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Abstract

Germanium is one of the important industrial raw materials in many high-tech fields. With the rapid develop-
ment of driverless technology, 5G communication technology, solar cell, and catalyzer industry, the demand of
germanium both in China and abroad will increase rapidly in the future. As one of the national important strategic
resources, germanium has been controlled strictly, managed, and preserved by most of countries, showing that the
geological exploration and strategic reserve of germanium resources constitute national strategic needs for national
sustainable development. The geochemical properties, crystal chemistry and mineralogy, geochemical behavior
and its control of germanium, and the global germanium-rich deposit types are summarized in this paper. The ger-
manium is abundant in most of Pb-Zn deposits in the Sichuan-Yunnan-Guizhou Pb-Zn metallogenic province and
exhibits a huge economic value, and the authors hold that this metallogenic province can be listed as a strategic
germanium resources base in China. Researches on the mechanism of germanium unconventional concentration

in the area will not only be beneficial for understanding the germanium geochemical behavior in Pb-Zn minera-
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lization and provide important geochemical information for understanding the lead-zinc mineralization in the ar-
ea, but also provide geological and geochemical evidence for the geological exploration and comprehensive utili-
zation of germanium resources in this area. Although China is the largest producer and exporter of germanium in
the world, most of its products belong to primary products. Therefore, the development of germanium deep pro-

cessing not only has broad prospects, but also will be the development trend of comprehensive utilization of ger-

manium resources in China.

Key words: geochemistry, germanium, dispersed elements, strategic mineral resources base, geochemical

property, mechanism of unconventional concentration, Sichuan-Yunnan-Guizhou Pb-Zn metallogenic province

YER—FM B a BT R, e R 2 @ H R
Bl ) B JERORE TR AR A S LRI A A B
PR AR LA AR R B BE L L A Ak
F AW B 2= AU B )z R N 7
RV h B EE A, 8 T 5 H 2 R
IRV 2 E GO0 LT A o R BRI A OO
S L A% 20035 Holl et al., 2007; Cook et al., 2015;
Klaus et al.,2017) . 440 9% J5 78 42 BR 53 A X 046
L, R EREE T BER AN TR 3L L B R
W IEAE A2 0 2 g 3870 . 3500 I il 860 Ml , 5
SERAE 41 R 45% 41% F1 10% , LR A2 5 48k
SVEE Y 96% , H FEIHEZS TS 60% (18G5, 24
BR i K A= = VR 11 (European Commission,
2010;2014) . 4EREE 7R EZORIE F4vRE0 1L AY |
J7 i B IR YRR AT IR R AR Y DG BRI R R
HALHRIRAE , xof H w8 AR A A S b BT
R M IR A =B 24 T AR 20 10 b 8 5 IR Y
SR AT, A SCHLE o B9 G5 AT [ PN D B b sk
b2 F i IR U ER AL 2A R 1E , &5 & N B A e 4
DX B R B B AR L, TR ST e D T U A A
TR T ) -

1 BRI PR o

B (Ge)TEAb - ou 2 A R A 155 4 JRH 2
VARG, KBy KA GR R, 8 Tk, b
P 55 ) 0 8 FLRE AR T , AN T oK CER R R oY
RO W, 1 T EK RIS PR BB R . 1885 4F , 1l
[ ) 2% % Weisbach & B T — Fl o (907 £, B
i %4 4 Argyrodite (B4R 5 0 , AggGeS,) , 1886 4F- 1
[l 4k 2% % Winkler 7E 53 BTk 20 ¥y vh 73 85 %000 &,
It LIEE AP T 44 Germania fir 4 1% 0 R 4§ (Ger-
manium) (Bernstein, 1985; i Y6 55,2003 ; 2 B 45,
2003 ;Holl et al.,2007) .

BB 32, IR F i 7259, IR F %
535 g/cm?, 1 A 937.4°C, Wi A 2830°C, HL B
7.88V, LM 2.0, HARF B & A SRR WA
R, BT AE X L g3 ) R °Ge (20.55%) (*Ge
(27.37%) 3Ge(7.67%) *Ge (36.74%) F175Ge (7.67%)
(TRIEHLEE,2003) , BLAMEF 9 NMEH AN TA WK
[l 7 F& , 1 $5°Ge.%Ge."Ge .®Ge .“Ge.”'Ge.
5Ge."Ge Fll %Ge. B [ HLTHT Ny 4s24p?, 58) VB
—FE RANZH T 18, LA ) A B e
BLL GeM R TR, &y TR U E AL G4, (A AE R 5 B
BT, Ge HIE L Ge* (U1 GeO FlGeS) , H Ik, [k 5%
P4 3 AT AR S (R D42 45, 1984 ; Bernstein,
1985).

4 R 22 B 5 A s S R A AR MRS B I
Hofrig . X Bk AR, AT AL SR = B w(Ge) o1
SR 11x1076~21x 1076 (Righter et al.,2011) 1 7x10-
(McDonough,2003) , 322 & 5 T 1 , 3 w(Ge)
A3 h 31x107°~58x10-6( Righter et al.,2011) F118.7x
10-°(McDonough, 2003) . J5 4 Hiu i 3% 3= B 44X
w(Ge)ZJ 4 1.1x1076(Dasch, 1996) , K 7 H1 7 F K il
Hi7E T R AR 2, w(Ge) 23 51 N 1.4x 1076 Al
1.5x10°(Taylor et al., 1995) . ©.A KHFZEEMH , A
Ivi] B b BRfb 2 IR o, 4 2 B0 S [R] 0 b sk Al 2
T A FE R A PE SR SRR M RIE A L

(1) FEAME BT EE R IR 24 %
AR, B AT LA AR RN ) d5e 1 2 H - 45 K AR T 1
R BES F2AR, H SR A T B (Ge*) & L 2R T[]
G (SiY) IE ARERRER T Wb o B TEHb ST P Y
HhER 21T A e W I P SR R AR RE R ER T 1 A
T, RIAE A M5 (0(Ge) 2 1.3x10°9) HX) F
JE A M2 (w(Ge)1.1x107%; Dasch, 1996) B & #2441
K w(Ge) 2N 0.5%x107°~0.6x 1076, H A [R5 A1
A (R RR B FIC e B AR A RIS 25 ) th 8
AN BEAh B SR E E A TE A K A
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M & P8 R oy 1 AR Al s 088 45 ) SO
W, XA A KA B A s s Y (=B Fy
R =B AHA ) (e £ AR A) B
il , AT LB O B 8% (Holl et al.,2007) . b, B3k
B PR FE A (w(Ge) N 1.1x1076) F1 B RHIE 47
(w(Ge)H 2.7 10-) AHXTHL S 4h , H 3k A LAk 2
A AR ) 0(Ge)ill FAK T 1076 F 2 .

(2) FERME - R o A TP i R AR L
w(Ge) 28 Ak I il 45 K (<0.1x 1076~ x 102 107%), {11 But-
ler meteorite H1 w(Ge) ik 2000x10-( Wasson, 1966 ) ,
— i B A TR A R T (w(Ge) 1T K
600x1070) . M} A7 2K Jox Bt A1 4 J& 2H o3 P 85 1) 5 i 1L
RERR £R 20 53 /85 10~70 % , ik 0T KOk [ A1 vt 5 A A
S v B85 S i (w(Ge) N 17.0x10°°~34.4x107°) (Bern-
stein, 1985) o &3 BRA Bt A1 H 84 7 1 DU AR X 34K,
T KA BRORL [ At R B T 458 (w(Ge) R 30
10°~50x 10, Luais, 2015) . K1tk , BitA7 7 A £ 5 &
WAE N X 438 5 B ARG T L 45 B 2 — (Bernstein,
1985) . BLAk, 58 B4 SR AR MR PR B AR A A A A v
B S T R TR R P S
B W TE OB R R 3 i AL ™ IR 11 4801k
PR B AR 3R] g R SR A NI TR P D TE
&5 AR BRE A . BRI EN, Geral L
JNR B 38 A SRR S ks B AR Fed, HA ARHL I AT
e N Get+Fe «>2Fe*, JE Bl 5 -k A AR, i AN []
B PR 2 A B R A AR ) AR B L 0T B S TR R R
W WG 2B (Fe,GeO,) Z (M) AF7E B VA4 o (E AR
B JE BRI B R B AR (w(Ge)
A 3K 5310 x 10°6) Fl AR 2k A (w(Ge) 7] 5 35 7000 x
10-%) 1 (Bernstein, 1985) .

(3) EAME « 85 76 A B R 28 B A 4 0 R v
BT A w4 A B AT BB A ST ) . AEAH
X 558 v B AR B ((S,)) L B AR I TR B AR 45 &
([GeS,1*) , #EMiTE BB AR 85 R ER 0 ) CUNBRAR B A
JREER B B A ) o AR — IR L P -AIG
T 750 3 S AP T PR RV B T DR T B A ) T R B
MIBR ALY (AN BT FIETRE™) o A FEAS 32 B ik
S IR0 8 H B A T s A A & AR ik
1 (Bernstein, 1985) .

(4) FEA P : AR A T, 5 0 ) FAEA ALY
s 4R ST R AR R ME—— S 5L A R
H2E M B IC K (Ho1 et al.,2007) , DA 11785 S5k BT
FUA A ALY 0 B A T 2 34 5o Bk 1 2% g

(Bernstein, 1985) . $7EA ALY & 4 — M E 22
T kA A R T TR AR X RS E B A B S
(hn:Ge S JEAEIR ) , M 7EMHEA/ B o 72 PR
BT IR WS G ) i e B2 Tk 4 1) 5 A A AL 1Y
1b4 %) (Holl et al., 2007 ; Rosenberg, 2008 ) .

IE & BT LR REI pY Hh ek A 7 v B, B AR =
T : (D Fe-Ni 7 (B4 M%) ;@ & Ay BFAR s 5
AR A T CONEER™ e e B A4 TR 3 R 114 B
) ;@ BRAAY T IR (KRB 0L 2k R &
W) @ By i Ak (LA Ay R
SRR ER AR EY) s & fhdh A s A MY RA
(B E AT AMEE);© BRSSP L
#E ) (Bernstein, 1985; Pokrovski et al., 1998; Holl et
al.,2007) .

2 AL ey

B (14 HL T4 LA [Ar]3d04s24p? , HLA AU 5
HL AP (2.0) , 55 DO AR BE 7 HAT AR i S5 R T . He
T4 248 (B 12480 39 pm, HE4 242 121 pm)
Ltk (872148 0 26 pm, L4242 116 pm) 8 R 4
oL, PR R 2505 (Ge*) 38 1 2 [m) 5 B 4 ik (Sit)
EET R Y (ATikx10°%) . SHEM L, &
T ] T AR/ NHAR T, 41 GeO, fn A 2518 5 4 1
£ (r-GeO,) AL, B B AN 6] T A1 254 (¢-GeO,) , 1M
N THA G Y 1 ) S8 A 40 CAnAR kT R4k ) vt g
K 3] — 5 & 144 (Bernstein et al., 1987) ., Kk, A
SR — OB AR E 1) Ge* b B9, & T 5 A M LA
LN HREE A TE B GeO, il GeS,, i Ge* k& ) il 7 51
5= A B, RMETE 258 KBl T 25°C AR M R
171F (Bernstein, 1985 ; Rosenberg, 2008 ) .,

HAR A B A B ) B A TR, B i iE
126 Fh (1) Hrpd o & W s ie ¥ Cnim 4R 5%
W (w(Ge)H 7%) K HW (w(Ge)H 14%~18%) F& 11
(w(Ge) M 6~10%) Hi A4 (w(Ge) A 4%~8% ) 55 Fll
SR (IR 2T w(Ge) R 32%) , HoAh Y 8554
B0 B BT B R R, X SR YR
BT RRIR I L BT S AR AR A ' LA R
R Horb BRI AT Y BGE 2200 [ R R 5
Cu,o(Zn,_,, Cu,) (Ge,_,, As )Fe,S ((0<x<1), il f Zn>"+
Ge* > Cu™+As*JE il )\ Zn 21| As %t 51 %) 37 A8 2 51
(Bernstein, 1986; Bernstein et al., 1989) , J& T 25 4h
RN EER F BB 5 £ 9 o T K85 B (Cuy(Fe, Zn)
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Table 1 Germanium mineral and its molecular formula

S Wb R/ & 731
TR Argyrodite Ag GeS, MBI (Ag,SnS )T [71 4 51
- Putzite (Cu,y,Ag;5)55GeSy
K" Briartite Cu,(Fe,Zn)GeS,
- Barquillite Cu,(Cd,Fe)GeS,
ikiakz0n Renierite (Cu,Zn), Fe,(GeAs),S
ALy FE R AL Germanocolusite Cu,,V(Ge,As),S
Ovamboite Cu,,(Fe,Cu);WGe,S ¢
Catamarcaite Cu,GeWS;
- Ge-stannoidite Cu,Fe,ZnGe,S |,
TARET Morozeviczite (Pb,Fe),Ge,_S,
AR Polkovicite (Fe,Pb),Ge,_S,
W Argutite GeO,
A Brunogeierite Fe,(Ge,Fe)O,
- Eyselite FeGe,0,(OH)
R Stottite FeGe(OH),
FREE SRR Manganostottite MnGe(OH),
SR - Otjisumeite PbGe, O,
YRR Bartelkeite PbFeGe,0q
- Carboirite FeAl,[(OH),0GeO,]
R ) Germanium-Lepidomelane (K,Na,H,0),Fe [GesAl,0,,](Ch(OH),)(?)
EqiveN A Mathewrogersite Pb,(Fe,Cu)AlLGe[(Si,0,),/(OH, H,0),]

11 - #% Bernstein, 1985 ; 1 60145, 2003 ; 2845, 2003 ; Holl et al., 2007 ; “-" FR B T 4 .

GeS,) FllER 4 #5 47 (Cu,,Fe,Ge,S,¢) [A] B H A 2 N £
45 ¥4 (Imbert et al., 1973 ; Tettenhorst et al., 1984) .
P T3k S0 B B ) P AR R A b BT R R — e
PR B 8w IR B 2 5 40 (AN [ Freiberg
IR , Moskalyk,2004) , ZHUUH T2 X

3 BERYEUARE ) KA RAL

BT, 2B EA LN ER & 0 Y LUN B
1 (Holl et al., 2007) , R0 ZFpSALE R 5
U, S AR 25 R R AR P 1 LR A8 25 0 K 4 1 i T
%, NH WA Fe.Cd.Ga.Ge #l1n (e.g., Moskalyk,
2004; Alfantazi et al, 2003, Holl et al., 2007; Cook et
al.,2009;2012; Ye et al.,2011), 3 & A4 — L6 H A f i
JEZE (I Ag.Cu. Tl As #1Sb %, Mohund et al, 1978;
Cook et al.,2012) , XKLL TCR AU S E F &1
BRI A5 B SR R R 5 1945 24 F- Bt (Zhang,
1987 ; Di Benedetto et al., 2005; Cook et al., 2009; Ye
etal.,2011; 552 ,2016; Yuan et al.,2018) , BH f 32

YR AT R A BT R AT 255 R B AR AR T
R, AABEETOE, W Ge In,Ga Fl Cd 55, f H
BN BEA 1 BT & B w(Ge) fi (55 AT 3% 3000 1076 LA |
(Bernstein, 1985) . A MBI 2B, 07 R 04 B iR
J (Moller et al., 1987 ) A4 R A% K 25 %1 (Cook et al.,
2009; Ye et al., 2011) &5 [N 546 o Ge Fl Ga 5 £
ARG EMNELERNER, — L2 BN Get i i
Y DU T A 1Y sp® 5 B LA AL A AE T B AL
A4 U TA] A4S C f37 /4 P (Tettenhorst et al., 1984; Bern-
stein, 1985 ; Bernstein et al., 1989) , & i {5 25 %tk [N
PER AR AR XN R DR IR R TR B T
INEER FIL5 DN R A ARG B i i A v (A s i
T A el 4 R BEAR ) SR T — e B R . DR
i3 LA-ICP-MS FEAT i 2RI 5T, 42 1 Cd  Co 45
JUE I R Zo2 AN A, In® Hl Ge*
Al fig LA & 2 AR 08 22k A DN BE0 @ 4% (Cook et
al.,2009; Ye et al., 2011 ; Belissont et al.,2014 ), {HZ&
NEF s o0 2R DA RO X0 A8 i A B R
B HUAR S BT P i R 2 Ge TEIN BRI rh At 25
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VLB AL i AEAE BRI, g - D B4 e
B2 Cu+Cu*+Ge* <> 4Zn** (Johan, 1988) ;@ H
AL Zn* (Ge* <> Zn*) (Cook et al., 2009; Ye et
al.,2011) ;3 Ge* fil Ag" B £ Zn (3Zn?" <> Ge*
+ 2Ag") (Belissont et al., 2014) ; @ Ge* {1t (Zn**,
Fe?*) 45 44 v (14 23 6 R 42 H faf oF- 47 (Cook et al.,
2015) ;& i AR A EAR 3Zn2 o Get+2Cut, B A
PR 1 Ge-Cu IEAHIC K R, B0 Ge 5 M ITR AFHK
B, a8 3 7 A A 2 A7, AN 2Zn%t o Gt (%5 437)
(Belissont et al.,2016) . ZEFH7EXT )1 EEEF AT
B R E IR RIS i R, RN R
Ge.Cu#l Ag, H Ge 5 CufF E IR IF MR E R R L HE
LA-ICP-MS [fi 5371 €l 1, Ge 55 Cu £EZE AR 4 (1 4]
I FR TR EERE 42 nCutGeor (n+1)Zn AL,
FFIN I AT BRI N PER K & 4 Ge 1Y B %2
JRH 2 — (3R 4 ,2016) . Bk Pl FEfEN Z—
SEINEED T Ge FUHAL G TR A M A, X BLIEHI 2
TRANIH Ge SR TR TE N BRI ACHL
AN AN [A] R R PR 9 I BE T T i T 2 Ge (Fe
Mn . Co 7 1 A JA] (Cook et al., 2009; Ye et al., 2011;
Frenzel et al.,2016) , H: Ge B ACHL & 15 77 1F 25 57
A R E IR ARIFSY

DRVBE AT ) Y 1) A B Ak ) o B A — TR B
AR LA Ge* A7 T H PO (HARE 2, —
SO B A B A CANBEAR AT AR ) A E ) (B
WA A AT IR TN BRI N 2 AR
5% (Holl et al., 2007) , W% 5 J€ W Sasca Mon-
tana ¥ 75 Cu-Au#" K \Radka Al Chelopech 1= -H1 A

R AR IR Cu-Au i PRAH X & 5 (w(Ge)YI{E 43
B4 31x1076 . 20x 1076 F1 6x1076) , HAl 2 ™ IR () 5
HABT TR AT w0(Ge)iE B IR T 10072
(Cook et al.,2011) , 17 ] %4j 4" Barrigdo Kk Cu ™+
W 1Y w(Ge) AT 15 1K 0.19% (Reiser et al., 2011) .
F5 b 8 LU AR 2 iE A B B (CuFeS,) diig H
T ANV A, — Sl A Ry B a2 AR DU T A
L Fe U S B0 601, WK 97 (Cu, (Zn,
Fe)GeS,) , Bernstein (1985) 2 i i i i & f , Ge #01
Zn 8RR B (Ger+Zn2 > As¥+Cu* ) JE iU (B
] (%ﬁi%;é)%ﬁf (CuIO(an—xcux) (GGZ—xASx)Fe4SIG) o HJ
U, B B R B A v 0 WA X R AR LA o 5
FIRA RIS

B LR ook, B MEs R 2 m ik
RS A DR DB R TR LR
B4 (FE 1a), in—SLBE 5 R IR o 4 4 5 (Arseni-
jevié, 1958) i % " (Moh, 1976) . PU J7 & it 4 B
(Terziyev, 1966) W58 55 9 (Moh, 1976) i B 4%
" (Moh, 1976) B (Vlassov, 1964) | B4 H"
(Vlassov, 1964) G $1 4 4 (Vlassov, 1964 ) | BE4R 4™
(Arsenijevi¢, 1958) i M #i " (Karamyan, 1958) | ¥
B (Moh, 1976) Fl kIR Ag-Pb-Zn(-Cu)i™ B H B4
" (Schroll et al., 1959) K = Bt & 4k w1 i fift 4
(Vlassov, 1964) 45, ILAb, — 26 IR v 48 Ak 1 Fl
ALY TP B B RIS (B 1), R
AU IR AL H 4 A A i A AR ) (Voskresens-
kaya et al., 1975) . BIF 11 Lahn-Dill B %" PR i 4k 5™
(Lange, 1957; Sarykin, 1977) . BE %4 % Sn-Ag #7 K H

B ARG (a) B 5 A (o) Pk 70 5 X T

Fig.1 Exceptional germanium concentrations in different sulfide minerals (a) and oxides and hydroxide minerals (b)
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B 157K 1 (Moh, 1977 ; Bernstein, 1985) . Apex fi”
Ll A8 Akl BT Bk 5 25 87 (Bernstein, 1985) 45 .
T LA DR R S A A A A R
RA IR AL I AS L 1

4 BERIHERAL AT O P I N R

FAEBL LY R IR L ki Ak A & AR
HEP AT 2 R R4S - O LR R 4
TE AT Y0 & AE ; @ 1S o W i T8 AR 7
@ LA B 1E F B S AEAE T A LA A A fk
(Bernstein, 1985) . A FIWFFE R, AR HLH IR
RN BE T B i 22 7 K (Cook et al., 2009; Ye et
al.,2011;Frenzel et al.,2016) , {H J&fa] ft ] 2% 2 41 5%
PTRATIR A W T2 18

DRI R W], AR IR T, Ge HLE
BACINEED P (0 Zn P ACH S, Y B0 E 2 0
I, B — AN TE A DN S Hp I T W B 0 Ak S
By (an K2R 1 Tsumeb Al Kipushi 7 PR ) , 1fij % % 8 4
IR, 3 PT B AR AR R R 1) As Al Sb E A A%
(Malevskiy, 1966) ; 75 I B 19 B FIK 403 B 79 1%
T, 5 T B B 5 AR AR A SR B A X AR 1Y
T 5 1), WO B A B Ak 4, i AR 3 T v B, D)
T 15 ) S A I s AR a0R B R R B 4 ) T AR
LA YL L (Murray et al., 1984 ), LAk, A HT
F HH B AT LB B B 7 AU A R AR T R e
Ji , Mills (1974) Fl Robie %5 (1978) 155 & B+ A7 17
At 85 AN [FEEE T RN : GeS,+0,=GeO,+S,, I
B A f A G, 76 298 K500 K F111000 K R, H: [ difig
I3 Ih-372.9 kI/mol.-337.5 kJ/mol #1-257.0 kJ/mol,
PIFe iz R VAR B A AR T e A R T R AE
ARG, 43R5 O, Fl1 SO, & 1 L % Z 1), 4% ) B
FEINEEE, 1t A ALY s iR R b, B S Rk
FRELH™ W , 4N 35 AL M Apex i R BB AL 2 KR
R K PR BB T LR A B AR (AR RER ™ L Otjisu-
meite FIETEREE D) L& 5 A B ALY OR B 28
B RS SRR T ) OKEE I Sk
TRLAN K S5 8580 ) DA S G — 26 55 8 i vk A2 57 4 (In-
tiomale et al., 1974 ; Melcher,2003) . It4h, TR AL 1)
BB PR P AR AT A I AR B R, R R
TRIE B i 2k A S AL ) RE 6 45 5 — & & 119 4% (Burton
et al., 1959) , Pazenkova (1967) W 5% & X, iz 11 19 7K
HIAR D UTUE H Fe(OH),, X4 pHE K T 6 B, i g fE 7K

W1 93% 1144 AT ULE FERAE T Fe(OH), . KL, Ber-
nstein(1985) #& H Ge B AR S At BRb 2217 M 5
SRR B RN B A7 AR B VTR 2R

5 EEREHUIIR

WG FTIA , $E AR & SRR AT & IR AR A
Y Bk AR R SR AR SR TR P 2 DA B pE
1 (Bernstein, 1985; Pokrovski et al., 1998) . £ — ik
ANREIE Bk 37 HAT Tl FF-RAMAE 0 IR H ] & 4
TANFEZEIY R AN R B R0, 586 A7 %
P SRR A Ry (B =2, — S 38 Y00 A il 7 Vi A o) 7
W B R R AR E O, B A R LT VR AT REAR K
FE P 5 A0 42 J8 A7 PR (Zn \Pb Fil Cu) {9 HiL J5 7 £k
)4 (Bernstein, 1985; Holl et al.,2007) . It4h, # Ay
BRI OAERR B S E A
WYL R 1 23~ 244 4F 0T, HA 7 E DI RE M 1 3
AN AL b Fe AL Fedt, T i =1 Bk 1 A E AL
Yt % W — 2 5 I B AR T 2R IR Bk
o JTlT T AR EZAE W I DL S A Y R
BEAR A A SR AR , BR A5 (  BA Ar (CAnd 4
SRR DTS ) B MR RE T o R A,
A=W AR e A DL = 5 ) R A
bR AR R AR AR . AT SRR R Y T
KA B AR AL B TR BRI B B R A oy A AR
PLE A DU DU R T LA (AN B0 ) AR IR i
W IR h B il A o IR CIRE ) S 4 1 2
KW Z — HJE Zn  Cu e 42 & MY Bl ™= i A & 2R
A 3= 55k P (Moskalyk, 2004, Holl et al., 2007 ; Cook
et al,2015) , HCASCLIZIEW R Ry 3, A A3 2 BRAE O
R

FA L, 2R R BRI , 23K E IR 53
AT I IC R A] = (1 2) , ZEE 36 W A ep [ A X 45
2, &R AR T RIS BIRAR S 2 4%, S R
UL ALHG LA JLRp A,
51 RBkIKAg-Pb-Zn ¥ R

W IR ATIE LT[Rl A8 385 5 55, W LA 2
M EIRUIBUE CER AR A S, — oG
AU, R O BRI R R AR R 2 A 1
il 22 R s 8] e 08 B 3SR, — L™
PR 5 A A2 AR B A8 i 3 B2 5 5% (Frenzel et al.,
2014), %[ §E 55 % I Freiberg Ag-Pb-Zn(-Cu) £ 4>
JEW IR A B R & BLEE T ST ) (Argyrodite ) Fl
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2 AERE A RAY S B (4 Holl et al., 2007 f2240)

1— iR Ag-Pb-Zn(-Cu)ii™ i ; 2— K LA T HOR B AL ) (VHMS)Cu-Zn-Pb(-Ba) ™ K ; 3—Sedex %! Zn-Pb-Cu(-Ba) ™ F ; 4— 5 -7 A T etk -
A BKR Cu-Mo-Aut IR ; S—HES -1 AR AR -9 BRCIR Sn-Ag 7 IR s 6—WAF TRk BRER 5 Tk & IR AR AL Wy IR (L6 2 /R 22 A | B /R B S 20
VPG LEIT AR IR s T—IRAE TR P i 2 6 SR BRAL B IR (AT 2007 IR s 8—WhA RV BFRE IR s 9— kAL B IR 5
10—JGERIR IR IR
Fig. 2 Global germanium-bearing ore deposits (modified after Holl et al., 2007)

1—Vein-type Ag-Pb-Zn(-Cu) deposits; 2—Volcanic-hosted massive sulfide (VHMS) Cu-Zn-Pb(-Ba) deposits; 3—Sediment-hosted massive sulphide

(SEDEX) Zn-Pb-Cu(-Ba) deposits; 4—Porphyry and epithermal type vein-stockwork Cu-Mo-Au deposits; 5—Porphyry and epithermal type

vein-stockwork Sn-Ag deposits; 6—Carbonate-hosted base metal (Zn-Pb) deposits (including Irish-type, Alpine-type and Mississippi

Valley-type deposits); 7—Carbonate-hosted Polymetallic deposits (Kipushi-type); 8—Sandstone-hosted Pb-Zn deposit;

9—TIron oxide deposits; 10—Germanium in coal and lignite

PR M 4 B BT 0 R (Winkdler, 1886) , 111 HL /&
SEER DL Bl ST BT IR , T R B R 4E (Bau-
mann, 1994, Baumann et al., 1999; Serfert, 1999) , ¢
WA w(Ge) 2 1x1076~3x10-°, M HIIE 1 1) a5 4R o
WA R N & 4 w(Ge) AT 1K 100x 1076, Hih 4% 3
LB B (AgeGeS,, w(Ge) N 1.8%~6.9% ) JE =X,
FE Y HR R A AR N 58 (Moskalyk , 2004 ) o
{E15—42E 12, 255 Noailhac-Saint Salvy Zn-Ge-
Ag-Po-Cd B A2 W 5 oA B 2L A0 D2 5 M, 1k 3
1994 4%, & -3 w0(Ge)h 750 1070119 547 300 t 574"
A1 B K2 500 t 4 (Cassard et al., 1996) , %6
KRB R 2 BRI TR R B O R AT, K210
km, J& 25 m, " IRAAAE 2 B Be i s 1R A4 1% =

FAL BRSO AR, B N R
B8 w(Ge) 1] (535 2500x 1076, 314 B fik ) A 43 3R
(Barbanson et al., 1983) . I, HAlh & 5 07 IR 0 45
% 5] Harz Mountains I Pribram " 42 [X (Moller et al. ,
1993) | & K H|## T % Pb-Zn-Ba #" JK (Boni et al.,
1996) | % M5 Kirki Ag-Pb-Zn B K (Skarpelies, 1995)
8 b R I B S AR AR (AT Sl R
WY, WP T 2R TUBUE ALK A 2 T
it [ Wolyu 2 4 J& B & IR , W8 s i i 1A Hh 3048
AT (Yun et al., 1993)
52 BHmAREIRHELDT K

WRYG AT 70 KAV Z 2R 0] 43 VMS AL
SEDEX 2 K2, Hrr, VMS BIg JRIEAE T AR
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B AN TR 335 T S Vg A Ll v AR AR L
2 B BRI HORTE 3 R A A, X ey
PR A BT T FR 1 5 Fifg AR DO RS AH B
7=, 2 8 [\ A 5B B A G (Large et al.,
2001) . VMS B PRAE 4Bk B A B AR % Ak &
gttt AR AE A Zn P, Cu. Ag Fl Au %5, {H H:
B B AR R A (o(Ge) YLK T 100x1079) , 41
Kt Abitibi B PREE & S BAK, I 1A KiEs,
1T 08 735 P e R O 55 R B0 DR 8 Ge /B0 2
R i 0 (HB1L et al., 2007) , 40 & K ek b e
Bousquet 2 Mine i £ " {4 w(Ge) &1 ik 85x10°6, 2 2L
DABTAR 50 R 85 2K 4 7 I U7 /€ (Tourigny et al.,
1993) ; H A f¥) Kuroko %! Cu-Zn-Pb-Ba " K H , [N 4%
W H w(Ge) P 35 370x 1076, Ff % B/ f: 114 it i 5 07 R
& 5% PE A 5 (Shakanai 5 PR ) 167 85 4 &7 (Ezuri
Kuroko & & ) (Shikazono, 2003 ) ; P8 3F - 114 26 4
B A 2 B B VY RS 5K Iberian 85 4K 075 K A T
Neves-Corvo Z & J& W K TN EE w(Ge)ly 1031076~
60x 1076 (Oliveira et al., 1997) ; & % 7 1 F7 /K 111 ik
Gaiskoye £l Bakr Tau VMS Cu-Zn #" JK ¥ [N EE 4~ F1
& B0 R w(Ge) Sl 25% 10755 ] P 1T Gorevs-
koe Pb-Zn " R Il Ozernoe KA Zn-Pb ™ FREGIRIT H
W VE BRI 2RI P i (Avdonin et al., 1999) .
w1 R AT IZ R R T AR R I S, U 2 e T
W] HYEE IR INEED T w(Ge) 2K T 15x 10 (it
FRAF,2012) , AN EHEZRA RN E .
PLUURR 5 o0 07 [ 7 i SEDEX RLET PR 7= T 4%
s K iti 30 2% 5% N Bl 2448 1) 25 L TR A b (Sangster,
19903 2001 ; Goodfellow et al., 1993) , [ K 7 18 5] 8
&, 2 BRIE L T A % SEDEX %! Pb-Zn B JK , U 5
U 3 L ooty A€ (4n 8 KR WE Broken Hill A1 2 K
Sullivan) Fl fy A4 A8 (0 75 = Meggen and Rammels-
berg; K F| V. Graz) Ky F . Z BB R AL D
45, w(Ge)— MK T 50x10-°(Hbl et al., 2007) , 4>
S R v S AR A, U 9% [ R 5 A Red Dog
Zn-Pb-Ag i R JE A BRPE ™ 5 d5 ey B DX (42 ) B U
1] 1K 140.6 Mt, Zn F1 Pb V-2 5437 53 5110 16.6% il
4.6%) , 2 5 ] i F ) i AR e S M A R AT
TINEED B IR 29 MUEER 419, w(Ge) F-24 K
60x10-°(Kelley et al.,2004) , 1ZH" RIE 2 T %
BB, A RHTOE AR E 25 i 32 AR Brooki-
an & (1132 8l , i 08 52 J5 3] 20 (Leach et al., 2005;
Kelley et al., 2004 ) , [N 5 8 8 & = 22 fL 8K

(w(Ge) M 1.5x1075~426x 106, YJ{H 145x10°) , 5 AH
X e 4R T B BOE s INBEST  (HG et al., 2007) .
53 BIE-RBRREE K

JHAERTA MBS B0 R S, A ST
R, — LG R D 2 00 A T RS RGN %o
A AR, B4 S IR I 300 198 e B AR TR PR K R ok
ARFNFA BRART K, 8 2 N B ST sl DL B [ 4
BT T4 8 e Ak (Holl et al.,2007) . 4.
FEJRYEV I BT 25 J 80 1 19 Bor 7 IR, B LA Bl 13k
MY IE XAFAE G EE B FLAR A 0 K S0
I S il B A HR 5 4% (Ciobanu et al., 2002 ; Cook
et al.,2002) ; LN AV, Chelopech 1= A 54 4 G TR #4
W Cu-Au ™ R H A KR it B A0 B o P 4]
W H s B ) S5l A7 A 4 7 (Boneyv et al., 2002) 5 (VAR
SV LN A Ay 2K 5 1) Landolam A7 R #4 FA B H
(1 B T w(Ge) AT e 3K 550 1076, W6 351 1 ik R 6 -
TR Wk B w(Ge) A 120x 1076 (Miiller et
al.,2002) ; B[ #R 4E [1¥) Capillitas Diatreme 3 [X 5 A Fl
AR R PR IR, 8 20 T RS B RS
T8 1 240 K - 7R 3 A (P B i (A v B 2 DA
R 7 Y (Paar et al., 2004;2005) . tah, %
THEARL BICR-MIBKCIR Sn-Ag W RN , 2 B E T
5 A BB S B W) A 9 1L - B A I IR
D fik 28 ik b, 4 3% R 4E 7 Potosi, Chocoya- Ani-
mas , Tatatsi- Portugalete Ag-Sn # R Flli% X (1) H A
Ag-Zn-Pb-Sn " K th ¥ & B B AR 60T A B
Y, IR A A A 41 5 15 D[RR (Moh, 1976 Bern-
stein, 1985) ; 3% | 4 I Porco Ag-Zn-Pb-Sn #" IR 21 ik
R AF IR AR ST, L E R 5K
VAR B FHAT G 55 8 R VT, w(Ge) Al Ry i
2000x10-°(Paar et al., 2005) ; #1 & Sayapullo & #) £
BT R 10(Ge) B ik 310% 1075, w(Ga) ik 855% 105
(Soler, 1987) ; 74 ¥t 4 Barquilla JJk IR # K 7 & Sn.,
Ge.Cd.Cu F1 Fe B9 fi Ak ) FN ik 12 25 v & B Barquil-
lite [Cu,(Cd,Fe)GeS,](Pascua et al., 1997) .

B IRBE S B IR B AR S5 I 5L ) LU YL B
ZEAETIZENT REM N BB, & T IR
T B
54 WKEREABY BENHmUYMT K

IR THRE IR L 4 6 1 (= A 3K
G DR DUR ) IERBR T R R S
BRI B R S A R B TG
BRI R 5 A2 B RRAE WA, B B AT AT AR AR
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FiE 25 2 5 A= AT (U6, 2003, Leach et al., 2001a;
2001b;2005; Holl et al., 2007) o X 8" PR (I 1 25
¥ 22 R HOR KR B Gk, 4R — ik 2 AR i
BOR 0 W 2 AR B 0 A B LA B S
HWR N IT850  kaw &4 Eiva A a7
fip AR T A DMK (100~150C) 1%
R (w(NaCly,) K 10%~30%) FHFAE , 5 T2 K 1
IR ZE KA A M b K, B 2 5 KRR
MRIERA O, MKIEG 248 Ny TR & L U0E
1) FZHLE, B 22 % A T3 Ly i Bl b i
il R 4 o el S R S T o IS R AR AT
NULTF 412,

(1) &R =R IR (Irish-type deposits) , [N EEH”
HHOH H A nx 10x107°~100% 1076 ) £% (Wilkinson et
al.,2005a) , U Lisheen &7 /K, (NEEH™ 5 850 A1 E)
B 5 7 w(Ge) 43 B AE 400x 1076~900x 1076, 200 % 10-6~
1300 x 10" F1200x10-~1000% 106 22 [i] , 4% 5 & 155 1)
B it Ag AT Cu A X 5 4 (Andrew , 1993 ; Wilkin-
son et al.,2005a) , H W H # i (Cu. As . Ni. fl Ge) 1R
Al HE SR I T T A A D S Y Old Red 0 %5, vh it
(240°C) BUA™ Yt A IR 8 B IS 25 A vh W™ ) B L &
S JE AR, T 5 E O HyS i ER BE (w(NaCl,) h
25%) WAKRIR A, B0 IR 328 4 8 Ul vE L
(Wilkinson et al.,2005b)

(2) BT /R BL T AU IR (Alpine-type deposits) , #2
5T BT 7R BT 1 ik 4 4~ K 78S Pb-Zn A7 IR (B2 Hb F1] Blei-
berg . 37 SCJE W Mezica DA J 7 K F Cave de Predil
F Salafossa) , HiHb Ji SR 11E 55 22 R 22 B PREEAHALL
4 K 2200 PRI Ay 4 T 30 Dt 18 6 1Y) 7 ) (84S <
0%o) o %A R 5 B JR B 18 1L AR A G, 5 IR
W A TR, DA RO R O FE .
i, Bleiberg #" IR w(Ge) £ 160x107°~550x 1076 Z [1] ,
e 30 2 RN R0 B S B AR B, H w(Ge) AT 3K 1500%
1070, 11 H 45 & A TN BE T B b =5 B 5 107 9% SO
Mezica W R B - | I B B 04 AHORLIN BERT 8 7 i 4K
i (w(Ge)Zy 2 200%1070) ; B AR F| Cave de Predil 7 K
HH AT B o B ) R 2 R DN R B R B (w(Ge)
500x107%) (Mdller et al, 1993) ., iR R (Ge+TI+
As) 5 (Cd+Sb+Ga) &2 ] i 7 A 5CC & , Pb [F i R A
58 2 Ge \As F1 T &y I #1572 & P (Kuhlemann et al.,
2001).

(3) AU PR (Kipushi-type deposits) , 5 7
Hiu p K I R (250~450°C ) 3t L i (A 20 LA 2% )

() LRI 2R, 30 v oAy R AR T 30 B (s S PR 3
FEACRE B UTRUE ) | RIS S B0 BE 8 £ 2L i 7K 5 Bt T
7R R A2, A 2 Uk B EAR BRI AE
TREGEHA DG G HMUIBE TN A A KA
A8 IR A 7 (Trueman, 1998) , 57 K H % £ 4E Ge,
Ga.Ag.In.As.Sn.Co.Ni,.Sb.Mo.Re .V W Fl Au 5§
Z Fh A 576 % (Melcher, 2003 ; Melcher et al., 2003 ;
2013), It B0 ELA S e BE A B M A A AR TN B
W HET 5T BT O B AT A )
WA 04 o BRI IR IN BRI AH A o 4
B (w(Ge)— AKX T 100x10°6) , (A IR 1Y F 34k
Wy, e g R DAL IO S e
FRER BRAREED KN A A AR EE T F germano-
sulvanite, HEF S B0 A A AR A7 | B A4 A7 A ) ] 4
R #5819 8% (Melcher, 2003 ; Kampunzu et al.,
2009) o A PR S AL 45 AE PN A B T L 9K LT
Tsumeb . NIl 2 Kipushi Fl1%% kb IV Kabwe £ 4 J& it fb
Y PR (Kamona et al., 1999 ; Heijlen et al.,2008) . 3&
[ A At M Apex #7 K (Bernstein, 1986) | 32 [ Faf 47 107
il Kennecott, Ruby Creek ., Omar F1 7% *% Gortdrum
(Trueman, 1998; Kamona et al., 1999; Chetty et al.,
2000; Melcher et al., 2003) 554" K . {15 F LAY 2,
I IR R A F AT H T U IR AR E A AR
WK L Tsumeb 7 PRTE R SRR FERTT , &6
BEIRER (WK B 607 ) T BOR A & 5 A4k
(WNEEREEA™ | Otjisumeite FIFTVEREEH) . & 8 A AL
Y ORES RT3 W S AR )
K EFETIIL T8 K BB E BT K B 5 40 ) LA R LAt — s
=R AW Y (Intiomale et al., 1974 ; Melcher,
2003), 1fif Apex W IRTEFR A TP UK £k,
B i w(Ge) T 35 5310% 1076, — B8R KB 1 w(Ge)
] 3k 7000x10-6( Bernstein, 1986) .

(4) ZVGVH LI AR 24 R (MVT 2 . 22800
ROE T 5 AR R e FEEE BT IR, LB R AL
SR B ) o R R R DR B R T 1Y) 24%
F123% (H A A7 ,2005) o SEiH45 R LN, MVT 24
PR EZIE A A A el — R =St a0 —
5 =20 (AR 28 At 20) 2 A, 5 ek Ak
b Ak R Y A B 2 BRIk (] %5 D) AH OC (Leach et
al.,2005) , — M) T-h 2 £k v 5 LA i Foli 425 1 5 Hip
Fili pp BT Y, 40 R HH B 22 SRy T A A S R R 1 7 )
(Sangster, 1990; Leach et al.,2001) ., 4>BR46 K L4
MVT B RARXS B0 45, SR, BT H Zn 0 A i i 48
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R B St R G B i DRLIT R ) 2 R U
(Hsll et al., 2007; Cook et al., 2015; Frenzel et al.,
2016). EAMIRFFE R, MVT B PR N (£
FELRER) SR 0 EERIART Y, IR Ge 5
— BB R CER (U1 Ga . Cu A Ag 55 ) HA I I (A1 =6
14 (Belissont et al., 2014, 2016; Cook et al., 2015)
ERMVT BIETHED IR & 45 S04 35 (D 36 [ i
9 MVT 54 X (Ho et al.,2007) , LBl 8 ik &6
Tristate F1%5 75 B AP 48 X A ik LR TN BFT FH X B
£ Ge (w(Ge) M ik nx10%x107%) .Ga F1 Cu( Viets et al.,
1992) , H 4475 4 Elmwood-Gordonsville Zn-Pb 74
X AIEEW A 1 w(Ge) 1 A 400x 107 (Misra et al.,
1996) ; 1 - 35 [E 48 B 1iii M Pend Oreille ™ K H & H
KB A, A A BR Red Rog 4R X Z 41,
&[S T E A IR P b s @ &K Polaris  Pine
Point Fll Nanisivik #" 4 X i [N £F 47 H w(Ge) 1] ik
400x107%(Leach et al.,2001a; 2001b) ; @ J% = 7§ B
PO 4 X MVT 85550 R N B T w(Ge) i H 78
50x107°~100x10-°Z [i] , H Ge 5 Pb, T1 #1 As f£7E
B AE SE P (HOM et al., 2007) . LAk, )1 B B 4
WA X R E B P . Zn  Ag T X (4GRS
2003 ;Hu et al,2012; Zhang et al.,2015) , & X Ha™
PR B P 1 A a8, AL AT R i ok 8 22 PR 3R B, 1%
X AR RIS T MVT B0 PRIEWS . (A —3 102,
e ) INE BT B X EE A TR — (3
ULJESC) , R 32 DX A 2 [ 4 o P S —
5.5 wWEIERSET IR

DIHD & R A A Y Zn-Pb(-Ba-F) i R £ LA 4E
J LR BT A0 Y LA 3 Rk
TR, Rl S A R KRG AR &AL 1Z
KW RAH R, w(Ge)il H h 10x10-° 22 47 (Hb11 et
al.,2007) o [ 4 TR BF AT DR FILBE AT 3k 1) 8 K 7Y
(Xue et al.,2007; Ye et al.,2011) , {HH A 4F0 th 841
SR, w(Ge){XAE 1.88x1076~78.36x 100 Z [a] , *F-34
4 11.63x1076(n=30) (Ye et al.,2011) , AN ELZ 45 F
NI
5.6 BREWLHMEF K

H T MK A 2 P Jo 1 S AU | 8 T ZE R AL
YR AT B4 . A MIFR R, — B e R e
FRAVE PR (A7 R 5 BUAT PR ) AR 2k R ik 9%
AR ) B IR (w0(Ge)<10%107°, Vakru-
shev et al., 1969) , 1M K i AA—t 7o i 1R Algoma #! Al
T IC AR Superior Y 257 PR Bk i A U0 AE X AR

(Sarykin, 1977 ) , U188 1 S e S8R 307 7 10 ik s IX g 4
PR ' w(Ge) 1] 3% 38 x 1076 (Davy, 1983) , % 57 2% Kre-
menchuk-Krivoi Rog #" FK " 2% &k &7 F1 & 2k o7
w(Ge) 43 W 4 27x 1076 F11 43 % 1076 (Sarykin, 1977) , {&
[ Lahn-Dill %Y 2% 7 R 2k #1192k 7 i 2k
W w(Ge) -394 59 H1 8% 1070 (F 53k 20x 1076) Fl 40%
10-°(f 5 Al 34 100x1079) (Lange et al., 1957 ; Schron,
1968;Holl et al.,2007) .

5.7 JEFNBIEFT K

IR AR IR P B 8 (0(Ge) 2 1x107°)
ARG 0 22 b, 85 AT R 4 29 10 £ (Bernstein,
1985) . H1 T4 A ML s 4 O =X DAk 2 W
F, IF AT AT SR X AR A HLE G (1 : Ge 5
My I S RELIR ) , 7648 A5 Ak 3 R v T T B i
FE A W Bk R AR 1 0T B IR A AL AR B
(Holl et al.,2007; Rosenberg, 2008) , [A 1l , 75— 264
PRI TACE R IR AT IR S 4 . iR M
Novikovskoye # & H 4 F1JE 25 U A P w(Ge) o3
13K 3] 276 % 10-6 F1 348 x 1076 (Kats et al., 1998 ) , 1fij
% W Shkotovskoye # & Hv K 28 1 ) w0(Ge) W]
A ik 1043x10-°( Tselikova,2001) .

Hp L1 A A A R B A I RN AR I
KRR Z —  Hrh Z M E R0 6k
O 1112 ¢, N 52 1 2% (R B I v B i i 1o
1600 t(Hb11 et al.,2007; Qi et al.,2011) . Ak, HA K
A2 (1997) I5O6HH 5 (2003) Fl Holl 25 (2007) & R
R A B LR O B Eses
SEE A BV R R B 1 B R B B
NIRRT 20 oy vh S AR A R < B R > S > I > 22
M5 Q) R T2 TR AR EE , A B2 AR
B AR A & R TER— R Z T, —
R LU 2 5 e, B 2 R B 3, &5
T @ R S RS R S UL IS R R
43 WE L o

6 ITiEMEE

6.1 FEHRFERMMFRHRMNKBEEEESFEER
HHEA B4R IR RE R BUE Bl i
NEERN R Z—, ol Z T L Ot R
48 G MR LU R LD NG4S | 58 15 b Jot 4]
ey IR W, A BREE BEIR A Tl A L) < £F
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HEIELF 30% LLAM LT 25% BB AL 25% . H
T LK BH AE 5 1 15% A1 LA (Can 2508 ih 4 il
6I7 ) 5% , BRI, 8 2 AR 22 B B 4 U 1 B
TEF AR, B TR R R S R I 2 E R
X H AT A A L ORI A A (IR OB R A
2003 ; Holl et al., 2007 ; Cook et al., 2015 ; Klaus et
al.,2017).

VT ARk, AR [N A1 B 0 RS 22 Sl A X R (H
B T 72 B 5G A5 2% SR Y & R L £L ARG
21 QU v I PR 5 IR A R L A 1 7 40
ST R DR AR E 1 5 52 [N OB ™A% 1 R A
BUR FEORZ P/ NNG IR S5 i b R i 11
S5 DR R AL, AR [ N B 4 R R K 2 L
e B S A B OR = B 7l b oK i B
KO g A5 (b ) B bR fF B & WA R HA
2013) , 5% 5% Y5 b o 480 4 F1 MG At 45 02 S I R KRR
Sk JRe ) H BT
62 “JIIEBHEY EX"EFHRAPEEREFEK
e fid s B p0iE

AN T IR, BT T MO R 2 —  ME TR K
ST IR, BRI ET E  BR R IR
(EA i S5, 2000) o DURE 8 b 3R A 2% 1 o R s 46500
PR FURFAE R, 3 22 A IR B B B B o
BRI & MVT BLUE™ PR 2 4 BRI B B4 BT IR 2R
B R H b A TR RS T R E
R, DR 8 Ay 22 B Bl % D50 T 2 A DR U 2 — (HBI1 et
al.,2007; Cook et al.,2015; Frenzel et al.,2016) .,
el B 5l R T T R R S S R BR
RS TR Z YRR IR T ) AR AR R i
B, A0 K E LR BT R AT AR LT YRR R
o A REIERY, b E H AT R & BLUKAR Ag-
Pb-Zn Wi T AR B HORBRAL Y B B AR A AL
SRR PR b B R A S, TR B BT IR D i
Fr AR (W4T, Ye etal.,2011) , L, Lk
PR pR sl BAT Tl € £ A= B 9% U6 0 o o
R BIFSE .

N B R R R DX AN AR 0 e R T AR AR
TSR I8 17 A N ), o B B Pb  Zn
Ag R 2R BT F AR 7 R 2 — (RO, 20035
Hu et al., 2012; Zhang et al., 2015; Zhou et al.,
2018) , 7E 17 J3°F-J5 23 LG N 43413 400 A ILBEAS
SR RERT IR (R0, AL 46 1A H R BB BT IR (23
PR 10 b R AV BRI Cif ok ML LB EF R 5

KRBT NG D7 TR URED RTEEE GgERL) (B
B, 20045 5K K7, 2008; 4 E 2008 SR,
2013;Zhang et al., 2015) . % X R IR W A
WA — o (M BB, 1995; 8 8 b 55, 2004;
Zhang et al.,2015; Zhou et al., 2018) , {H 4 ik & 1Y)
W R 2 B K8 T MVT AL IRYE I (e.g.
Han et al.,2007; 5K 7 55, 2005; 5K K7, 2008 4
[ , 2008; % # , 2013; Zhang et al., 2015; I 5§ 4,
2016; Yuan et al.,2018) . #4 2 IZIXHVEED R of B 2
WAt FEA IR, 2 DB T 0 B K A s 23RS
B IR (Bt 23 R 56 2 B 20 1) v 4 it 1 3k M
386 t(FE L i, 2004) , Ay EED A H B A 7 — IREAE
0.52x107°~256x107°(~F-44 62.1x10-°m ) 2 [i] (¥ g A=
Z5.2012) , HNEED H w(Ge)1E 0.17x10°°~477x 107
CE¥71.7x10°0) 2Z (8], B A H E fe K ) 86 A 7 2
H (KB, 19955 X116, 2005 ; 5K % & 4%, 2016) , 5=
FARRL(136 ) JE AR (129 1) BEF(17 O ALE AL
BRI (25 55,2004 ) .

AR EH PIL IS R WL, I S A A
R IUT B BV RE RSN TR R B A N
T R W, W = E REYVEET R . s B
HYERD IR (DU R E IR IR L 2 p RS S R
IR, HINEET H w(Ge) 7371 4 0.54%x1076~632 x 1076 (-
¥1191x10°6,258:37,2016) .0.18x107~652x 10 (-
¥146.2x107°, PR A 8, K & 3R ) F10.52x 107~
206x1076(3F-4429.6x10-6, M- 5755 ,2016) ,0.35x 1076~
231x 10 G2 45, 2019) , 1M DU K IEFHYAED IR
INEEW H w(Ge) % 55 A 35 1000 x 107° (Yuan et al.,
2018) , il A AN SRR IR N R (Y w(Ge) 2
T nx107~nx102x 1070 Z [A] (PRSI B8 , K&K ) .
WAL, B PG I TE B A AR 4 DX J B2 T
(BRI IREF,2004) , 2 5t N 45 o B B A o R 3 b
(5 B8 45,2008 ; 4 1 [, 2008) , B & IR AL 0] 4
R X XA PR IR INEE 1, w(Ge) Hy
73.4x1076~336x10(3F-14 173x10°0) Bt 7r Hirp s 4
(w(Ga)} 33.9x10°6~75.9x10¢ , -4 52.5%10-6) (Wei
etal.,2019) , KAFEYEEH PR INBEA 0 [F] & 4 Ge
1 Ga, w(Ge) .w(Ga) 7 114 60.3x10-6~201x10-6(F-1
111x1076) 1 16.0x 1076~48.7x 16 (F- 44 28.3x10°¢) .
[ (ZE257,2016) , 526 T L 10 B 57 R0 A Al
B Y EE 07 IR TN EE 0 T w(Ge) {5 514 104x1076
183x1076,185x10-6F11106x10-6 (M A F-45,2019) . 1]
U, FR& T IR 8 2 OB B AE Tolk i 25K (20
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A R — DA B B 0K A 2 G ok (3R %, 20165 22

57,2016 Yuan et al., 2018 ; # 2 %5, 2019) . AT
WL R TE X R PR IR v e A Y O B A I LR K
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R Ml T AR B ME AR, T B 2 TR X AR 2
W B SR 2R A R o PR, I R )1 S A
BEWAR X R R B SR VLG oy b B L
I8 AN AL AT LD 78 A 58 35 B L ER AL 22 AT S 1
Bl N 25, SO A B AT A %) 2 M
BRAb 22 A7 D, T B S A b B I R A R R 25
A T2 DX 8 B IR AR R R S AR A DA Sy g S v
] 5 ¢ 5L S i A A b 2 It S B b B A R Ak 2
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AR A R R A K A KA A T R
1 [ (European Commission, 201032014 ) , {H =
22 A i, B TN TR g DRI 2 T A
AR, 230l (Bt 7 B 66 B4y A BRA \DD & vh
] i R 1 A 7 B b (R, 19955 X110, 2005 5 5K %
B AF,2016) , HHTEE ™ AL DLRE B L DO B B

3 BT TR R4k (B Rosenberg, 200752008 )
Fig.3 Simplified flow diagram for the production of germanium (after Rosenberg,2007;2008)
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