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(a) Depicts the mass balance between two metal pools of opposite isotope signatures and equal size (4 is the isotope composition, fis the contribution

ratio, blue and orange cubes represent endmember A and B, respectively); (b) The mixing of different pool sizes (f, = 3xf,) and opposite isotope

signatures (blue and orange cubes represent endmember A and B, respectively) ; (¢) The mixing of pools with different sizes (f, = 3%f;) and

different isotope characteristics (blue and red cubes represent endmember A and B, respectively); (d) A schematic diagram of metal stable

isotope fractionation during high-temperature smelting in a metal smelter. In this example, Cd isotope fractionation appears as heavy Cd isotopes

(8,) preferentially enter the slag and light Cd isotopes (4,) are enriched in the gas phase; (e) Illustrates a schematic example of a farmland

soil system for which the relative fractions of endmember A, B, and C metal sources can be quantified by metal isotope signatures
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Fig.2 Schematic illustration of the principles of mixing models used for source tracing with metal stable isotope signatures
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The rationale is the conservation of stable isotope mass. (a) The binary and ternary mixing in the linear mixed model, the system can obtain the only

combination of contribution rates; (b) The mathematical uncertainty system in the case of multiple sources, and the IsoSource model and

the SIAR model are applicable (|, f,. /5, f,»***, and f, are the contribution of each endmember; 6M represents the metal stable

isotopes, dM1 and dM2 represent two different metal stable isotopes, respectively, and C represents the concentration)
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Fig.3 Overview of the reviewed stable isotope systems that be used for the source apportionment of

soil metals in mining- and smelting-affected areas

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



338 M BRBE R

i 38 4

Yo7 X445, Fe iy & A ALY 00 5 W Fff 5 Zn W] 32
R, Lin " &k SR M0 1L % /K (Acid Mine
Drainage , AMD) 7£JE BT TE A L 7 v 25 77 2 1 25 1)
Zn [A) 57 2 5008, fff AMD 5 AMD JILTE 22 8] #4 Zn [7]
MR ANAAAEZES IR i ociR A B AL g
L i A T 33 v ) Zn SR TR, S5 SR 0 4 rp Zn
FEORIE T AMD UL3E , JF il R AR WMEH . 5
ML WY Ph-Zn 7 47 S8 30 1) 4% 2 381 Zn [R) 7 R
YRLIEAE T B 0 Lo 2 R 75 55 - 4800 Zn [FI 7 2
TS A, P = i oA g = PP AR RIS 2 Y
15 YL mTEk

M E AT TR, Y e il Tl ks (B an , 45
BRBE IR BEBE) 7E - HETS YLk 32 SR AR,
Zn [Rv R BEAA SR B RS @R R . SR, S H
MR Zn [R07 2 FLEL 16 16 sl R IEAR EL , HoAthok
V5 AN A8 735 s AL AR SRR Y Zn [ 7 R 48 AR L, 34
Y10 0.2%0 ", PR L AR XE XT3 26 5 P AT R ) 5 X
Iy o WEAh, SRl R A M BR Al 2 R (UUTE W B
)2 T Zn R R LR X2 T 805 YR
Zn [ A5 S e a5 , ATT 25 R R0 SRk
322 CdRz%

CdA 8 Mg IfLER , 4390 °Cd(1.2%) .""Cd
(0.9%) . "Cd (12.5%) ."Cd (12.8%) . "Cd (24.1%) .
BCd(12.2%) ."Cd (28.7%) F1"°Cd (7.5%) , i H K
FH o""°Cd R Cd [R5 R 4L AR , 2 2% brifE 4 NIST
SRM 3108, HRF ) Cd EELI+2 M IE 77,
AN Gy AR S N2 BT iR PR Cd Rl 3R
TEZH0 H SR R Hp A3 B AR PR (£ 0.2%0) . {H
W5 B, i s A (Vo k) i #2773 1 Cd ]
D7 2R (0] 3K 1%0) ', S HAE 22 1 M BT 2 5 Tk
e S AN b G R R Ryl 1= G R T
Cloquet 5" B YK R F Cd [R] 137 & 45 & 5 1 1l I
Pb [F v 2, 2 AT T 3 E LRSS Pb-Zn B Kk ) A
NRZLPEHESEORIE ., FRER SR, 6K
IR SR s R Cd R &R X S
K HIEH Bk BAT E Cd & i AR Cd A R 4
BARAE— 2, 20 Cd =2l W AR VTR A iR AR A
4. AR R Cd R Z4 % B3, 1
W Pb-Zn W PR (ELHEINEEE™ 850 ) 1) Cd [l 2= 41
BAE—1.53%0~0.34%0 A6, S 4 Hb SR i 119
Cd [Alf A B SR . Wen 58 R E B =
B S Po-Zn W S5 (0 A A i 1 CA Rl R ALk S
R IR AR, AR ZoniR SRR AT KRR
+ b A R

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

ULAEK , B E X Cd [ 2 ALl 9 — 25 A
EMPYS G E AR S/ AR A %€/ E 81 N
FH Cd Rl 28 47+ 1875 YL /R R [R) i 22 /% AR 2 1)
M, A, 3T Cd R A S A R AR R
2R AR . Hedn 3R Wy AN ML Cd
P14 W2 o 38 2 T Cd 8 2 W AT 55 34 25 fiff 1 38 14 Cd [F]
MR RSB, e —E B LS8 T sk
U Cd R R AF S, 3 7 U0 3 g il
U Tmseng 45" W 5% & BRE 0 XU AE FH 25 fif 13581
) 3 2% 2H A8 3055 5 Chrastny 257430 T 0% 2% ma 0
Pb-Zn G4 JEI I ) T 4= 48 Cd R 3%, L+ e
Cd [R5 Btk , I ik 202 4 e i rh i i
1) CA Y Rh 55 AR 345 P AR EAE T BT 2R 0
Btz Ah RIS s Y Cd g A2 S8 P iy
Cd [Af7 F {5 52415 2 4% , Salmanzadeh %52 %} [b T
2000 4= i F1 2000 4F J5 4k 138 1) Cd Fae [A v 2%
KL AT 25 5, 46 2000 4R 5 B T —
AR RE TS Yoot . Bk T s R Y R
U8 5300 Cd [F) 7 2 4 s 0T 5 8008 b 45 R & E
T2
323 CuRlzk

Cuf “Cufl®Cu2 MRRaERN R, HAFE D>
M 69.17% F130.83% . Cu [F) i 2 20 Jii 2 IR 1Y
FRUER T SRM 976, 3L 5 “Cufli k. 5 Cd Ml
Zn BB AN, Cu ELA 55 o 9 il a1, 76 8 TR T ol
H, Cu [ R oA R, B R 0 P 55 43
BT 04 0 Cu Rl Z AL LR HERfb 2
TR Cu[Fl 3 24018 ) = LR A Lo an -+ 3em™ Al
A AL W B R AR SR DL R P i
fife AR S X T Cu R R A A R T
REETE D), BHTA ZMEL O ARA T A
F Py 9 Cu [F] 07 28 41 AR A3 Rl (6% Cu=—17%0~
+10%0) 7t K T+ 3 1Y Cu R 47 2 2 B AE 1k (67 Cu=
—1%0~+1%0) " | 3% F BN IR Y Cu [F] v 25 41 g
5 H Sk 50 Cu [A] 7 2 41 AR T BB A7 7E 58 K 2%
S0 IR Cu [RIE 2 AT LA B s B AR R R A
SRUE . ANTEANK LU B MR, Kibek 55 & B4
IR IX W - EAT 507k B A T (R 1Y Cu
[l (37 2% 4L A, T 378 B R A IX 114 38119 Cu [) 137 2R 4L A%
AR RO T R XA [] 1 B 4 3805 e ok R ) 22
5o @ TR AR R AE Bk R s R
F14) 43 88 3 5 EE AN [T (8] (%) [ 2R AR Ak KA 22, ff
Cu [F] {57 & #F 47 U5 A% B 8 R XE™ o Lk 1 Détor-
Almazan 25" % 3B 5 1 0 Cuygpor 15 78 N

http://www.cnki.net



54 4

W& T R m AR E R R A6 3

M DX S T G Jom ¥ e DR AT AT 7 o 339

—0.09%0~+0.54%0, Tl FB W~ 5 Cuyygrer TH Y0 [l 4
=1.19%0~+0.91%0 , KW TER A 1L B, Cu [ 3R &
AR KBS, I B A 5 R R AL R FRE &
2, R ICIE AT IR . Bigalke 55 & B Cuif
)R R GRS MBS Cu [ R 4]
25 SR/ PR T A 4 Cu 1 BLAROR U
@ 3 Cu R 2 1T B 2352 25 B ERfb 2 1 7
(149 52 M) DA T 538 AR IR A AT 235 SR A ME A 7% . Mlihaljevic
R TR LR WL R %R
BT - B 1Y Cu [R5 3 20 152 21 AR FH R 52 e, A
117 2R A Cu [R5 2 4 A P HA R
JELAY , Sillerova 2L BB AL I AR R R A
FZ N CulF 7 R AL S 1R A AL, 4 H
FeA o, AT RESR AT A N TR 35 Cu BT AE TR,
B ] g2 E b ER b i B S S I A
CulAlfi . Kk, HATE 1Y CulAlfy ZiA R KM,
Cu [Al37 2 FUBE 8] 5 X 40 A A TR T [ 4R Tk 1 K2
15 YL T HAAR R R 0R TG Bh XA TS e I 2L A Bk
L

324 HgR4z%

Hg7E H AR A 7R E RN & L 4051k He
(0.15%) .""Hg(9.97%) .""Hg(16.87%) **Hg(23.1%) .
“Hg(13.18%) .**Hg(29.86% ) Fl1**Hg(6.87%) , H Hl
() 2278 J7 3 0 Hg, — S % 0 bR dE W) R R
NIST SRM 3133, Hg fig ATCHLAIA HLIE X 74, B
BF AL R A UL AR A ) R BB T RE S B
Hg [R5 R 1) L 5 4318348 g5 3 He 19 JE I 2 4318
(H A'Hg Fn , X iR 3K 199,200,201 ,204) 75>
Hg 5 ¥ % , UAE e A 1 e il Tolk ok 88 b (48R
M JHERIRGE K TR P RS R B B AR ) B4 kA He
iR R O S R He R R R A S
LHE Hg M R . Hgte HRTE AR T T LI
ME— BB & AR T 518 Y B 4R |, LS A ARl R
E Y5 ig i R A R VA | Y= i R E 1R RO
9% 2 W Hg (19 45 5T 5 4018 32 22l k2% i 5 5
(), i, BRSO B AR RN, FE T K RIS R i
FE LI 2] 55 A A A o R 408 . Hg 03X Al o
MBS R R RN T He R 2R — ok &R,
R T AR AR Wy M BR AR 2 7 0 TR LR
J1o LI REAE AT 1R R X 15 YLk Ui i) H 22 4
i, T E T 4318 ) 2 B2 s G ) ) d B B R AR
. FIFH Hg [ 75 i He TR 55 AL B RTS8 A
£ JEW IR X, Pribil %2R ] Hg [F)07 & #8718 15t
B He i X6 R 0 R B8 i 52 ), & 3001 16 3 3 3L

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

3" Hg (=2.25%0~0.96%0) Fl AHg (=0.12%c~0.72%o)
FIAS AR BBl A K, 39 b Hg Bk U8 3 Z A0 4% He
AL BN Tt B SAS He HERCR A TG 3.
T Hg PEBURR IR 764 F H [F057 28 70 Aok iRl Hg 75
Y ) SR R AR AR I, B 25 A A He JE 28 /3 F ok X
53 Hg W8 ARG Hg T A e Al B2, DT X 43 if
AHE R X JE i 58 0 T 22 A ] R FE
Hg'""', Baptista-Salazar 55 "> A R 1 Jin T i 72 1)
Hg I &4 8 He RN R R BB KA,
TR He [F 07 2 5 @A Hg XS A4 &, &
Hg [F] v K A S B T AS[R] He (RS, i8R T
AR Hgi5 R . Bz, H RS 1 He [R 47 R4
Z C B He [ 43 25 0T LAAE R Hg 15 Y U6 A1 A4 ) b
BRAb2F BN K H e AR AR P I 7R 5L T IR R )
X 44 4 IS Y AR A I E 8 R R L R
SFHIE R X Hg 15 54 IR
325 TIREZE

TI 2 A 2 AR WAL, 53 38 2 T1(29.5%)
FIP°T1(70.5%) , & 3 m 5 08 €°°0°TLL il H S
FARIEN NIST SRM 997, F T [R]43 2 22 6] AH X
AR/, THR Z A8 A AR AR A B s /N
KEFFE AN R, 2 B30 5 Hr 8 R 0 B
HCR I THRN R A AR AA S A B KB [
BLR AT, A, WA TR 4387 Ailiak
Ty 00 H Ot e v AR IR b 3R A 27 2ok 2 Y T[]
IR A Ak e & B, A TR 253850 THS Yok
TR (18 SO P AR AR R 348 it Sl H R R R SRR RN
AN TRV R o B 7= A ) Tl R R B T IR 26 4 A 25
KRR AR A R 0 R A57 28 438 (o 45 2 1) T
[l {37 Z W B s 4 T, Vangk 2k A2 R4
HIE 16 Bl 5% ) 1) 3R 2 1 £ Tl g, ( —3.92~
-2.69) 50" 1 (-3.67) Wik (-3.31) FIHAbE 579
(=4.77~=3.60) AL, M 5 K 52 75 G B9 K 2 1 4%
(=2.71~=0.41) FEAE AN [R], 3 TR 2 1 48 1) T1[R]
A 1R 75 Yok YRR X 0] B TR E
F14) W RS AR/ R R Ao R S 0 (LIS 11 4388 -
ANFE TR R R R 22 B3R A0 1R TE s
Tl A . SHABE Y E SR CEM L, L3R K TI
L B BAS WA A A FH AR X A DR TR 38
TEAE YR A R e A A AR I T REPESRAIG, 1T AT
i k=N L= RORE YA IR OE ARSI o o 1 S
H R TLRM 2 45 & it oo IR A BT 1R X ]
5 Y AT TS Jeilie =T . Barxd Tl
[l {37 2 4 I HLER A IA PR NS R G5, X BR ] T & 7

http://www.cnki.net



340 M BRBE R

i 38 4

NERIERS R T B A L (H 28 B TR 28R 5
R R & T TR 28 7E 58 TS G2 IR A
() FE A FH B gy e e

32.6 NiR/{zZ&

Nifi 5 FE MR ER , 73518 *Ni(68.08%) |
“Ni (26.22%) . “Ni (1.14%) . “Ni (3.63%) F1°Ni
(0.93%) . Ni[ml{v %38 & B it i 7 LA SRM 986 A b
HEM) OO NIfH . BT Ni HA mih o, m i ge o i
NG B A N R0 2508 . H T, A A BRI
W SEIESE T Ni el 7 2 BA #1005 b Ni i 946
16 S A IR A F SRRV 7, LR AZ 0 1R 1 Bl
JUE Y IXd . Ratié SR BB R i+
(5***Ni==0.19%0~0.10%0) X} A 3% 5 Yl 5% M (1) 1= 458
(5" Ni==0.26%c~—0.04%0 ) HA7 5 5 ) Ni [7] {7 Z 41
B, R TR B i - SRS 5 BT Ni-Cu
VIR R 2R R Y N R 26 Al S A A
22 S TS i N (R 38 2 AR 7, PRI N
[ R AT LAFE 7m0 i A N EU: HoAth )
R A b 2 B g B 4% i A v s A R
W B 28 R BT UE A5 23 BN R 3R A A
MR NI 5 RS B 2 BUNT 0.2%0 1 41
TR N 55 7K B I B/ T U 5 B0 A & B2 B N
[ 17 2 (AN, opone=10.35%0+0.10%0) ", H. 3%
AR T 0 [ 2R 5318 5 pH AR E , #E 11K pH (B B
I3 FR B B, RS R Y N )7 28 A A
AR IX AT RE SR T AE KR 454 R B T /TR AR N
ANBAFAE /DB DU T AR N5 R R AR o
A7 R AR AR St o, B3 & Ni gl 20 fn
BRI R IE BRT e T SR R R AR, X
ot R AT RE PR R Ni 7 T3 P A R Ak I
£, R AR A FH NG [R) ZRORE B 44 rp Ni SR R,
VA= -8 T Ui S O I K VA B 5 i)
R
327 VEMEE

VA 2 FRE RN E 5300V (0.24%) F1°'V
(99.76%) . VHEE RN R ] Rk K 67V, &
bR A Alfa Aesar VIFIR . M VY2 4R
[0 A B A 25 85k, VRIS 2 AR 1 0 o o)
IXES LB A 22 S A B 2R . PRI B ATX v
57 22 43 TR AL B A AR 4304 FR, TRI B R v TRD o
R UEATW 1R 5% DX HE R A AT A A T o A X B =
- B i 1 S LA AR 50V, R B - B XL
b A A= 9 b BR AR A 16 20 7= A 1 VR R iR A
BV, S22 AHE, miR AR T BE R AR B EE A V]

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

N R . BT A (8°V==0.72%c£0.1%oc) 1= T 1
Pt f i, 22 & RBURRM VR R B EERE L
K A(5V=-0.94%0+0.011%0) "' , T H 1Y V [F] v &
5% B2 76 m5 T (6°°V=-0.63%0%0.033%o) Ff"'**'
VIERTE S X A4S R E AR, HATH R
XV [RE 27 i B FH o0 20, A BRI S8R S8 T
V R R AT PR B s ia ) i g Vs
Yo BERAEHLIX 3V R R A AR S AR
KW oe IR A e IR R T KV
[ 057 28 1 BURRAE AR 5, R ORIz X HHEV Y
TEORIFIAEAE IR 2 L HEE R I
33 $ERERANEEEEY AEIHEHY

Mz F

F T B I A v A A R4 A5 I I, R R AR 22 4
JE AT LG R 5 P S AR, (H 457 1k Bk
DTSRI AN BE AR 1 K IR T B B 2 A IR
Bergmd . HET, BT S X O 4 A R S i 4
J& Fa g [l 7 ZE R BT LA B 7 B85 B R 5T K 22 KR 4
HE S — T A B RUBE Bl AR RS o T B
WL TP SR AV 72 06 e 0 4 5 e 7 BB X A A%
TRV IWESREG R EAEENRME. A%
R FHAE S Ak 24 KA DR B 4 8 Wk AR b I
TG D7 S TG S 2 e (H R SR K 2N
15 A B 4 S VIR B 1) I s AR AL 2 T, — R R B BR
il AR R R G T S e B . A
FH Ao R & JE e R 2 s B34 K id 3R T
Dy A5 B UURY 5 & @ ie e ML R ARG &,
THIRTE TG Y i s Sivry 25738 i XA A
Zn [RM Z AWF TR BT D5 R &0 S Zn [F7 &R
SPBREN  THE T Zn BT 2 Zn SR HUCE A Zn
[ 2243 IR Z B AR R o 25 R ER T, 1952—1972 4F
DU TR h 6 “Zn S4{E N 0.95%¢+0.08%0 , 48 71k
BRI HL i — IR B P2 I Zn B . 7E 20
tH2g 70 AR5 WIUTR A LAY b, 0 Zn (B3 T,
£ 80 AE AR IR B d5r KAH 1.35%0, 1% LE4E F 11 Zn [A] 37
R T RES 1976 4FE/1977 4 rit fift U $A % 4 A B
J& Zn [ FEHUE HE— 2588 A & . Aebischer 252X}
b T SRR AT X DA e B XA 2 AN A OB A
() Pb . Zn Fe [A & , & PR E PR B 7= AR T IR
TE YR, B0 T ORI R TR B B Y DT R >R
U5 1939—1977 4R A 39175 Y Ui 5 L2 3 i 22 3 F
B 0 X IR 5 1 (1977—2012 4F) ST 1y 5 I 2
AR I B 2 i KA . TR SR S0 TAE T R 4
JE R [0 R T A g sk R AT TR Tl

http://www.cnki.net



54 4

W& T R m AR E R R A6 3

M DX S T G Jom ¥ e DR AT AT 7 o 341

S X - 9 4 A AR R B3R AR AR LA B 6 e 1Y
T R R AL, D6 + 1 4 8 e e R &= A8
5T LR IE SN Z B R A Rk — PR
1B 52 [X 45 Ja R [l 3R s B A N T o
34 WAEZMRTESEESLRENBER M

ERIEHIZNE

S TR R R, &Rfe R R AE
& IR AR AT N b R AR MOk B E M EH . R
& @ fae [ A7 B X0 a 52 my X 43 rp 8 4 s ok
U5 B 7% 3 FE AT 78 B 1 — > D BT 2 X AR ]
U504 4 Ja R 22 A5 5 AT 3R, O 38 b VR A B A X
5 g ORI TTEREEA T SR . A L A Y
N T e )k > WA IR VA /8 (3 T = S L =1
FE b /NI R A5 SRR A 03 Hod  fi T Zn,
CdFHg s RAEEN" B KA A 5 iR A e 45
RS R AR BN R, B RS RE LR
oRIC R B3, SBUR IR A 506 7 A 1 Ts gy
WY B 3 2 ) HLA B S A (Rl 67 R 22 5%, PR s o
& JE e R F AR R LI E S Jm R A R
g, BB R £ . 5 2Z M, Cu BT NG 7E 5 T
AR RN 2R A IR AR A i R RS
- B[R] o7 28 20 i 2 S K, RLIG AT DA B 44 s
W AMEMNRGS . (B2, &R R IR
IRIFE—E MR BR M. & 58, & B R R b ik
FAFEOR m A B B 7R — R ERRE T AR
Feo AL Z R BRI R . S5 Ak R HbRoo R
FHBMETHOTRE SR, /v e sl 7 LK Sk
B e I . PR [R) 4 g R R AR R
S X A 18 T 4 R 5 YL IR AT P B AR TR R —
BN v, BT BOR BRI, B ET v R 2R
BL A A TR A 5 B B, 398 o 4 Ja At B 12
TR AR B = o LUK, 4 Je A R 2 U A AT 1Y
FIH R AN R 0975 GL i 5 A B 0 0 [l o7 28 40 22 7
PR 0 Y 4 398 vp o 4 i A ok R EL A AR AL Y 42 R A7
KU, ok A 2R 56 = e £k
Yy R Ak 2 2k R v (B an - W i i R R E
AEYIVERISE) ,Zn .Cd Cu Hg . TIFI Ni ¥ 0] & A= AN ]
FREE R R iR, 4 s R 67 2401 T Re s e 805
YL UE 0 R 2 AT 5 35, 55 T VR TR A X
o + 4 w5 Yok RS o B R BR N A ok
Pk

4 KEXHREZL
SIRBERMGZEAHEA R TSRS

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

YR A AT ] B B R Y K S A A5 R) . 45
G HRTZBFSE S A A, AR 58 E AL

(1)K Pb S5 i S PR e A [R) 457 22 B HoAth 43
)40 25 A0 X 4 g [R) 67 38 (18 22 4 J TRl v, 28 IR R
A7 58 o 4 T v Gl U i b w20 R TR AT Y
. Po [ R IR A S KA, =&
— Pl B AR A FE SO T H
& BT IR N )z 0 4 R R (AT R A AE
15 YL 2 W) A 2R A5 5 25 A KRl JLF- I 22
SEIY R 5 1 Cd Fl Zn 45 4 & DG 2 7R AE Wy Hb BR 1k 2
AR AR T KA TR 2R AR, S 30T G R 4 ) ()
MEAF S ZRE . BRGNP B P [F] 47 2 A
Zn .Cd %54 A28 T R ST IR AR AT, R 2 0 R ()
AT 25 S AT R [ 67 2R 20 2 S oA i 3 DA
Ko 4 Rl ASE AT 5 & A AW A% 1 n) AT, [m] sl S 0 4 3
A JE RIS A Y b ER L2247 i R R B

(2) 4 & AL 3 43 A 7 1 S 06 2R R 225K v A
F 2% SRR PR BT 1 ER 404 B AR [ 2 A HH o
PRI I, A 2 A 0T B ) 46 s JG 2R 43 i Ak O i DU
B A3 A A, S 30T A7 335 1) S g A R R A 5
B AR S, Y n] D AR gk R TR R AR TS
VG5 i B AEAT AR o

(3) BR H AT EMER 43 8 4 JB e Hh R T R i F
DA SAE 3 b W B L A L SRR TR R AR AR )
HhER Ak 2 o B v s e A TRl 3R A AHL E TG 6T ik
I R B A R ALERA AR B = R GEIAR X S JE AR
R [R157 2R R A AT 45 SR R s e o AT R itk — 2D Ao, I
IO AN ) i 4 7E A PR () S AR LB R A 7 4
AT R A B AF 90 02 R o SR FH 4 J8 e R 8 i AT 1
B LR BT ) F S TAEZ —

(4) 4T M e PR FE TS YL A o IR &R
U5 A BT 1 S, (HL H AT 1Y — o0 fl = ook PETR A 1 A
Tok N T 2R m A sE . MiRets SC 8 2 I e
ST Y IsoSource B Y FT STAR 52 7Y 5 2445 21| () 1
TR [) 95 % 32 4 - 198 85 ] i A9 o ik 23R 5 L A
PIE, AR Re L 2 Fh BRI L i Wi g b . R,
B P B A5 A A2 2 1 A o, Ak 2 0 AR B A AR
AU S TR B WA A S B VS L RO 1 A
B, JE 05 B f R] 23 8] 42 07 A7 B A TR & 1% 7 )
I R

(5) & @ FoE R R AEW 1R 52 X 3 S 1 T
S A A SRR Z . W IRFE I X A 4 DL
T FAE 9 302 3 4 R M A A IE SR IR 52 R X
WEEHALIE B o B, ik — B R A 16 5% i X

http://www.cnki.net



342

M BRBE R

i 38 %

&R

PRBE AR A < AR [ 2 3R BRI S T, mRE

RIARAERE AL 2E DR R 55 5 1 5 & mfa e
Al 28 T BOAAS 5, AT A7 A DX 3 s R AR AL i
D s, E B G R R YT B R A i P

ORI

o

2% 3Lk (References) :

[1]

[10]

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

MARTINS W B R, RODRIGUES J I D, de OLIVEIRA V P,
et al. Mining in the Amazon: importance, impacts, and chal-
lenges to restore degraded ecosystems. Are we on the right way?
[J]. Ecological Engineering, 2022, 174. DOI: 10.1016/j. eco-
leng.2021.106468.

WANG Haiyang, HAN Ling, XIE Danni, et al. Distribution
characteristics of heavy metals in farmland soils around mining
areas and pollution assessment [J]. Journal of Environmental
Sciences, 2022, 43(4): 2 104-2 114.[ FUFPE, 5HFy  HHPHE
A5 A T 3T 4 R o AT RAE K s RN [T, PR
FHE2EdR, 2022,43(4):2104-2 114.]

LUO Xin, YANG Yixin, AO Yanhuan. Research progress on
remediation technology of heavy metal pollution in mining area
[J]. Journal of North China Institute of Science and Technolo-
gy, 2019, 16(1): 49-54,62.[ B3Ik, #tf0o , HOHEIR . 07 X 152
o R TS Y e R R B e 1], AR B B
2019, 16(1): 49-54,62.]

LI Linli, HUANG Xiaofeng, ZHAO Dan, et al. Review on mi-
gration, transformation and treatment of soil heavymetals in
mercury mining area [J]. Nonferrous Metals Engineering,
2022,12(2): 128-137.[ A3 , /N, 0P, 4 OR W™ IX 3
4 AL B AL SR B R B TE SRR [T, 1 (4 Jm TR
2022,12(2):128-137.]

LIUY H, XIAY F, WANG Z R, et al. Lithologic controls on
the mobility of Cd in mining-impacted watersheds revealed by
stable Cd isotopes [J]. Water Research, 2022, 220. DOI: 10.
1016/j.watres.2022.118619.

ZHANG L, ZHOU H, CHEN X, ef al. Study of the micromor-
phology and health risks of arsenic in copper smelting slag tail-
ings for safe resource utilization[J]. Ecotoxicology and Environ-
mental Safety, 2021, 219. DOI:10.1016/j.ecoenv.2021.112321.
JARUP L. Hazards of heavy metal contamination [J]. British
Medical Bulletin, 2003, 68: 167-182.

DIACONU M, PAVEL L V, HLIHOR R M, et al. Character-
ization of heavy metal toxicity in some plants and microorgan-
isms—a preliminary approach for environmental bioremediation
[J]. New Biotechnol, 2020, 56: 130-139.

ABLIZ A, SHI Q D, KEYIMU M, et al. Spatial distribution,
source, and risk assessment of soil toxic metals in the coal-min-
ing region of northwestern China[J]. Arabian Journal of Geo-
sciences, 2018, 11(24). DOI:10.1007/s12517-018-4152-8.
SATAPATHY S, PANDA C R. Source identification, environ-
mental risk assessment and human health risks associated with
toxic elements present in a coastal industrial environment, India
[J]. Environmental Geochemistry and Health, 2018, 40(6) :

[12]

[13]

[14]

[15]

[16]

[17]

[19]

[20]

[21]

[22]

2 243-2257.

TAO X Z, WU P, TANG CY, et al. Effect of acid mine drain-
age on a karst basin: a case study on the high-As coal mining
area in Guizhou province, ChinalJ]. Environmental Earth Sci-
ences, 2012, 65(3): 631-638.

CHEN Y. Pollution status of heavy metals in China’s metallic
mining areas and treatment measures concerned [CJ/ HU Z.
Legislation, technology and practice of mine land reclamation.
USA: CRC Press, 2014: 451-458.

WIEDERHOLD J G. Metal stable isotope signatures as tracers
in environmental geochemistry [J]. Environmental Science &
Technology, 2015, 49(5): 2 606-2 624.

YAN Ying, ZHANG Xiaowen, GUO Boli. Applications of
lead-cadmium-zinc-mercury stable isotopes in source identifica-
tion of heavy metal pollutions [J] Environmental Chemistry,
2020, 39(10): 2 712-2 721.[FIR, 3R BESC, FRPHI . Hr—Fh—
BE— AR E IR 287 4 S 15 L URAR AT Th AR ke (7). 36
Bifk2¥, 2020, 39(10): 2 712-2 721.]

CHEN Yali, WENG Liping, MA Jie, et al. Review on the last
ten years of research on source identification of heavy metal
pollution in soils[J . Journal of Agro-Environmental Sciences ,
2019, 38(10): 2 219-2 238. [ FAHERN , HHWE, DA, 48 3L 1
G [ L R 1 YRR AT Sk S (T ). Al PR R
iz, 2019, 38(10): 2219-2238.]

WANG L W, JINY L, WEISS D J, et al. Possible application
of stable isotope compositions for the identification of metal
sources in soil[ J]. Journal of Hazardous Materials, 2021, 407.
DOI:10.1016/j.jhazmat.2020.124812.

QIN Jiangiao, FAN Chen, HUANG Tao, et al. Analytical
method and application of soil heavy metal source [J]. Anhui
Agricultural Sciences, 2019, 47(20) : 80-82.[ Z& # A4, JLiE ,
R, LR A R R AT O vk S ()], Rk
Rl 2019, 47(20) : 80-82.]

WU Di, DONG Bin, WEI Haidong. Review of soil heavy met-
al pollution sources [1]. Anhui Agricultural Science Bulletin,
2017(23): 58-60.[ i, EAS | RHAEAR . IR T 4w i e I
WHEERIR LT, LRk A, 2017(23) : 58-60.]

LIZY, MAZ W, van der KUIJP T J, et al. A review of soil
heavy metal pollution from mines in China: pollution and
health risk assessment [J]. Science of the Total Environment,
2014, 468/469: 843-853.

RATNAYAKE D M, TANAKA R, NAKAMURA E. Novel
nickel isolation procedure for a wide range of sample matrices
without using dimethylglyoxime for isotope measurements us-
ing MC-ICP-MS [J]. Analytica Chimica Acta, 2021: 1181.
DOI:10.1016/j.aca.2021.338934.

SUN M Z, ARCHER C, VANCE D. New methods for the
chemical isolation and stable isotope measurement of multiple
transition metals, with application to the Earth sciences [J].
Geostandards and Geoanalytical Research, 2021, 45 (4) :
643-658.

GALL L, WILLIAMS H M, SIEBERT C, et al. Nickel isoto-

pic compositions of ferromanganese crusts and the constancy of

http://www.cnki.net



54 4

RS T R A R R BA

U] DX 98 i 5 G YR AT B S

343

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

(C)1994-2023

deep ocean inputs and continental weathering effects over the
Cenozoic|J]. Earth and Planetary Science Letters, 2013, 375:
148-155.

TAN D C, ZHU J M, WANG X L, et al. High-sensitivity de-
termination of Cd isotopes in low-Cd geological samples by
double spike MC-ICP-MS [J]. Journal of Analytical Atomic
Spectrometry, 2020, 35(4): 713-727.

WU G L, ZHU J M, WANG X L, et al. High-sensitivity mea-
surement of Cr isotopes by double spike MC-ICP-MS at the
10 ng level [J]. Analytical Chemistry, 2020, 92 (1) : 1 463-
1 469.

CREECH J B, MOYNIER F, BADULLOVICH N. Tin stable
isotope analysis of geological materials by double-spike MC-
ICPMS([J]. Chemical Geology, 2017, 457: 61-67.
KOMAREK M, RATIE G, VANKOVA Z, et al. Metal isotope
complexation with environmentally relevant surfaces: opening
the isotope fractionation black box[J]. Critical Reviews in Envi-
ronmental Science and Technology, 2022, 52 (20) : 3 573-
3603.

MIGASZEWSKI Z M, GALUSZKA A, DOLEGOWSKA S.
Stable isotope geochemistry of acid mine drainage from the
Wisniowka area (south-central Poland) [1]. Applied Geochemis-
try, 2018, 95: 45-56.

MOYNIER F, VANCE D, FUJII T, et al. The isotope geo-
chemistry of zinc and copper [J]. Reviews in Mineralogy and
Geochemistry, 2017, 82(1): 543-600.

SHI Lin, ZHAO Dejun. Research progress of soil heavy metal
pollution assessment methods in mining areas|J]. Cultural Ge-
ography, 2016(12) : 74.[ Sk, XAHZE . B X T e 4 Jm 15
WIS B LT ], ST bR, 2016(12): 74.]

GAN Fengwei, WANG Jingjing. Review of study on survey and
remediation of soil contamination by heavy metalin nonferrous
metal milling areal J |. Mineral Exploration, 2018, 9(5): 1 023-
1030.[H T, E35# . A 4RO X L 4w 15 JuiE 4
S g Utk I]. 5 s, 2018, 9(5): 1023-1030.]
ZHOU Yi, HU Wenyou, HUANG Biao, et al. Current status
and research progress of heavy metal pollution in soils surround-
ing highways of China[J]. Environmental Monitoring in Chi-
na, 36(5): 112-120.[ JA4G , 130K, b , 55 . 3 [ e e 0 i
JRl 30 e 4 R TS QBRSPS g R (T ). b ER ST, 36
(5): 112-120.]

GUAGLIARDI I, CICCHELLA D, de ROSA R, et al. Assess-
ment of lead pollution in topsoils of a southern Italy area: analy-
sis of urban and peri-urban environment| J ]. Journal of Environ-
mental Sciences-China, 2015, 33: 179-187.

KHALIL A, HANICH L, HAKKOU R, ef al. GIS-based envi-

ronmental database for assessing the mine pollution: a case

study of an abandoned mine site in Morocco [J]. Journal of

Geochemical Exploration, 2014, 144: 468-477.

LI X, YANG H, ZHANG C, et al. Spatial distribution and trans-
port characteristics of heavy metals around an antimony mine
area in central China[J]. Chemosphere, 2017, 170: 17-24.
YUN S W, BAVEYE P C, KIM K B, et al. Effect of postmin-

China Academic Journal Electronic Publishing House. All rights reserved.

[36]

[37]

[38]

[39]

[40]

[41]

[43]

[44]

[45]

[46]

[47]

ing land use on the spatial distribution of metal(loid)s and their
transport in agricultural soils: analysis of a case study of Chun-
gyang, South Korea[J]. Journal of Geochemical Exploration,
2016, 170: 157-166.

SCHONBACHLER M, REHKAMPER M, LEE D C, et al.
Ton exchange chromatography and high precision isotopic mea-
surements of zirconium by MC-ICP-MS [J]. Analyst, 2004,
129(1): 32-37.

SCHONBACHLER M. Ion exchange chromatography [M ]/
WHITE W M. Encyclopedia of geochemistry: a comprehensive
reference source on the chemistry of the Earth. Cham: Springer
International Publishing, 2018: 731-736.

SCHONBACHLER M, FEHR M. Basics of ion exchange chro-
matography for selected geological applications [M]. Oxford:
Elsevier, 2013: 146.

PUDENZI M A, EBERLIN M N. Assessing relative electro-
spray ionization, atmospheric pressure photoionization, atmo-
spheric pressure chemical ionization, and atmospheric pressure
photo- and chemical ionization efficiencies in mass spectrome-
try petroleomic analysis via pools and pairs of selected polar
compound standards[J]. Energy & Fuels, 2016, 30(9): 7 125-
7 133.

VANHAECKE F, BALCAEN L, MALINOVSKY D. Use of
single-collector and multi-collector ICP-mass spectrometry for
isotopic analysis [J]. Journal of Analytical Atomic Spectrome-
try, 2009, 24(7): 863-886.

BECKER J S. Recent developments in isotope analysis by ad-
vanced mass spectrometric techniques-plenary lecture[J]. Jour-
nal of Analytical Atomic Spectrometry, 2005, 20(11): 1 173-
1 184.

CHEN Huanwen, HU Bin, ZHANG Xie. Fundamental princi-
ples and practical applications of ambient ionization mass spec-
trometry for direct analysis of complex samples [J]. Chinese
Journal of Analytical Chemistry, 2010, 38(8) : 1 069-1 088.
[ A S, WA, 5K . 52 e i B 20 A7 AR B9 D 55 )
[J]. 5k, 2010, 38(8): 1069-1 088.]

TENG F Z, DAUPHAS N, WATKINS J M. Non-traditional
stable isotopes: retrospective and prospective [J]. Reviews in
Mineralogy and Geochemistry, 2017, 82(1): 1-26.

ZHANG Y, BAO Z, LV N, et al. Copper isotope ratio mea-
surements of Cu-dominated minerals without column chroma-
tography using MC-ICP-MS([J]. Frontiers in Chemistry, 2020,
8. DOI:10.3389/fchem.2020.00609.

KIDDER J A, VOINOT A, SULLIVAN K V, et al. Improved
ion-exchange column chromatography for Cu purification from
high-Na matrices and isotopic analysis by MC-ICPMS[J . Jour-
nal of Analytical Atomic Spectrometry, 2020, 35(4): 776-783.

ZHONG Q, ZHOU Y, TSANG D C W, et al. Cadmium iso-
topes as tracers in environmental studies: a review[J]. Science
of the Total Environment, 2020, 736. DOI: 10.1016/j.scitotenv.
2020.139585.

HUANG Fang, TIAN Shengyu. Recent progresses in several

metal stable isotope systems: analytical methods, principles of

http://www.cnki.net



344

M BRBE R

i 38 4

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

(C)1994-2023

tracing, and important applications[J]. Bulletin of Mineralogy,
Petmlogy and Geochemistry, 2018, 37(5): 793-811.[ # 7, [
ZEif . T B FE R R R B E T S < LA [ R S
9% R (T] 0 W A b Bk Ak Al 4, 2018, 37(5) :
793-811. ]

YANG Juncheng, LI Guihua, JIANG Huimin, et al. Hotspot
fields of isotopes tracing in agricultural science[J]. Journal of
Isotopes, 2019, 32(3): 162-170.[ B2k , ZEHE 16, 22 B,
& LR R AN FI R RF s Ao [T ], R R, 2019, 32
(3): 162-170.]

CHENG H, HU Y. Lead (Pb) isotopic fingerprinting and its ap-
plications in lead pollution studies in China: a review[J]. Envi-
ronmental Pollution, 2010, 158(5): 1 134-1 146.

YIN N H, SIVRY Y, BENEDETTI M F, et al. Application of
Zn isotopes in environmental impact assessment of Zn-Pb met-
allurgical industries: a mini review [J]. Applied Geochemistry,
2016, 64: 128-135.

GUTTIKUNDA S K, JAWAHAR P. Atmospheric emissions
and pollution from the coal-fired thermal power plants in India
[J]. Atmospheric Environment, 2014, 92 449-460.
AEBISCHER S, CLOQUET C, CARIGNAN J, et al. Disrup-
tion of the geochemical metal cycle during mining: multiple
isotope studies of lake sediments from Schefferville, subarctic
Québec|J|. Chemical Geology, 2015, 412: 167-178.

USEPA. Post-processing IsoSource results[ Z/OL ]. United States
Environmental Protection Agency, 2016.[2022-01-10]. https://
WWwWw. epa. gov/eco-research/stable-isotope-mixing-models-esti-
mating-source-proportions.

USEPA. Stable Isotope mixing models for estimating source
proportions [Z/OL]. United States Environmental Protection
Agency, 2017. [2022-01-10]. https : //www.epa.gov/eco-research/
stable-isotope-mixing-models-estimating-source-proportions.
MOORE J W, SEMMENS B X. Incorporating uncertainty and
prior information into stable isotope mixing models[J]. Ecolo-
gy Letters, 2008, 11(5): 470-480.

PARNELL A C, INGER R, BEARHOP S, ef al. Source parti-
tioning using stable isotopes: coping with too much variation
[J]. PLoS ONE, 2010, 5(3). DOIL: 10.1371/journal.pone.0009672.
ROSE T, TELOUK P, KLEIN S, ef al. Questioning Fe iso-
topes as a provenance tool: insights from bog iron ores and al-
ternative applications in archeometry [J]. Journal of Archaeo-
logical Science, 2019, 101: 52-62.

FOWLER R H. The mathematical theory of non-uniform gases
[J]. Nature, 1939, 144: 993-995.

LANGMUIR 1. The evaporation, condensation and reflection
of molecules and the mechanism of adsorption[J]. Physical Re-
view, 1916, 8(2): 149-176.

KNUDSEN M. Molecular effusion and transpiration [J]. Na-
ture, 1909, 80: 491-492.

YANGJL, LIY B, LIU S Q, et al. Theoretical calculations of
Cd isotope fractionation in hydrothermal fluids [J]. Chemical
Geology, 2015, 391: 74-82.

NI P, MACRIS C A, DARLING E A, et al. Evaporation-in-

China Academic Journal Electronic Publishing House. All rights reserved.

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

duced copper isotope fractionation: insights from laser levita-
tion experiments[ J|. Geochimica et Cosmochimica Acta, 2021,
298: 131-148.

CAI H M, CHEN J B. Mass-independent fractionation of even
mercury isotopes| J]. Science Bulletin, 2016, 61(2): 116-124.
SOSSIPA, MOYNIER F, TREILLES R, et al. An experimen-
tally-determined general formalism for evaporation and isotope
fractionation of Cu and Zn from silicate melts between 1 300
and 1 500 °C and 1 bar[J]. Geochimica et Cosmochimica Acta,
2020, 288: 316-340.

WOMBACHER F, REHKAMPER M, MEZGER K. Determi-
nation of the mass-dependence of cadmium isotope fraction-
ation during evaporation[]]. Geochimica et Cosmochimica Ac-
ta, 2004, 68(10): 2 349-2 357.

MARECHAL C N, TELOUK P, ALBAREDE F. Precise analy-
sis of copper and zinc isotopic compositions by plasma-source
mass spectrometry [ J]. Chemical Geology, 1999, 156 (1/4) :
251-273.

MATTIELLI N, PETITJ CJ, DEBOUDT K, et al. Zn isotope
study of atmospheric emissions and dry depositions within a 5
km radius of a Pb-Zn refinery [1]. Atmospheric Environment,
2009, 43(6): 1265-1272.

BIGALKE M, WEYER S, KOBZA J, et al. Stable Cu and Zn
isotope ratios as tracers of sources and transport of Cu and Zn
in contaminated soil [J]. Geochimica et Cosmochimica Acta,
2010, 74(23): 6 801-6 813.

CLOQUET C, CARIGNAN J, LEHMANN M F, ef al. Varia-
tion in the isotopic composition of zinc in the natural environ-
ment and the use of zinc isotopes in biogeosciences: a review
[T]. Analytical and Bioanalytical Chemistry, 2008, 390 (2) :
451-63.

FEKIACOVA Z, CORNU S, PICHAT S. Tracing contamina-
tion sources in soils with Cu and Zn isotopic ratios[ J]. Science
of the Total Environment, 2015, 517: 96-105.

SIVRY Y, RIOTTE J, SONKE J E, et al. Zn isotopes as trac-
ers of anthropogenic pollution from Zn-ore smelters the Riou
Mort-Lot River system|[J]. Chemical Geology, 2008, 255(3/4) :
295-304.

SHIEL A E, WEIS D, ORIANS K J. Evaluation of zinc, cad-
mium and lead isotope fractionation during smelting and refin-
ing [J]. Science of the Total Environment, 2010, 408 (11) :
2 357-2 368.

CHRASTNY V, CADKOVA E, VANEK A, ef al. Cadmium
isotope fractionation within the soil profile complicates source
identification in relation to Pb-Zn mining and smelting process-
es[J]. Chemical Geology, 2015, 405: 1-9.

ZHOU Y T, HE H P, WANG J, et al. Stable isotope fraction-
ation of thallium as novel evidence for its geochemical transfer
during leadzinc smelting activities[ J]. Science of the Total Envi-
ronment, 2022, 803. DOI:10.1016/j.scitotenv.2021.150036.
GORDON R B, GRAEDEL T E, BERTRAM M, et al. The
characterization of technological zinc cycles [J]. Resources,

Conservation and Recycling, 2003, 39(2): 107-135.

http://www.cnki.net



54 4

RS T R A R R BA

U] DX 98 i 5 G YR AT B S

345

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

(C)1994-2023

RODUSHKIN I, STENBERG A, ANDREN H, et al. Isotopic
fractionation during diffusion of transition metal ions in solution
[J]. Analytical Chemistry, 2004, 76(7): 2 148-2 151.
KAVNER A, BONET F, SHAHAR A, et al. The isotopic ef-
fects of electron transfer: an explanation for Fe isotope fraction-
ation in nature [J]. Geochimica et Cosmochimica Acta, 2005,
69(12):2971-2979.

KAVNER A, JOHN S G, SASS S, et al. Redox-driven stable
isotope fractionation in transition metals: application to Zn elec-
troplating [ J]. Geochimica et Cosmochimica Acta, 2008, 72
(7): 1731-1 741.

BLACK J R, JOHN S G, KAVNER A. Coupled effects of tem-
perature and mass transport on the isotope fractionation of zinc
during electroplating [J]. Geochimica et Cosmochimica Acta,
2014, 124: 272-282.

TONHA M S, GARNIER J, ARAUJO D F, et al. Behavior of
metallurgical zinc contamination in coastal environments: a sur-
vey of Zn from electroplating wastes and partitioning in sedi-
ments[J]. Science of the Total Environment, 2020, 743. DOI:
10.1016/j.scitotenv.2020.140610.

BIGALKE M, WEYER S, WILCKE W. Stable Cu isotope frac-
tionation in soils during oxic weathering and podzolization [J].
Geochimica et Cosmochimica Acta, 2011, 75(11): 3 119-3 134.
ARCHER C, VANCE D. Mass discrimination correction in
multiple-collector plasma source mass spectrometry: an exam-
ple using Cu and Zn isotopes [J]. Journal of Analytical Atomic
Spectrometry, 2004, 19(5): 656-665.

EHRLICH S, BUTLER I, HALICZ L, et al. Experimental
study of the copper isotope fractionation between aqueous
Cu(II) and covellite, CuS[J]. Chemical Geology, 2004, 209
(3/4): 259-269.

GUILBAUD R, BUTLER I B, ELLAM R M, et al. Fe isotope
exchange between Fe(Il) (aq) and nanoparticulate mackinawite
(FeSm) during nanoparticle growth [J]. Earth and Planetary
Science Letters, 2010, 300(1/2): 174-183.

WU L L, DRUSCHEL G, FINDLAY A, et al. Experimental
determination of iron isotope fractionations among Fei‘T-FeSaq-
Mackinawite at low temperatures: implications for the rock re-
cord[J]. Geochimica et Cosmochimica Acta, 2012, 89: 46-61.
KAFANTARIS F C A, BORROK D M. Zinc isotope fraction-
ation during surface adsorption and intracellular incorporation
by bacterial J]. Chemical Geology, 2014, 366: 42-51.
GELABERT A, POKROVSKY O, SCHOTT J, et al. Metal
adsorption by diatoms: a surface complexation model[J]. Geo-
chimica et Cosmochimica Acta, 2006, 70(18). DOI: 10.1016/
j.£ca.2006.06.397.

GELABERT A, POKROVSKY O S, REGUANT C, ef al. A
surface complexation model for cadmium and lead adsorption
onto diatom surface [J]. Journal of Geochemical Exploration,
2006, 88(1/3): 110-113.

COUTAUD A, MEHEUT M, VIERS J, ef al. Zn isotope frac-
tionation during interaction with phototrophic biofilm [J].

Chemical Geology, 2014, 390: 46-60.

China Academic Journal Electronic Publishing House. All rights reserved.

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

-

[101

[102]

POKROVSKY O S, VIERS J, EMNOVA E E, ef al. Copper
isotope fractionation during its interaction with soil and aquatic
microorganisms and metal oxy (hydr) oxides: possible structur-
al control [J]. Geochimica et Cosmochimica Acta, 2008, 72
(7):1742-1757.

NAVARRETE J U, BORROK D M, VIVEROS M, et al. Cop-
per isotope fractionation during surface adsorption and intracel-
lular incorporation by bacterial J|. Geochimica et Cosmochimi-
caActa, 2011, 75(3): 784-799.

DUCHER M, BLANCHARD M, BALAN E. Equilibrium iso-
topic fractionation between aqueous Zn and minerals from first-
principles calculations [J]. Chemical Geology, 2018, 483:
342-350.

DUCHER M, BLANCHARD M, BALAN E. Equilibrium zinc
isotope fractionation in Zn-bearing minerals from first-princi-
ples calculations[ ] ]. Chemical Geology, 2016, 443 87-96.
BIGALKE M, WEYER S, WILCKE W. Copper isotope frac-
tionation during complexation with insolubilized humic acid[J].
Environmental Science & Technology, 2010, 44: 5 496-5 502.
FUJII T, MOYNIER F, BLICHERT T J, et al. Density func-
tional theory estimation of isotope fractionation of Fe, Ni, Cu,
and Zn among species relevant to geochemical and biological
environments [J]. Geochimica et Cosmochimica Acta, 2014,
140: 553-576.

MATTHIES R, KRAHE L, BLOWES D W. Zinc stable iso-
tope fractionation upon accelerated oxidative weathering of sul-
fidic mine waste [J]. Science of the Total Environment, 2014,
487: 97-101.

ZHANGY X, WEN HJ, ZHU C W, et al. Cd isotope fraction-
ation during simulated and natural weathering[J]. Environmen-
tal Pollution, 2016, 216: 9-17.

ROEBBERT Y, RABE K, LAZAROV M, et al. Fractionation
of Fe and Cu isotopes in acid mine tailings: modification and
application of a sequential extraction method[J]. Chemical Ge-
ology, 2018, 493: 67-79.

ZHANG Miaoyue, YIN Wei, WANG Yi, et al. Research prog-
ress on the environmental behavior of heavy metals in soil tracing
by stable isotopes [J]. Acta Pedologica Sinica, 2022, 59 (5) :
1215-1227. [5KI0 A Ik, TR 55 R R R i e
B R WEAT ek R [T]. AR, 2022,59(5)
1215-1227.]

OCHOA G R, WEISS D. Zinc isotope variability in three coal-
fired power plants: a predictive model for determining isotopic
fractionation during combustion [J]. Environmental Science &
Technology, 2015, 49(20): 12 560-12 567.

JUILLOT F, MARECHAL C, MORIN G, et al. Contrasting
isotopic signatures between anthropogenic and geogenic Zn and
evidence for post-depositional fractionation processes in smelt-
er-impacted soils from northern France[J]. Geochimica et Cos-
mochimica Acta, 2011, 75(9): 2 295-2 308.

WANG D D, ZHENG L G, REN M X, et al. Zinc in soil re-
flecting the intensive coal mining activities: evidence from sta-

ble zinc isotopes analysis[J]. Ecotoxicology and Environmental

http://www.cnki.net



346 M BRBE R

i 38 4

Safety, 2022, 239. DOI: 10.1016/j.ecoenv.2022.113669.

[103] JUILLOT F, MARECHAL C, PONTHIEU M, ef al. Zn isoto-
pic fractionation caused by sorption on goethite and 2-Lines fer-
rihydrite [J]. Geochimica et Cosmochimica Acta, 2008, 72
(19): 4 886-4 900.

[104] LIUY H, GAO T, XIAY F, et al. Using Zn isotopes to trace
Zn sources and migration pathways in paddy soils around min-
ing area [J]. Environmental Pollution, 2020, 267. DOI: 10.
1016/j.envpol.2020.115616.

[105] XIAY F, GAO T, LIU Y H, et al. Zinc isotope revealing
zinc’s sources and transport processes in karst region [J]. Sci-
ence of the Total Environment, 2020, 724. DOI: 10.1016/j.sci-
totenv.2020.138191.

[106] CLOQUET C, CARIGNAN J, LIBOUREL G, et al. Tracing
source pollution in soils using cadmium and lead isotopes [ J].
Environmental Science & Technology, 2006, 40: 2 525-2 530.

[107] ZHU C W, WEN H J, ZHANG Y H, et al. Characteristics of
Cd isotopic compositions and their genetic significance in the
lead-zinc deposits of SW China[J]. Science China Earth Sci-
ences, 2013, 56(12): 2 056-2 065.

[108] WEN HJ, ZHANG Y H, CLOQUET C, et al. Tracing sources
of pollution in soils from the Jinding Pb-Zn mining district in
China using cadmium and lead isotopes|J]. Applied Geochemis-
try, 2015, 52: 147-154.

[109] LI Haitao, YANG Xin, LEI Huaji, et al. Research progress of
cadmium stable isotopes [J]. Rock and Mineral Analysis,
2021, 40(1): 1-15.[ 4%, t 2%, HHeAE, 45 dRAeE [ A
EWFEHERELT]. A0 I, 2021, 40(1): 1-15.]

[110] WAN Dan, CHEN Jiubin, ZHANG Ting, et al. Cadmium iso-
tope fractionation and its applicationsin tracing the source and
fate of cadmium in the soil: a review [J]. Journal of Rockand-
MineralAnalysis, 2012, 41(3): 341-352.[ 7 £+, BRIAGK, 5k
15, A A IR 3R 30 M AR B R IR R RS % ki
PR R LT ] A0 P, 2022, 41(3): 341-352.]

[111] IMSENG M, WIGGENHAUSER M, KELLER A, ef al. Fate
of Cd in agricultural soils: a stable isotope approach to anthro-
pogenic impact, soil formation, and soil-plant cycling[J]. En-
vironmental Science & Technology, 2018, 52(4): 1 919-1 928.

[112] SALMANZADEH M, HARTLAND A, STIRLING C H, et
al. Tsotope tracing of long-term cadmium fluxes in an agricultur-
al soil [J]. Environmental Science & Technology, 2017, 51
(13): 7369-7 377.

[113] WIGGENHAUSER M, BIGALKE M, IMSENG M, et al. Us-
ing isotopes to trace freshly applied cadmium through mineral
phosphorus fertilization in soil-fertilizer-plant systems[J]. Sci-
ence of the Total Environment, 2019, 648: 779-786.

[114] LID D, LIU S A, LI S G. Copper isotope fractionation during
adsorption onto kaolinite: experimental approach and applica-
tions[J]. Chemical Geology, 2015, 396 74-82.

[115] KUSONWIRIYAWONG C, BIGALKE M, CORNU S, et al.
Response of copper concentrations and stable isotope ratios to
artificial drainage in a French Retisol [J]. Geoderma, 2017,
300: 44-54.

[

[l

[l

[

[

[

[

[

[

[116] VIERS J, GRANDE J A, ZOUITEN C, et al. Are Cu isotopes

a useful tool to trace metal sources and processes in Acid Mine
Drainage (AMD) context?[J]. Chemosphere, 2018, 193: 1 071-
1079.

WALL A J, MATHUR R, POSTJ E, et al. Cu isotope fraction-
ation during bornite dissolution: an in situ X-ray diffraction
analysis[J]. Ore Geology Reviews, 2011, 42(1): 62-70.
VANCE D, MATTHEWS A, KEECH A, et al. The behaviour
of Cu and Zn isotopes during soil development: controls on the
dissolved load of rivers [J]. Chemical Geology, 2016, 445:
36-53.

MATHUR R, JIN L, PRUSH V, et al. Cu isotopes and concen-
trations during weathering of black shale of the Marcellus For-
mation, Huntingdon County, Pennsylvania (USA)[J]. Chemi-
cal Geology, 2012, 304/305: 175-184.

LIUS A, TENGF Z, LIS, et al. Copper and iron isotope frac-
tionation during weathering and pedogenesis: insights from sap-
rolite profiles [J]. Geochimica et Cosmochimica Acta, 2014,
146: 59-75.

El AZZI D, VIERS J, GUIRESSE M, et al. Origin and fate of
copper in a small Mediterranean vineyard catchment: new in-
sights from combined chemical extraction and delta “Cu isoto-
pic composition [J]. Science of the Total Environment, 2013,
463/464: 91-101.

BLOTEVOGEL S, SCHRECK E, AUDRY S, et al. Contribu-
tion of soil elemental contents and Cu and Sr isotope ratios to
the understanding of pedogenetic processes and mechanisms in-
volved in the soil-to-grape transfer (Soave vineyard, Italy)[J].
Geoderma, 2019, 343 . 72-85.

BIGALKE M, KERSTEN M, WEYER S, ef al. Isotopes trace
biogeochemistry and sources of Cu and Zn in an intertidal soil
[J]. Soil Science Society of America Journal, 2013, 77 (2) :
680-691.

KRIBEK B, SIPKOVA A, ETTLER V, ef al. Variability of
the copper isotopic composition in soil and grass affected by
mining and smelting in Tsumeb, NamibialJ]. Chemical Geolo-
gy, 2018, 493: 121-135.

DOTOR-ALMAZAN A, ARMIENTA-HERNANDEZ M A,
TALAVERA-MENDOZA O, et al. Geochemical behavior of
Cu and sulfur isotopes in the tropical mining region of Taxco,
Guerrero (southern Mexico) [J]. Chemical Geology, 2017,
471: 1-12.

MIHALJEVIC M, BAIETA R, ETTLER V, et al. Tracing the
metal dynamics in semi-arid soils near mine tailings using stable
Cu and Pb isotopes|J |. Chemical Geology, 2019, 515: 61-76.
SILLEROVA H, CHRASTNY V, VITKOVA M, et al. Stable
isotope tracing of Ni and Cu pollution in North-East Norway:
potentials and drawbacks [J]. Environmental Pollution, 2017,
228: 149-157.

[128] JIMENEZ-MORENO M, BARRE J P G, PERROT V, et al.

Sources and fate of mercury pollution in Almaden mining dis-
trict (Spain) : evidences from mercury isotopic compositions in

sediments and lichens[ J]. Chemosphere, 2016, 147 430-438.

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



55 4 1] RS T R A R R BA

U] DX 98 i 5 G YR AT B S

347

[129] JISKRA M, WIEDERHOLD J G, BOURDON B, et al. Solu-
tion speciation controls mercury isotope fractionation of Hg (1)
sorption to goethite [J]. Environmental Science & Technology,
2012, 46(12): 6 654-6 662.

[130] GHOSH S, SCHAUBLE E A, COULOUME G L, et al. Esti-
mation of nuclear volume dependent fractionation of mercury
isotopes in equilibrium liquid-vapor evaporation experiments
[J]. Chemical Geology, 2013, 336: 5-12.

[131] BLUM J D, JOHNSON M W. Recent developments in mercury
stable isotope analysis [J]. Reviews in Mineralogy and Geo-
chemistry, 2017, 82: 733-757.

[132] PRIBIL M J, RIMONDI V, COSTAGLIOLA P, et al. Assess-
ing mercury distribution using isotopic fractionation of mercury
processes and sources adjacent and downstream of a legacy
mine district in Tuscany, Italy [J]. Applied Geochemistry,
2020, 117. DOI: 10.1016/j.apgeochem.2020.104600.

[133] CAO F, MENG M, SHAN B, et al. Source apportionment of
mercury in surface soils near the Wuda coal fire area in Inner
Mongolia, China[J]. Chemosphere, 2021, 263. DOI:10.1016/
j.chemosphere.2020.128348.

[134] ZHU W, LI Z G, LI P, et al. Re-emission of legacy mercury
from soil adjacent to closed point sources of Hg emission[J].
Environmental Pollution, 2018, 242(PtA): 718-727.

[135] BAPTISTA-SALAZAR C, HINTELMANN H, BIESTER H.
Distribution of mercury species and mercury isotope ratios in
soils and river suspended matter of a mercury mining area[J].
Environmental Science: Processes & Impacts, 2018, 20(4) :
621-631.

[136] QIU Xiaofei, LU Shansong, TAN Juanjuan, et al. Advances in
Tl isotopic analysis and its geological application[J]. Earth Sci-
ence—Journal of China University of Geosciences, 2014, 29
(6): 705-714.[ERWH &, /5 LS IR AR , 45 . &R0 23R S B 8
AR B FLAE 2 o g o P (0], R 25— v ]t T K 2 2
i, 2014, 29(6): 705-714.]

[137] JIA Yanlong, XIAO Tangfu, NING Zengping, et al. Thallium
isotopes and environmental tracing[J]. Bulletin of Mineralogy ,
Petrology and Geochemistry, 2010, 29(3): 311-315.[ % E ¥,
H BT, T S R R R R R R s B [T ], 5
FA BRI, 2010, 29(3): 311-315.]

[138] HOWARTH S, PRYTULAK J, LITTLE S H, et al. Thallium
concentration and thallium isotope composition of lateritic ter-
rains [J]. Geochimica et Cosmochimica Acta, 2018, 239:
446-462.

[139] KERSTEN M, XIAO T, KREISSIG K, ef al. Tracing anthro-
pogenic thallium in soil using stable isotope compositions [J].
Environmental Science & Technology, 2014, 48(16) : 9 030-
9 036.

[140] VANEK A, VEJVODOVA K, MIHALJEVIC M, et al. Thalli-
um and lead variations in a contaminated peatland: a combined
isotopic study from a mining/smelting area[J]. Environmental
Pollution, 2021, 290. DOI:10.1016/j.envpol.2021.117973.

[141] GROSSLOVA Z, VANEK A, OBORNA V, et al. Thallium

contamination of desert soil in Namibia: chemical, mineralogi-

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

cal and isotopic insights [J]. Environmental Pollution, 2018,
239 272-280.

[142] VANEK A, GROSSLOVA Z, MIHALJEVIC M, et al. Isoto-
pic tracing of thallium contamination in soils affected by emis-
sions from coal-fired power plants [J]. Environmental Science
& Technology, 2016, 50(18): 9 864-9 871.

[143] VANEK A, GROSSLOVA Z, MIHALJEVIC M, et al. Thalli-

um isotopes in metallurgical wastes/contaminated soils: a novel

tool to trace metal source and behavior[J]. Journal of Hazard-

ous Materials, 2018, 343: 78-85.

RATIE G, QUANTIN C, JOUVIN D, er al. Nickel isotope

fractionation during laterite Ni ore smelting and refining: impli-

[144

[

cations for tracing the sources of Ni in smelter-affected soils
[T]. Applied Geochemistry, 2016, 64: 136-145.
RATIE G, QUANTIN C, MAIAD F A, et al. The behavior of

nickel isotopes at the biogeochemical interface between ultra-

[

[145

mafic soils and Ni accumulator species [J]. Journal of Geo-
chemical Exploration, 2019, 196: 182-191.
ZELANO I O, CLOQUET C, van der ENT A, et al. Coupling

nickel chemical speciation and isotope ratios to decipher nickel

[146

[

dynamics in the Rinorea cf. bengalensis-soil system in Malay-
sian Borneo[ J]. Plant Soil, 2020, 454(1/2): 225-243.
[147] ZELANO 1 O, CLOQUET C, FRAYSSE F, et al. The influ-
ence of organic complexation on Ni isotopic fractionation and
Ni recycling in the upper soil layers [J]. Chemical Geology,
2018, 483: 47-55.
[148] WASYLENKI L E, HOWE H D, SPIVAK-BIRNDORF L J,
et al. Ni isotope fractionation during sorption to ferrihydrite:
implications for Ni in banded iron formations[ J . Chemical Ge-
ology, 2015, 400: 56-64.
RATIE G, JOUVIN D, GARNIER J, et al. Nickel isotope frac-
tionation during tropical weathering of ultramafic rocks [J].
Chemical Geology, 2015, 402: 68-76.
[150] WANG S J, WASYLENKI L E. Experimental constraints on re-

construction of Archean seawater Ni isotopic composition from

[149

[l

banded iron formations [J]. Geochimica et Cosmochimica Ac-
ta, 2017, 206: 137-150.

[151] CHETELAT J, NIELSEN S G, AURO M, et al. Vanadium sta-
ble isotopes in biota of terrestrial and aquatic food chains[J]. En-
vironmental Science & Technology, 2021, 55(8): 4 813-4 821.

[152] HUANG Y, LONG Z J, ZHOU D, et al. Fingerprinting vana-
dium in soils based on speciation characteristics and isotope
compositions[ J]. Science of the Total Environment, 2021, 791.
DOI:10.1016/j.scitotenv.2021.148240.

[153] QIN Aihua, YU Chengguang, LI Kuo, ef al. Mining of Chai-
he Pb-Zn deposit in Liaoning Province and reconstruction of
its heavy metal pollution record [J]. Geoscience, 2014, 28
(3): 537-543.[ ZEAR, T, 2548, 5 10T S A0
FRGEA R Y (1], AT, 2014, 28(3):
537-543.]

[154] SYMEONIDES C. Tree-ring analysis for tracing the history of
pollution-application to a study in northern Sweden[J]. Journal

of Environmental Quality, 1979, 8(4): 482-486.

http://www.cnki.net



348 HiERBL 2 1 e 538 %

[155] THEVENON F, GUEDRON S, CHIARADIA M, et al. (Pre-) [156] COUILLARD Y, CATTANEO A, GALLON C, et al. Sources
historic changes in natural and anthropogenic heavy metals de- and chronology of fifteen elements in the sediments of lakes af-
position inferred from two contrasting Swiss Alpine lakes [J]. fected by metal deposition in a mining areal J |. Journal of Pale-
Quaternary Science Reviews, 2011, 30(1/2): 224-233. olimnology, 2007, 40(1): 97-114.

Advances in the Application of Metal Stable Isotopes for
the Identification of Heavy Metal Sources in Soil in
Mining- and Smelting-Affected Areas’

XIA Yafei"?, LIU Yuhui"?, GAO Ting', LIU Chengshuai"
(1. State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang 550081, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Heavy metal migration and enrichment in areas affected by mining and smelting cause severe
soil contamination. A thorough understanding of the sources and migration of heavy metals in the soil is the
scientific basis for the efficient treatment of soil pollution. In recent years, metal stable isotopes have shown great
advantages in identifying sources of soil heavy metal contamination and analyzing heavy metal migration
processes, thus acting as powerful tools to trace the environmental behavior of heavy metals. In this paper, we
reviewed the analysis technology, tracing principles, and tracing models of metal stable isotopes, determined
the isotope fractionations caused by mineral mining and smelting processes (high-temperature smelting,
electrochemical processes, and tailing weathering), and discussed the representative applications of metal stable
isotopes in the traceability of soil pollution in mining- and smelting-affected areas. The V isotope system is in the
initial stages of investigation, and its applications in heavy metal soil source analysis are relatively lacking.
Zn, Cd, and Hg isotopes are advantageous for identifying heavy metal contamination sources associated with
high-temperature smelting processes. Cu, Tl, and Ni isotopes can directly indicate the ore content of the soil.
However, some problems remain, such as the difficulty in analyzing certain systems of metallic stable isotopes,
limitations in the application of tracer models, and source uncertainties due to isotope fractionation. Therefore, in
the future, it will be necessary to further explore and optimize metal isotope analysis methods, establish more
metal stable isotope fingerprints, develop traceability models with stronger applicability and more accurate
results, comprehend the characteristics and mechanisms of isotope fractionation in complex interfacial processes
and reactions, and strengthen the practical application of metal stable isotopes to trace the history of soil heavy
metal pollution.

Key words: Metal stable isotopes; Mining/Smelting activities; Source apportionment; Soil heavy metal
pollution.
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