczek P, Borowiak K, Budka A, et al. 2021. Possible sources
of rare earth elements near different classes of road in
Poland and their phytoextraction to herbaceous plant
species [J]. Environmental Research, 193: 110580. DOI:

10.1016/j.envres.2020.110580.

Naccarato A, Tassone A, Cavaliere F, et al. 2020. Agrochemical
treatments as a source of heavy metals and rare earth
elements in agricultural soils and bioaccumulation in
ground beetles [J]. Science of the Total Environment, 749:
141438. DOI: 10.1016/j.scitotenv.2020.141438.

Nakada R, Takahashi Y, Tanimizu M. 2013. Isotopic and
speciation study on cerium during its solid-water
distribution with implication for Ce stable isotope as a
paleo-redox proxy [J]. Geochimica et Cosmochimica Acta,
103: 49-62.

Noorimotlagh Z, Mirzaee S A, Ahmadi M, et al. 2018. The
possible DNA damage induced by environmental organic
compounds: the case of Nonylphenol [J]. Ecotoxicology
and Environmental Safety, 158: 171—181.

Paiva AV, de Oliveira M S, Yunes S N, et al. 2009. Effects
of lanthanum on human lymphocytes viability and DNA
strand break [J]. Bulletin of Environmental Contamination
and Toxicology, 82(4): 423—-427.

Pourret O, Gruau G, Dia A, et al. 2010. Colloidal control on the
distribution of rare earth elements in shallow groundwaters [J].
Aquatic Geochemistry, 16(1): 31-59.

Quinn K A, Byrne R H, Schijf J. 2006. Sorption of yttrium
and rare earth elements by amorphous ferric hydroxide:
influence of solution complexation with carbonate [J].
Geochimica et Cosmochimica Acta, 70(16): 4151—-4165.

Ramos S J, Dinali G S, Oliveira C, et al. 2016. Rare earth
elements in the soil environment [J]. Current Pollution
Reports, 2(1): 28—50.

Rim K T, Koo K H, Park J S. 2013. Toxicological evaluations
of rare earths and their health impacts to workers: a
literature review [J]. Safety and Health at Work, 4(1):
12-26.

Salehi H, Chehregani A, Lucini L, et al. 2018. Morphological,
proteomic and metabolomic insight into the effect of
cerium dioxide nanoparticles to Phaseolus vulgaris L.
under soil or foliar application [J]. Science of the Total
Environment, 616/617: 1540—1551.

Schmidlin P R, Tchouboukov A, Wegehaupt F J, et al. 2012.
Effect of cerium chloride application on fibroblast and
osteoblast proliferation and differentiation [J]. Archives of
Oral Biology, 57(7): 892—897.

Su X G, Zheng X N, Ni J Z. 2009. Lanthanum citrate induces
anoikis of Hela cells [J]. Cancer Letters, 285(2): 200—209.

Sukitprapanon T S, Suddhiprakarn A, Kheoruenromne I, et al.

2019. Rare earth elements in acid sulfate soils under long-

DOI: 10.7515/JEE221024



538 HOERIRIE 24

term paddy rice cultivation in Thailand [J]. Geoderma
Regional, 17: ¢00216. DOI: 10.1016/j.geodrs.2019.
e00216.

Tang J W, Johannesson K H. 2006. Controls on the
geochemistry of rare earth elements along a groundwater
flow path in the Carrizo Sand aquifer, Texas, USA [J].
Chemical Geology, 225(1/2): 156—171.

Temga J P, Sababa E, Mamdem L E, et al. 2021. Rare earth
elements in tropical soils, Cameroon soils (Central Africa) [J].
Geoderma Regional, 25: ¢00369. DOI: /10.1016/j.geodrs.
2021.e00369.

Thompson A, Amistadi M K, Chadwick O A, et al. 2013.
Fractionation of yttrium and holmium during basaltic soil
weathering [J]. Geochimica et Cosmochimica Acta, 119:
18-30.

Tyler G. 2004. Rare earth elements in soil and plant systems—
areview [J]. Plant and Soil, 267(1/2): 191-206.

Wang L Q, Liang T. 2014. Effects of exogenous rare earth
elements on phosphorus adsorption and desorption in
different types of soils [J]. Chemosphere, 103: 148—155.

Wang L Q, Liang T. 2015. Geochemical fractions of rare earth
elements in soil around a mine tailing in Baotou, China [J].
Scientific Reports, 5: 12483. DOIL: 10.1038/srep12483.

Wang Y Y, Wang G F, Sun M Q, et al. 2022. Environmental risk
assessment of the potential “Chemical Time Bomb” of
ion-adsorption type rare earth elements in urban areas [J].
Science of the Total Environment, 822: 153305. DOI:
10.1016/j.scitotenv.2022.153305.

Wu J, Yang J H, Yu M, et al. 2020. Lanthanum chloride causes
blood-brain barrier disruption through intracellular
calcium-mediated RhoA/Rho kinase signaling and myosin
light chain kinase [J]. Metallomics: Integrated Biometal
Science, 12(12): 2075-2083.

Wu Z H, Luo J, Guo HY, et al. 2001. Adsorption isotherms of
lanthanum to soil constituents and effects of pH, EDTA
and fulvic acid on adsorption of lanthanum onto goethite
and humic acid [J]. Chemical Speciation & Bioavailability,
13(3): 75-81.

Yang M J, Liang X L, Ma L Y, et al. 2019. Adsorption of REEs
on kaolinite and halloysite: a link to the REE distribution
on clays in the weathering crust of granite [J]. Chemical
Geology, 525:210-217.

Yang X J, Lin A J, Li X L, et al. 2013. China’s ion-
adsorption rare earth resources, mining consequences

and preservation [J]. Environmental Development, 8:

DOI: 10.7515/JEE221024

%14 %

131-136.

Yu L, Dai Y C, Yuan Z K, et al. 2007. Effects of rare earth
elements on telomerase activity and apoptosis of human
peripheral blood mononuclear cells [J]. Biological Trace
Element Research, 116(1): 53—59.

Yu M, Yang J H, Gao X, et al. 2020. Lanthanum chloride
impairs spatial learning and memory by inducing [Ca™7,,
overload, mitochondrial fission-fusion disorder and
excessive mitophagy in hippocampal nerve cells of rats [J].
Metallomics: Integrated Biometal Science, 12(4): 592—606.

Yuan Y M, Cave M, Zhang C S. 2018. Using Local Moran’s / to
identify contamination hotspots of rare earth elements in
urban soils of London [J]. Applied Geochemistry, 88(B):
167-178.

Zhang F, Cheng M Z, Sun Z G, et al. 2017. Combined acid rain
and lanthanum pollution and its potential ecological risk
for nitrogen assimilation in soybean seedling roots [J].
Environmental Pollution, 231: 524—532.

Zhang W Z, Ji C L, Sun N N, et al. 2020. Yttrium nitrate
induces oxidative stress and cellular damage in peripheral
blood [J]. International Journal of Clinical and Experi-
mental Medicine, 13(5): 3035—3040.

Zhang Y, Deng L B, Ye W H. 2006. Does the long-term
application of calcium superphosphate lead to an increase
of the soil rare earth element contents? [J]. Journal of
Environmental Sciences, 18(1): 130—134.

Zhang Y, Fu L J, Li J X, et al. 2009. Gadolinium promoted
proliferation and enhanced survival in human cervical
carcinoma cells [J]. BioMetals, 22(3): 511-519.

Zhao H Q, Hong J, Yu X H, et al. 2013. Oxidative stress in the
kidney injury of mice following exposure to lanthanides
trichloride [J]. Chemosphere, 93(6): 875—884.

Zhou J, Wang X Q, Nie L S, et al. 2020b. Geochemical
background and dispersion pattern of the world’s largest
REE deposit of Bayan Obo, China [J]. Journal of Geo-
chemical Exploration, 215: 106545. DOI: 10.1016/j.gexplo.
2020.106545.

Zhou W X, Han G L, Liu M, et al. 2020a. Geochemical distribution
characteristics of rare earth elements in different soil profiles
in Mun River Basin, northeast Thailand [J]. Sustainability,
12(2): 457. DOI: 10.3390/su12020457.

Zhuang M Q, Zhao J S, Li S'Y, et al. 2017. Concentrations and
health risk assessment of rare earth elements in vegetables
from mining area in Shandong, China [J]. Chemosphere,
168: 578—582.



