hEIR SRS 2026,46(3): 1533~1542 China Environmental Science

G B SCAE TR L K- DR SRR R AL 32 40 R S ek (3], T EEREERLE, 2026,46(3):1533-1542.
Liu D H, Cao K W, Liao W, et al. Copper isotope fractionation and transformation at the acid mine drainage-sediment interface in mining areas [J]. China
Environmental Science, 2026,46(3):1533-1542.

o XER R WL E KR R AR AR B SR

St R B S 3 A 2B RAE T (L R R B ARSI S HEESO, R TN 5106505 2.8 B
R R AN P 5 YA T A T S S VIPE 9 330063 3. FI T EERMA S ASE TAESBL AR M 510515)

THE: AT X 3 ASAS ALY X IR L% K (AMD) 1R S iU A FE T Cu [ 7 3 2 W0 B 4 WA, 45 & FRAL SR AT 5 Cu
WK B VT 1 D 36 B LAk 45 R B, T R L S R X W SRR X A B b 2 R KOS IRO UURR Z TE) Cu [ 3R A 4 (0.3 £
0.01)%0~(1.5+0.07)%0+ (0.6110.01)%0F(1.03 0.02)%o, % W AR F 0™ X 2 [ — ™ XA [ s AMD A& Cu WAL #4018 B A 2 5, B 2 TR
BRAL e T e, BRI 45 25 LA 536 O, 20V RUBE B M1 8/ A WL % T v AT BB A6 0 45 25 A1 385 DK, 238 RO BE TSR PR LA B S 0 W
Bt S H HUBRZS A2 Cu 78 AMD R R P IT B e AL 1 DG HE B 1 Cu B8 ) 28 PR AE W] D SR FCHI 20 AT X 1) AMD & R b Cu 3TRE 1 G HE X
TR T B

KEEIR: YD LK DR M WRIR S TR

FESES: X142 XHRFRIRES: A XEHS: 1000-6923(2026)03-1533-10
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Abstract: The heavy metal copper (Cu) in acid mine drainage (AMD) is an essential element for organisms but potentially toxic. To
control its environmental impact, it is necessary to investigate the factors that influence Cu migration in AMD-sediment interfaces.
This study investigated the isotopic composition and fractionation characteristics of Cu in AMD systems from three different mining
areas in central China. By coupling these isotopic signatures with detailed physicochemical analyses, we elucidated the key factors
and mechanisms controlling Cu adsorption and migration. The results revealed that the Cu isotope fractionation between solutions
and sediments in the Dingjiashan gold-copper-sulfur mining area, the Guanchao lead-zinc mining area, and the Qiaolichong
polymetallic mining area ranged from (0.3£0.01)%o to (1.5+0.07)%o, (0.614+0.01)%o, and (1.03+0.02)%o, respectively. This indicates
that Cu isotope fractionation in AMD systems varies across mining areas and at different locations within the same mining area. The
trends in the primary Cu species in sediments are consistent with those in AMD systems, and exhibit a clear pattern: as sediment
Fe-oxide content and the proportion of Fe-/Mn-oxide-bound Cu increase, the isotopic fractionation magnitude decreases; conversely,
elevated sulfur/organic matters and a larger fraction of organic- sulfide-bound Cu amplify the fractionation scale, confirming that
mineral adsorption and organic-sulfur complexation are the key factors governing Cu mobility and transformation in AMD systems.
These results suggest that the characteristics of Cu stable isotope fractionation may serve as a potential tool to explore the key factors
controlling Cu migration in AMD systems across different mining areas.
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Table 1 Tessier seven—step extraction process
Cu JB& AW A
AL HA(F1) 10mL MgCly(1mol/L) WE% 1h
% B A (F2) 15mL NaOAc(1mol/L pH =5.0 ] HOAc 1) #%% Sh
R RE A AF3) 20mL NayP,07(0.1mol/L pH =1.0 H HCI 75) #% 2h
JEIIR S 6 A (F4) 20mL NayP,0(0.1mol/L pH =10.0 | NaOH %) #% 2h
MM L G A(FS) 20mL NH,OH-HCI (0.04mol/L 25% HOAc(V/V)) [ k435 6h,96°C
R ALE 2 (F6) 12mL 30% H,Ox(pH =2.0 1] HNOj; i 1) l‘ﬂm{éi% 5h,85°C
5mL NH,OAC(3.2mol/L 20% HNOs(V/V)) P& 0.5h
TRt A (F7) 19mL HNO3;-HC10,~HF(15:2:2.V/V/V) TIHR iRt
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RN G, 25T, 88 N R £ 7K (HNOs:HCl=
3mL:ImL)4kSE T 130°C T 9 fif 22 3 Vv v T A4
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Table 2 Cu sample purification procedure
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2 HR5SH

2.1 X AMD FEALME 5
Wi 3 PR, THRIE X AMD /KEE(G1~G3) 2
IR ME(pH=2.160~2.860); M ELH[X 1] AMD 7KAE(L1)
L Z AR (pH =3.450); T AF L i ™ X 4 223t (P1)
AMD JKHE S 8RB (pH =11.75). T K 1U#" X G1~G3
RERT I R ZK I Cu iR 5 4 9.937~2002mg/L, {H AT HL
PRSI X PR 1L R KRR Cu & m A,
5351 4 0.0060mg/L(P1) Al 0.3050mg/L(L1). Al I,
AMD JE/KH Cu 2 pH i 2 HL— 3 AR a5
RV 1k 4 A WU ) o 1 4 e R ) e R st
NIKFEH.

THRIY X AMD [ Fe. Cd. Zn “5FHE 158
J BB T (T SO CLHT NO; )z & T LA™
DX MR BL P X A — AN X T i ) i,
I R P P B A R PR . S A A B P
CI IR PR NO5 W BN 5, 117 SOL> VR I,
2.2 PR IER

FHE 4 7] WL AR E 11 R KR AMD 7 R (G1~

G3 M LV)JURY) pH A8 LEAH N ZKAE pH 8 =, 177 Ab 2
W (P1)YUFR A pH AE A 8.570, LA B KB pH A (11.75)
fK.5 AMD & FRIKFERLL [F— "X H1(G1~G3),
SENT R I 3 6T (G ), A 9 R vy oA Ak B A
- AMD & RUTRY ST Rn R IR s, 4
B~ AMD A R (GHUURPIT Cu & & L™ (L1)
ELERTE DY) Cdy Zn. As. Fe. AlAI Mn &
HEE#E,IF Gl F Cu. Cd. Zn. As. Fe. Al
- Mn [FE RSN 1195mg/kg. 11.76mg/kg
27792mg/kg. 145.6mg/kg. 8.296 % 0.3400 %A/
99.55mg/kg; L1 YTY Cu 5N 563.7mg/kg,Cd.
Zn. As. Fe. Al il Mn & &30 31.36mg/kg.
57036mg/kg. 8413mg/kg. 27.06 %. 0.4030 %L
2825mg/kg A X R, Ab b HLE (P T4 g
AL, Cus As. Cd. Zn F1 Fe & &9 5N
79.79mg/kg. 1.162mg/kg. 2.635mg/kg. 2294mg/kg
F17.806 %.

H LU A A Bt 0 0 (P 1), A AR AT 1 R 7K
AMD & R(G1~G3 Al LYY+ TOC. 54
L BT KL WSS B X SRR AT LK
SN 2.820~5.420g/kg . 8.300g/kg 5 14.52g/kg.
M ALBRIBITIEYI S 7 5 LU AR AL BRI it K.

#=3 AMD A Cu SEMEMIEXRSH

Table 3 Cu content and other related parameters of AMD solution

Fedh Cu(mg/L) As(mg/L) Fe(mg/L) Cd(mg/L) Al (mg/L) Mn (mg/L) Zn (mg/L) NO; (mg/L) Cl (mg/L) SOf’(g/L) TOC(mg/L) pHH
Gl 2002 2.775 463.4 10.50 70.53 172.3 34856 68.31 160.7 127.9 137.3 2.160
G2 9.937 0.6720 318.8 1.336 137.1 133.5 533.1 7.648 8.573 3.503 4.720 2.730
G3 44.47 0.6500 95.75 0.7550 119.0 34.21 929.1 8.903 7.916 1.974 5.360 2.860
L1 0.3050 n.d. 8.558 0.0230 0.9920 20.71 648.2 7.215 4.162 1.767 2.480 3.450
P1 0.0060 1.162 0.0430 0.0001 57.94 0.0030 0.0030 13.08 18.21 0.2110 15.60 11.75

VEmn.dRR AR,
Fz4 MY Cu BEMEMBRXSEH
Table 4 Cu content in sediments and other related parameters
FE i Cu(mg/kg) As(mg/kg) Fe(%) Cd(mg/kg) S(%) Al (%)  Mn(mg/kg) Zn(mgkg) TOC(mgkg)  pHIH
Gl 1195 145.6 8.296 11.76 7.037 0.3400 99.55 27792 2.820 2.380
G2 363.1 1442 9.154 1.701 1.266 0.3100 62.28 4305 4.680 2.440
G3 939.6 217.1 13.22 0.1890 3.064 0.1950 24.52 1186 5.420 2.820
L1 563.7 8413 27.06 31.36 2.541 0.4030 2825 57036 8.300 5.970
P1 79.79 1.162 7.806 2.635 2.166 0.9500 13760 2294 14.52 8.570

%R W% M 100g 5 b £ bg.

2.3 HIXUTHY) Cu. Fe Ml SO TEA
i 1(a)s 2 5 W40 RAAH 111 AMD A&,

T HE G WA AMD & R(GOUTRAYH A # 4 Cu
d7 LERTIE 55.76%, Ho R AR AR (21.31%) FIA HLEK
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WAL EE A Cu(16.13%), 2R AR 45 & 74 Cu MIXT A
(0.94%); MTEHTEEN (L 1)UTRY) Cu TRAF TE 25 WL IR H
FH R PR3 AS RS AR AT A 0.35%, JL k02
BRER A GRS AVEIEE, 250 17 9.20%F15.62%,
HRM A, &RRESE. BHREGE. knE
AR b7 LB A 14.42% . 17.96%. 22.94%Fl1
29.5%. IR 25 PR EVEER (L) VTR Cu %
5 R TR AT A R [ A, 1T < R R (G L) WU AR )
i g Cu 1) FZE 2 AL A 2 SRR
AR TR AT X CT LX) ST R
PH B U (G1), A8 #45 Cu & & 8m,1X 5 pH [HARL
— M B R (G3), A HLEE A4S Cu & &
LTI AMD A& R AP (P R4S TRR ) T B LA
MLEARAL I 45 54 Cu A F2(42.51%), H Ik oA Tkl &
(31.88%), &k il 45 & A& (7.13%) 5 JE i & 45 & &
(6.91%), 380 75 47 /b3 7 1) ' LR 45 65 45(5.89%),
P 25(3.25%) FIAZ #:25(2.43%).

P T VIR Fe TEAGRRRIEIUAS, R

(a) IBYMCuEE

(b) IBRYIRIFeTER

PR A DBC $2 B2 M1 SO, T 2% (K 5 25 MK Bt
A SO E R HIE 1) AE 1(c). 4 HRT
AMD 1A R(G1~G3)JiIRY) Fe JE#& L DBC $2£HU4
N PR $2 B S O 5 (DBC:11.01~40.14g/kg, 1 -
10.64~26.16g/kg), #h PR 4 HUA 5 5 AH X 48 2D (0.99~
3.79g/kg); R MR HLENZS Fe Sy iR (11 & i 55
g5 i IR A ), 2 DO T v i P 5 R B T
A Fe WUt o & g8 ), e 5 iR h A
HUER 2 VIAHICDCB $2HUAS Fe W JTAR M h 4 it
TUER S A0, 0t 1A &5 W e AR R BB (L 1)UL
AP Fe JEAS T RN B R PR S FIH R 1R
BN, 20 3k 25.56 1 33.72g/kg, il DBC #2HL
BB, 7.68g/ke A H M ITIEY(P1)T 3
A Fe EAGERIEIS . HREEA . DBC #2H
BV LR, 7354 0.81. 3.44. 1.29g/kg.G1 i
RERIKIERS SO, & Bl i (74.87g/kg), L1 sifff)
WA SOL” & it 5 56 (46.76g/kg),P1 AL A B
SRS BRI

(c) VIBYISO BE
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Fig.1 Cu, Fe, and SO,° occurrence forms in AMD sediments
Kl (a),F 1I=28 45 F 2= I A% F3=T8 TR 45 & A FA=T B IR 45 A A% F 5= ) 45 & A Fo=a ML B L 45 & 4 F 1=k it 4
Ning /% = 7. A~ EL S > Ng
2.4 PURWIRAE =PI, H CaO 5 MgO & 440 Lb T HAh A X ¢

XRF W10 5 & o A & &, 45 1
W2 6, T KL X AMD & &R (G1~G3)Ui 4 LA
SiO; N, H AR Fe,05 Al ALOs; ISR X U 24y
Fe,0;5 4 3,ALOs Al SiO, AH 5 AHA L, B FEL ey [X
POUTREYFEIFELL Si0, 4 H ALO; 4 FerO5 15

U, —# MAZLE 10%. 5T DR Bkl
CuO AAAE, T Z I XU A 0.090%~0.347%,
LA B PP X AH 24,73 514 0.168% 1 0.163%.
ST IEEAT XRD 2 &40 7, 45 S L 2, 30
Y E B A B (o BECL R AR A T
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2 PRI XRD i
Fig.2 XRD patterns of sediments
G QA1 HE4M: H 2z BE T BB ERAN C: 7 A P 3 ™ K i fy

£R5 MY XRD EE (Wt%)
Table 5 Sediment XRD quantitative (wt%)

R b e T U R R

Sty voBW 6 6

Gl 16.37 19.00 20.87 23.07 1.830 1.630 4.070 8.380 4.780

G2 9.400 2321 19.51 2225 4.010 0 3.810 13.39 4.420

G3 41.18 18.06 1390 5.250 4.390 0 0 15.19 0

L1 4320 29.85 3242 2845 4970 0 0 0 0
0

P1 4520 2395 2993 1533 6.110 0 2016 O

B i pEe

R6 MARMERPELDEEWN)

Table 6 Oxide content in sediment samples (wWt%)

Fedh MgO  ALO;  SiO,
Gl 0929 146 462

CaO MnO Fe,O; CuO ZnO
220 0.0460 169 0347 1.28
G2 0.750 243 46.8 0.462 0.0390 20.950 0.090 0.294
G3  0.690 114 485 0432 0.0230 284 0.256 0.103
L1 1.16 115 11.7 0.701 0.577 59.7 0.168 2.08
P1 2.83 151 53.1 721 0139 7.74 0.163 0.0240

2.5 AMD-UIRPIMAR Cu R 241k

3 ANETIX ) AMD A4 ZKEER 8°Cu 2y 1.13%0~
1.67%0(1& 3), YT 8%°Cu BA%, h 0.12%0~
0.84%o. [F]— " X v 25 A R R 25 AN A, Cu A4

FAMAZER, THEIUT X AMD A% Gl f1 G2 &5
G3 ) AMD ™ 8%Cu H 3 K, 40 3k (1.16+
0.01)%o,(1.67£0.05)%o0 F1(1.66+0.01)%o; #H S5z, U1 X
(1 8%Cu K U B, 2 1 4 (0.84+0.01)%0 « (0.50+
0.054)%0-5(0.12+0.02)%0. AH N #1,G1. G2 5 G3 [
A% Cupmp sediment HE V3 K, 23 511 24 (0.32£0.01)%o,
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Table 7 Studies on Cu isotope fractionation in different systems
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