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Abstract

The form of element occurrence in critical mineral resources plays a crucial role in the mechanism of
mineral super-enrichment and the comprehensive utilization of resources. However, the element occurrence in
critical mineral resources is mostly in the form of adsorption, isomorphism, and small mineral grains, which is
not easily observed and analyzed directly, thereby increases the difficulty in further understanding and compre-
hensive utilization. Transmission Electron Microscopy (TEM) can provide an effective solution at the micro- and

nano-scale for structural and compositional analysis. This paper briefly introduces the basic principles, working
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mode, sample preparation methods and workflow of TEM, and then summarizes the application of TEM in the

study of the genetic mechanisms of six types of critical mineral resources, including rare metals, rare earth met-

als, scattered metals, rare valuable metals, energy metals (uranium), and traditional metals (ferrous and non-fer-

rous), based on the types and forms of element occurrence in domestic minerals. The bottleneck problems that re-

strict the widespread application of TEM are pointed out, and several simple suggestions are proposed.

Key words: geochemistry, critical mineral resources, transmission electron microscopy, occurrence state,

genesis mechanisms, microanalysis
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KRG UTTRR BB — Bt ) 45 gt 2 27l 2
(R, S S8 ] OROR I R R Y DG S
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ZVREE(F L, 2019a), LR IRAFIE AN Hgg &
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JE B0 TR FLE— 25 B AR RN 25 R A
(FFICEAE, 2022; GG TIEE, 2020), 4B T B iR
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RSF 5% 4 i A 4 A R AR A B R i ik
1 (Gonzalez-Jiménez et al., 2017)55 55 , 13X #B & & K
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nu et al., 2022),
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1.1 TEM K ERFE

25 H - AR LR e 2 B ) 44, T L ARA
J oy RO RIS H8 5 M5 L 2 20 28 el R i &
Z —(Eswara et al., 2019; f[ /N7, 2022), 7ESCHkIR
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7% : Transmission Electron Microscope #l Transmission
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Booxh Hofw e 152 58, AR5 5 m A Ry o, B8 o SR
AR R IR A B A R S AR LA S T
AR AR 5, Q3 S v SRR S AR B P HEU
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B = W ST ST T LA JEM-2100(HR) % TEM, .43
R 0.23 mm) , FEAR B 58 S A W ZE GO0 HE A
FERE TR B AR AR 27 52T LAAE B B 42 b UL ¢ It
T IYHEDRIG O, X A2 e fb2E bRk
L R} 2% A5 22 B ) & R R 3] K 4 B 7 (Er-
ni et al., 2009; 224 4£55, 2015; FERKIE, 2015; T HaH
25 2016; Yi et al.,, 2018; T B 3L %%, 2018; MR AEDE,
2021; FFEASE, 2023),
1.2 TEMHI{EER

TEM J2& 4 iy ME — RE WS 45 & 40 K 25 /4 F 40 K 1k
AR B IR o X LAY 1Y AR AR 5 AR B 2 e
TER T, AT LAB B A ) TEM B R 8 T ok ROE
TS 5 Ay AT (B 2) o 385 R Uk, TEM [ T
VRS AT 157 520 S 07 S AR = L BGOSR B 43 53 A
R, A7 B AR T LA 4 oy 3k DX HL A0 A
(SAED) . 2= R A HL 1111 5T (CBED) R 44 K T HL, 77 55
(NBED), iZ A% 20 & TEM B — ™5 K i 2l RR A DI RE
5 X2 AT S (XRD)ARAL , 7T LA BT 87 0 £ i A4 235
4, ANTF] 42 , TEM AT LASRAS 24 XRD MELL BT Y |
REF/NT 10 pm B8 Y5458, 4l SAED & 3L 1 /)
ZS G0 X H ) R EH (Jian et al., 2020); [F]AF, if
A LLBE 5T 0 9 0 A K 7 5K (He et al., 2021)
(Gao et al., 2019) & 2% /1 &£ (Johnson et al., 2015)% .
UGS S BT 2 L2 AR 35 FH B DAY S s
PRI R A RE , /& TEM B i B A2 0 98 N\ B FRr 2B
KR P ez — , B S A 2l HAn 2
— R ARG T R A A HER AR AT 53 Ry R
Ry A K R R RS R G B 1 A3 R R AR
Q™ Py O AR R IE 50N - HEHE 7 2 (Belluso et al.,
2017; Capitani, 2020; Ciobanu et al., 2022) ., /s A ik ¢
(Kumamoto et al., 2014; Iezzi et al., 2016) FIH 2N K R
JE A R 3 1 % (Wirth et al., 2013; Gonzalez -
Jiménez et al., 2017; Gao et al., 2019)%% . G A
g B A G, B3 (5 8855 R AR 5 L
TEAT SRR 2 5 30 AT TS T A BRI A 2L
1 % L A 1% (Cherns et al., 1994; Morniroli et al.,
1996;Cordier et al., 1998), Jii 25 1Y 155 43 W Wl 1% 5 2
T AR B IE A Bl 25 A RB AR, T o
VI B0 44 K38 38 (Arivazhagan et al., 2017) JR2 T
5175 5 5 i (Pennycook et al., 2011; Ciobanu et al.,
2022)555 . WA TR 3R A B T A AR
BRI ZR 2B, ANAE TSI (EDS) MIRE B 4512 1% (EELS)
R SZEL I R B AL S 40 A (Garvie et al., 2008;

Xu et al., 2019; McClenaghan et al., 2022) .} 2% (Kim
etal, 2011; Tan et al., 2012) )z H:Ath fk 2% {5 B (Singer
et al., 2009; Lezama-Pacheco et al., 2015/ &1,

Bl A RO B R R B AE R Bk 22 5 (6,
ZEHTIE A e R EE I BB T2 A R B 2
TIRERE AT IR PRI UA S UA R B S5 DI RE) 5
AR | LR RE R GEAF D RERHF A AT B 18, AR
P7J& 7 TEM BIFFE U, {7575 TEM BB AR A 1Y
Y3 A AR WO o3 Ar S50 28 N T RE , FTERRE
PRI S IR oo A 5 A6 1) S I S W0, LA S SRl
Py R M ) SN R I A (R AR, 20155 AL,
2019; F/MTAE, 2022; FHEARAE, 2023), AITiT, TEM 52
21 2B R HAR R e BB R S 2 —

1.3 TEM#E@H&FTENAR

TEM A it il 8 1) D -5 5 0 S B 48 SR 2 15 A 5
BYFTEEFIOCHE . TEM A RE RN X1 i b 2% T2 19 S 56
SR TR R 29 PR 3R 22— R A i e B E R, Ry
AN A SR A i AR RT3 mm (/B -, B
JE/NT 100 nm, Q05 EEARTS IR 120 0 B EUSR L =5
FIER X IR FE /N 10 nm, 11 ELAS [R] A9 R 5 Z AR P
I R ARR P RS20 H AR ot i 25 0 s

F AT, TEM 23 At O RE il 25 O i e %, tnsd 4
RIS | = 1 58 LB B A9 A AS I WV e
W R B TR (FIB) L8 3 D) A 4% (Ayache et al.,
2010; Beaunier et al., 2010; Schaffer et al., 2012; J& i
&5, 2021; PREDE, 2021).,

H T8 W e A AE A B S H, ELRE AR 22 88
IR T A R B, R e M R R
S ) B RICREAS LA /)N T ELR 22 DA W) 6, 2 A4 1Y)
T AFTE , PRI dt ] 5 07 12 ARTE PRS0 g i vl
FER 8] 1 R A Dy ik B 8l 0 S T A ORE
RGF/NT 10 pum B FE i, 02 SR 455 7 E s )
FNXFP I N R H L Ga Ry B TR R L
WUIHNT5 1 233 AR = A2 AR A2 OB R G &
P RRAE , BL 2 2 7R WL RE i 1Y AR A T B A Ga B 71
(Tang et al., 2010), PRI 17 7 il £ 75 150 4 @ 5 WA i
S Gatt iy, I E R,

1.4 TEM K A TIEiRTE

HT, TEM R Jo — S bn AL 19 TAE TR
{HAEE AR FARUR AT 3 Ry 4 A IR« e B H A X80 R
il %% . TEM I A 8 Ak 22
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HIM—Helium Ion Microscopy , 2. T . il ; AFM—Atomic Force Microscopy , Jit T~ /1 it i3 %5% ; STEM—Scanning Transmission Electron Mi-
croscopy , 198 1% 5t HL 7 . /3% ; EPMA—Electron Probe Microanalyzer, B, F#4[ ; FIB—Focused Ion Beam, 345 5 T 3 ; SEM—Scanning Elec-
tron Microscopy , 14 L - i 7345 ; APT—Atom Probe Tomography , Jil 7#4] ; EELS—Electron Energy Loss Spectroscopy , FL FHE s 51 22 4% 5
EDS—Energy Dispersive Spectrometer, A1 ; WDS—Wavelength-dispersive X-ray spectroscopy , i i (% ; Auger—{# &k F, 7 AE 1% ; Raman—4i;
% ; XPS—X-ray Photoelectron Spectroscopy , X H £k Hi T HEii% ; ESCA—Electron Spectroscopy for Chemical Analysis, f427 7087 F HL T-HETS ;
XRD— X-ray Diffraction, X #F£& 7 4 ; XRR—X-ray Reflectometry, X #1485 41 ; Nano SIMS—Nano-scale Secondary Ion Mass Spectrometry , 4
KB T HR%El ; LA-ICPMS—Laser Ablation Inductively Coupled Plasma Mass Spectrometer , #3# i B JEGHE & 25 85 IR F %4 ; LEXES—Low en-
ergy Electron induced X-ray Emission Spectroscopy , fltHE HL T~ X ¥4k & )il ; XRF—X-ray Fluorescence Spectrometer, X 52k 7¢ Y G1%L ; RBS—
Rutherford backscattering spectrometry , F 54 15 B VG 1% ; TOF-SIMS—Time of Flight Secondary Ion Mass Spectrometry, &£ [A] ¥ &+
Jiiii% ; TXRF—Total-reflection X-ray Fluorescence Spectroscopy , 4= 5 X %¢ )33 Dynamic SIMS—Dynamic Secondary Ion Mass Spectrometry , 5/
B TIWRE FIRIGEH A ; GDMS—Glow Discharge Mass Spectrometry , #E G HLF 1 ; GC-MS—Gas Chromatograph-Mass Spectrometry , “TAH 41
JSE 4R ; IGA—Instrumental Gas Analysis , [ #5530 #T ; TGA—Thermogravimetric Analysis , #4 #4347 ; DTA—Differential thermal analy-
sis, Z T ; DSC—Differential Scanning Calorimetry , 227~ £ 4 2 #47k

Bl 2 AR A B (J5 Eswara et al., 201918 240)
Fig. 2 Summary diagram of different analysis techniques (modified after Eswara et al., 2019)
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A0, B i ROST R 22 /N AT B ) 40O Fhn A (B
B CE ) R BRE B (R BE I H O 30~50 pm) |
B UKL (R 4 RS 48 232 2 2 : 20~1000 pm Al
0.1~20 pm) K 44K R (R /T 100 nm) 4 4 355
X T FARAHE A, AN T 78 BT S 54,
Pl 5 J5 64T TEM IR, 2338 B SE LA B0 iE
ATALIRG BT Wl 7 B s 8 XU, AT B A T
FE R Bl FLIBORE (TR AR, 2022) BT R AR B TR
(Focused Ion Beam, FIB) & A5 1) & ; By 4y ik vl FH
RS B 08 (T LA, 2018) (FIB slG# D) F 44
AR 3 AR e P P e A A

(3) TEM{lli. TEM £5d JLH4E Ay SRk AR,
TR R = AR 7T EDS (RETE {30 B3
A3 A H KL TEM B BRI, 7T il 2 K 22 B0 i i 75
SR B 3 — 25 I A [ A7 %) 15 28 7E A6 I A
T3 TAFTER I 22 501, 5 MR A0 117 30 00 52 36 H 0o i
PEAIE M TEM B4 AL LAERE il an , ROHT )
SR AN A N B DR A | fR L ek i
R 5 B A B U T BE Y 1o, 78 [R) — o 4R
IR — R BAR G AT 1 5 A AR A5 JC R AE I 5y
W AE T 2, )5 1E % i 45 EDS 1 EELS #1045 11 Bk
ZEH IE B 8 5 TEM 15 18 Ay Bl AT SR
HEAT I TG & 43 PF mapping &

(4) J5IEHRAL I . 5 A b B TEM
(I, R AR A S 2 A5 B AR M o 5
TEOLRIG 30T, BT, FEA R EHG AL H 75 40
BT % 1 734 25, TSk 2640 PR AR A |- AT LGE
1 A R AL BRI S LR P SR S 3, 49 4, AR A
W W R A5G 73 it AT g I TS A e , AT AT
SingleCrystal , Recipro, Landyne . ELD . EMS , JEMs #/1
WebWMAPS S5 F AR5 B 5347 5 @A 28548 5 )5 HE
H1) 45 4y B 5 B 0 v] A1) FH CrystalMaker, Vesta, Dia-
mond . JEMs,CRISP Fll CrystalKit 2538 SZ 8 5 a7 i 1]
WP AT DTSA .GMS 45 845k 73 Bt (Williams et al.,
2009). {HAFTEERE s i 5 2 B k5
FE R AL BEANGGAIE , HER A RSN SRR, AR AT
BN AE R T SEAEDR Y , A0 P Y Cul I Cr
WERTRER B TEM AL 5 Y24 HUE S, Galg ] BEk A
T FIBAE i il g A v, i A A b B AR R X AT e R T
HL o 2 o XU A s . EEHRRR

DL 4 AR5 B R T 1 (H A2 R G
R, e 1A Y AR D, A REAT R0 e A i
& J7 F TEM I Y TAERE, I 01 i B 2 A A

REAR 0 I 5200 H Y, 455 i 2544 15 St A7 & 2
(UG SRR T

2 TEMZERE4 Em0 e i o ik e

BRI SR AR SRR RE G AT Y %R (A5
TEM ' J& 21| v] DL B #e F T 4 7 o SR iR AR
SR B 4ES e i B4, (02 B ET E WA TEM 43
BT A iy 322 A [ 2 i, RIS 4 B AL w4
PRI I TG 25 % A AR A TSR o0 B o PRI, AR S
XA JE T T R MIRAAIE S, 32 AR TEM
TEANZ 7y e
21 XEEET PR ENREERX

KR 7 hon R IR S R e 0 IR &
AR A EZERRZ —,

KGR T IR BA E A RHE , Z240C
e m e F AR R AR (— B 109 LT ),
BRI SR 2], BOER S ek 4 R AR A i
RAEAE LR AR E 2R 2T SRy ™,
WA R L& )E Mot S m AR m S 2
W B 28 5 [ G s AR R /N R 2 . 31X
SEREIE S 2 B AN G T U ST IR, 50
DOk LYY/ S WA N | =507 N % I S UE 2SR i A e Bi TR
Z 0 HLHI A SR i3 i T X AR A B 5 A
25 R A R X R BB (B 21, 2019b; 7 B [ 4%,
2019; 22 B4, 2022; GRS, 2020),

22 TEMZEHBEBY =Hr A

TEM N FH AT @0 7 i SCik A E Al 7 A PR
XFF LiBe &M fi i 4 Jm oo &, th TAZSME T ERIE ™
A X SRR 5 e S SR B, S UL T A 1 X
SFERFAR W 3BTF-BOMELIARAT BB A 255, X
W R HB BRI T TEM 7RSS O P iy i AUH
A2 E 3 T ) A G W R FORA R FH T A T
e,

Bian , AR 58 o BEAE T W B g T P B
Ah AR R R B b . B TEM
W R, M a- B4 76 IR AR i B ml = A K
S, T T AT TRIRLIRE | 46 R LB R RN R
EME(ezzi et al., 2016), MREERR SRS A HAUT C
W AR TE , HA R R E A N AN, L bR
HR AN T o AR R R ALY
B ) (Mashkovtsev et al., 2005), i i TEM H %
D, ] 0 HE GE 1) KR 0.5 nm (1] 3a) , il 3E P
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3 TEM{EICHED ™ A R FH S 451
a. M A A JE B P At A1 Be LALLST IO S8 115 {001} T HESEAE BN D 0.5 nm Y ¢ 7 1) SEE A, R (3t HGA 1328 8% sl i ) 4 R 18
(Arivazhagan et al., 2017);b. i + 4 J& SR ERER D) , Bst 15 Syn T A K 1447 4= 2544 (Ciobanu et al., 2022), 81 Hh 42 I F 46 1] 4 map J7 HE{
R Ce(£LEA) I Ca( L (0) B MM ICR M3 4 s . WA IR FRA LAY, WAL 1Y Au, Te 6 P A IRAK RUE Y H SR 45 +AuTe, 15 AuTe, 585
K (Liu et al., 2017), 47 F /M & 10 26l % 5% TEM AR5 1Y Au, Te 4, TEM J5HE 4 TEM PEATEE T 007 B 47 F /MR 2 8 Au, Te B
Y i B B S A PR B R AR RO S nm s d. B 5% 4 Jm Ru-Rh AL DL KR S0RE (0 E XA 38 T R 0 (Wirth et al., 2013);
e. AR I i W ACHE ST RO IR 52 5 AR WA A 95 19 (Doynikova et al., 2022); f. B EAAIA (L4 B BRI L5, Sch 5 Pow yAEHHAH
[E7 A, 7 20 mol.%Pow [ Sch-Pow [ 1A 57 80 mol.%Pow 1Y) Sch-Pow [#1%5 {4 i] UL Bt [ 2R (Xu et al., 2019), 22 F ffi /M &l
okt g B8, A 1) W Ca 11478 28 18I 43+ 5]
Bst— B4 s Syn—#r A 85501 ; Sch— ™ ; Pow—4H451" ; Sch-Pow— &3 SHES ™ [F V41K ; 80mol. %Pow—75 SHE5 1™ 80% A [ 414,
20mol.%Pow—#r FHAG ™ 20% AYE 714 , Pt-strip—4 {14712
Fig. 3 Examples of TEM applications in Critical mineral resources
a. In the rare metal mineral beryl, the atoms of Be, Al, Si and O are stacked on {001} plane to form nanochannels with a size of 0.5 nm along c-axis
direction, which can be used for migration or storage of other atoms(Arivazhagan et al., 2017); b. In the rare earth metal fluorocarbonate, bastndsite
and synchysite forms nanoscale syntaxial intergrowths(Ciobanu et al., 2022), the inset figure shows the chemical distribution mapping of Ce (red) and
Ca (green) of the box position of map; c. Scattered metal tellurium minerals, sub-stable Au,Te minerals decompose into two alternating growth minerals
(nanoscale native gold + AuTe, and AuTe,) (Liu et al., 2017), the inset 1 is the Au,Te of a prepared TEM sample, the TEM box is the position for
detailed analysis by TEM, and the inset 2 is the high resolution TEM of the interface, scale is 5 nm; d. Rare valuable metals Ru-Rh arsenide nano
particles is inclused in pyrrhotite (Wirth et al., 2013); e. the formation of Energy Metal mineral coffinite was confirmed to be related to biogenesis
(Doynikova et al., 2022); f. In the traditional metal (black and non-ferrous) tungsten minerals, the non-ideal solid solution between scheelite and
powellite, 20 mol% Pow and 80 mol% Pow of Sch-Pow solid solution has clearly boundary by TEM(Xu et al., 2019), the inset is the chemical
distribution mapping of W and Ca
Bst—Bastnisite ; Syn—Synchysite ; Sch—Scheelite ; Pow—Powellite ; Sch-Pow—Scheelite-Powellite solid solution; 80mol.%Pow—A Sch-Pow sol-

id solution containing 80% Powellite; 20mol.%Pow—A Sch-Pow solid solution containing 20% Powellite; Pt-strip—Platinum protective layer

H AW B 1 45 Fe & 1 55 (Buseck et al., 1974; TARAYIR I (Zuo et al., 2022),

Arivazhagan et al., 2017), X T HAB WA 4 )& , 10 23 TEME®TEEH FFHHN A

Nb  Ta Z¢ XM A JC R, HH TEM & BLLE N 57 8 FUBAI B (CeCO,F , Bastnasite-(Ce) , Bsn) & 24 iij
FEEAE G PR S BABA BN AR K REUER L &R R EEN Ty Y2 —, SRS 4
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" (CaCe,(CO,),F,, Parisite- (Ce), Pst) . & 3% 45 4ifi
(Ca,Ce,(CO;)F,, Rontgenite-(Ce), Rng) HT &7 £5 411"
(CaCe(CO;),F, Synchysite-(Ce), Syn) %5 Sy [ 1% 114 5
R L0 R0 Y. Bsn 555 R HAKIRE:
i L TG FR A H) 2Z 0]3E 3h 23 TE A oK RUBE 1 (00 1) IfT
2 HE R A= B4 (151 3b) , TEM BER O 48 4E
F 2z 2RI (24 W1 45, 1998; Li et al., 2021)  PUJI| 74 £ -
BT (R I EE | 1996; 2000) 1R K F] F Olympic
Dam %5 5 4" K i BF 5% 7 75 21| iz H (Ciobanu et al.,
2022), H AR T L0 25 Y01k AE K 4 (Ni
et al., 1993)3 — Y plt AR 13 B2 Hh i g oK RUE 9 38 AR 81
% (Capitani, 2019). [}, 3 52 7 5 HELHES 7 Xy
A3, T HVES 22 UM R £ A T R0 W2 i TR
WA ™ 5 3 A3 A5 4 ™ LA [) Ee A9 HE S B 2 45 7
[, 4n Pst g — 2 FR AT 0 5 — )2 B ar 8541 0 19 & in
A, Rog I — 2R 5 2B & 8546 0 1) &
TN, WS S IR 5 BT T f0 R 1
JE % %% 14 (Van Landuyt et al., 1975; Ni et al., 2000;
Capitani, 2019; 2020),

BT PR AR+ PR AR E AR e )
PAEE . FIH TEM, /] & & & B 0 R gk
W4, 3 & B S0 n] LA LL G 40 K 5 A ok 3R
 UNIOE |28 oI e o SO i I I e B A
WA OV I 4R s Brh, AT 5 3E AR
+ 0% & (Berti et al., 2022; Shi et al., 2022), [
oy 4t 157 51 36 5 4 R FH e T 78 A VAR TEML AR5
BB KA R ARAERRER D WA + T2 AR BRI R ER
MLER(CEE, 2021), L4, BRI TTRRY) & &
WREE A e R P LRI R AR AR G, F
FH TEM MAGA K RUBE e A7 s 0 28 28 AR 19 it AR 225 4
5B A A O, A R 3 6 A M KA 4K
PRI B I a4+ B s o0 2 & SR 5 Y AR Ak 25
J7 T () BRARE , 48 7R w4 T2 ML (Trotter et al.,
2007; Liao et al., 2019),

24 TEMEHBEEY =M

i 4 Jm A ™ A e v = BEARAIR, e 25 A Py
B, K2 MR IRIIE A RS0 R 0
B4 B8 ST AR EAE Tl BB A P v i 4 e o
FEREZMAE T HABGRAY AR A ST 1 Tl ™)
AT HEZRAAH R (EERTTAE, 2015; JHESE, 2019; Z53C
B4, 2022) L, 30 AR RUEE RG-S Y IX
WORAR R A BT 5 AR AL I T AR KA IR
M, B fii TEM 245 M4 @ o = Hn HIEAZ .

BN, FEFEIA BEA R AT PR Bk AR 38— 2
FEART B 1y, BV A ] TEM -t R RE & 3040/ & 8k
YA i R RGO, DR, DBk R 10T DL Bk-
T TN SR 2R E A, ] DA B[R] 42 1 =X
WRAE T M SH AT A0 A v (R 5 445, 2020; R 5 88 4%,
2021), #f 0 [A]AE A Ay o 2 N A AR 8 1 2 4 () IE
KIRAATER G TN PR (2RI, 2020), ST,
Tl AT 5 4 VRN 45 4 B OB AR B AR E T, ok
TEM 4TI BT R BART 9 (K] 3c) , AnSE IR IT =8 7s
FL0 RS Au, Te ) AT S JE i K RUEE 1)
H k45 AuTe, ¥ A K (Liu et al., 2017).

25 TEMEHRREREY =HHAEA

i 5t 42 JEm 7 A T R (PGE) E 2 5 5 1E
FRGALYI T IR T 38 H T RO A N T ) B
DA 5[] 52 i I8 XA 7 T 43 s 4 Ak 0 v (Naldrett,
2004; FAFLLAE, 2007; 2 SCIHAE, 2013), X X 46
Yo A UpiE o ok 1 RIME . SR, ]
TEM JUI AT LR T i £ B8 364 5 A58 43 o

F 5% A BRI 43 J AL HH IR A A E G oK G sk
% HE PGEfLEEIA . TEM#FSE & M RG Al Bushveld Z¢
AR Merensky J2 BT FIER BE 80 AL 384 /N T
50 nm f¥) Ru-Rh-Ptfifi {4 & Ru-Rh-Os . Ru-Rh-Pt-Ir £l
Ru-Rh-Pt i b4 55 9 ) A 4 ( [#] 3d) (Wirth et al.,
2013; Gonzalez-Jiménez et al.; 2017), #: Z 1EHIR K
B (4 DU 1 A IEE Cu-Ni-PGE W R, & B JLMCK K
/N A Y TR R R A 2 T ) (R B AR 2000
2002; 2007). =4 A/mE R R 43 i R EUR H AT IA
1) PGE W IRIE I A 2558, TAERERRER M A,
PGE fig LA G KA Py AH B85 AT L B BUAETE Tk
Yoy, RIS A 53 B8 235 ik FR AN 2 TC R A PR T )
Pl A BRE B IR AR AR S 2O B
HlAERT o ANFE VY A v G IR R IR h & B
KA A TC R YK TR, 254 TEM WLESRI 5256
A2 T Y AR R v T e S A b v, 45
T B [ DAL R AR A A s 25 1 Sk (E A 4R,
2020; #ERHAE, 2020), &L B TARR A
MO A, UESE TR 5t 4 19 H i SR U (Ferraris et al.,
2008), 7E VU )IAZHIEE Cu-Ni-PGE W JK 1, i@ :f TEM
&I PGE AI LUK IURL T A AE T RE B R B
B S m Ak, ] R4 B 40 K 7% (Liang et al.,
2019), = % 75 ¢ 4F Bushveld 2% 7+ & UG-2 #l Platreef
2, PGE B LA 4 K FURr i T =X 25 18000 A 7 B3 B 4k
Wb AT DLRR S A S A1 e i N BR B ER BT 45
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¥4 1 (Junge et al., 2015), PGE Uk %58 21 /)N , £
B HAE b, B TEM M S48 K R AF 5% L
FEIRES J 5 e 4 TR i AL ¥ 2 [A) 1 56 22, X 48 75 PGE
MTE L GRS | BRI AT Ly

2.6 TEMZERBESREY ~HHINA

W0 BRI PR oL S B A —2F DAE iR
AT A 2 B AL 2 — . Jlid TEM & BLAH
BTG 8l ] S804 JFE =X U LKA P80k UO, Tt
BTERP LR (1] 3d) , R A 1 R5E T i E e A
FRELE S RO W A DTTE AN 4, B e T LAY PR
8 5 45 J5T (%) ‘Bl A5 £k (Singer et al., 2009; Lezama- Pa-
checo et al., 2015; Doynikova et al., 2022),

R B A R T AL AR A S A T
0.1% F 4l (K] 7% 4%, 1995), i i TEM % B4l 3 %2
P 40~60 nm /N 7 Bl Al A7 B 2 )
AT LA A SIS ST AL 2%

27 TEMEXEEBMEGREET FHNA

KBTI OB /A A FAT R ORI B
SERTPELTE A SR R gk R, HORER S
LA E BB A0 YIE A, IR TE AR AT
TR, FELRS SR A 8 DL R
W XA AE  # T TEM W58 (L E VT4, 2015),
e AnFEA Ak il it TEM & UK B 2 & @ 1 i
2 K ki (Gonzélez - Jiménez et al., 2017; 75 [H 4%,
2020), B TE B BENE S B RERRER 1 vh e R K B B
UKL LA K 55 1 S A A A JORE T T R v A 7 A
SUTTEG , AR PRIT R S5 A 1 RSP
FHERHE T8 B (McClenaghan et al., 2022),

H 7 (CaWO,) 5 #1 #5 7 (CaMoO,) . 0 45 4
PB4, o w0 S Al SAR A AR . 3 5 TEM W
S 3 7 P4 e X 5 37 X 4 A e i B A A S A
WA B 450 (K 3E) , AMUTE L B A E
PRaly T ELAE BT b A R O 0 2 AR Y LA M
B BILA 91K 58 1 B R BEF2 9 (Xu et al., 2019).
TiO, i ¥y H 75 & 0 16 19 5 31 By BOE i, 9 T
F&7R A B R, B A TEM 76 108 Z5 U8 4 87 il
IR ARSI LR TR i B o R 1T 1 T N
VR T T VR T AR L 5 (W et al, 2021), T HLZ ™9
A B AEAS ] (8 3 4% 15 R AT &k AR 22 Bl A [ | A A2
FE, B R R L R RAR K R
ST R R = A AR, A a-PbO, 7 25 #4 (Hwang et al.,
2000) . ZrO, %I 2% 4 (E1 Goresy et al., 2001) Fl PbCl,
4 2% ¥ (Dubrovinskaia et al., 2001) % TiO, 28 1A , 7

R i AR O A R L AT FH T 48 7R K Bl R A e TR
(5 KHESE, 2008),

3 TEM W FHAFAE 1Y [R]85

TEM {2 — il ik 75 7%, R L3, A 7E =)
FRAE , 76 SR 7 R R AT 77 T A X 4

(1) TEM H¥f i il % R X . TEM X fr 43 B7 1)
i A B PR R JREE /T 100 nm A BESEA T B 4%
WML . BIRC 2 Z 0 TEM A 5 il 25 5 ik (H
HBAFAE— 5 19 JRy B, 5 AR Al LR A e it AR 3
H A HE1 T e 48 Rl G 7™ i R0 W) A 5 5k
RGN A 22 K, R RS A/ Hoo R AR
ANEE — DR T 3 SR ot ) 85 P9 FRIKE , 3kt Al R il 29 17
TEM 78 CHE 7 WA R rh By N FH Y L

(2) CH 7= A SRR R BRI RIME . 2 H0OCHE
B ICER e B, T HoR 22 SR 2
[RGB S A S A T IS AR A D 5
50T, HER TEM ] DL B S BUR SAKIEIX 5357
BT SEAOKREA T — A AR AT B (EX TR IN
W B A (E M AE, 2007) BT Y A8 (CF B VLA,
2015)FEEHE A PR(R S 45, 2021)3F LIZE BTlR 4
17 SAFAE R S R T R, T R R UL

(3) TEM AT R BR . TEMBR FE T
S GEE 8 53 Bt Ik X AR 5 143 43 A 32 [ F EDS
EELS 143t BR R 1), Jo i gk A5 AR /e A 67 3R
A HA AL 217 B R, 75 456 TEMOFIH A 23 Fr il
WKTFBL, B4, TEM 5 % BT 462 3 A7 9 nano-SIMS
FHEE G XTI AR RO A LIRS, Ak
157 iR R TEOREE R A5 B, , T ELARARXF 0L A4 B A3 2 ok
FHE) 7 2 {5 B (Nakamura-Messenger et al., 2006), -
ZE 3 3 A A I K nano-SIMS £ WUTE £ D) E TEM 15
% B EAT ST A e AE (Wirtz et al., 2015; Eswara et
al., 2019), 85 B 23 (8] 70 B A APT (=48 58
FFARAGE GO LA F TR AgFl As i EHF
P4 (Akbari Alavijeh et al., 2023), X FE A BE T hnEf
HARHAITC R WIRAAIE 2, R G4 7 SR 7= & 4R L
il AHES IR YA B RCR

4 45 if

L5 LRIk, TEM AESCHE B JE A7 Fh T, X R
AR TR DR 285 ™ PR A Bl PR BIL i F 58 B A IR T R
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Lo ZHEEIRITRNRAIE UG 22, 241
i 4 8 R 2 UZE R [ 4 i UFEAE s 4 8 A
Tt S IE A S 0 HNGE AR ik R
FART-BOfEfE b . SR, TEM A i i o7 G
W TR AR RAE T — a8 FB, iT LAFE
A RS BN S 41/ N ), Xt A F AT
AR 7 B ML RN B R 25 A A1 H PR i 22 Rl
R, BRAESR AT & IR 5% 43 SR 7 1 o o] (70
Hh, A T RERRER T W) A B A K R AT R A T %
W M A (Gonzalez - Jiménez et al., 2017; McClen-
aghan et al., 2022). [F]IF, AR OB 58 7K B B
BT, A BT IRATE B 2 — 2R e i Bk
AL SR B AL | b BTG A Bk 5 A A
TRAVERE AR, A= Py sl R E B e T 48 U 1Yy
PDUTE & 4 (Doynikova et al., 2022); F RS A -5 UK ES
Bl S50 R SR IR Eh A% 1 TR W R TR R E f R
JAA R ROSE B LR 1) (3% 75 2 45, 2000; Capitani,
2020; Ciobanu et al., 2022); M5 H H 7 & F o
S B WIEE 7 W) 5 ) e SR R (Ferraris et al., 2008)4%
S, A, TEM X GG J@ a7 IR AL B AT % 5
TR LRI R AT R A AT 2 F e S EH
{EAF TR Ay , TEMZE G 7 i i HT I A
FPR. GR35 YRR R SRR
il A S AT A AT, Rl TEM D REIA e 2t —
e TR T AR AR, ST A
TEM #5700 2 S AT, 1 H YRR ek 2
ifie TEM B _EHAEY B MR AE Y5522 RS20
% JFHEWNEZ M5 [ 320 TEM AR = BN g, A2
BRI SEE %A XA 2 2 s — DK T S =
Z A 2200 s =R OGS R T R AR A B BRI
PRIt TG 217 [ B OGS = B IR s 4 H 25 WA i1
O, AR TEMAESCHER™ 7 H BRI, T
R P27 ST, [RIHEE N 2% 22 D) HE TEM 5250 %
AR, SR TEM B0 1) [ P AL AR , it b o
YIRS 222 R A RS, , DA G ™
BB SRR AT SR AR AR R

B EagE W R A E SR LA L
Ko Gt A HE B o
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