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-
 As 

 0,26  0,87 .%, -
 2,5 .% ( , , 2008). -
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 10 .% (Blanchard et al., 2007), -

 11,27–19 .% (Simon
et al.,1999; Cline, 2001).
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 1As  1FeFe32S64 +

               +  AsS  Fe31AsS64 + FeS                (1)
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 1As  1S2Fe32S64 +
                 + AsS  Fe32S62As + 0,375S8;        (3)

 1As2  1S2Fe32S64 +
                + 2AsS  Fe32S62As2 + 0,5S8.         (4)
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Fig. 1. Pyrite-arsenopyrite ore from Verny Deposit (East
Siberia): a – the III-A substage asp metacrystals among
small- and fine-grained pyrite of the II preceding ore stage.
Qu is columnar quartz, schist is carbonaceous pyrite-
altered micaceous-quartz-carbonate microshale (meta-
siltstone); , ’ – gold inclusions (Au) in arsenopyrite (asp)
and quartz (Qu) (magnification is 60)
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. 2. :  – , .%:
 1 – 0,2–0,3; 2 – 0,3–0,4; 3 – 0,4–0,6; 4 – 0,6–0,8; 5 – 0,8–1,0; 6 – 1,0–1,2; 7 – 1,2–1,5; 8 – 1,5–2,5;  – 

. :  –  (1)  –  (2).
 (3)

Fig. 2. Arsenic pyrite compositions: a – the statistical groups of As content of pyrite, mass. %: group 1 – 0.2–0.3; 2 – 0.3–
0.4; 3 – 0.4–0.6; 4 – 0.6–0.8; 5 – 0.8–1.0; 6 – 1.0–1.2; 7 – 1.2–1.5; 8 – 1.5–2.5;  – the distribution of As in pyrite. Two types
of distribution: homogeneous – quasiisotropic (1) and heterogeneous – anisotropic (2). The pyrite-arsenopyrite transfer (3)

 II -
, -

, , -
 0,1%, 

 99,5±1,5%.
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 ( . . 1, ) -

 0,22–0,27 . asp
.%) (n = 100): Fe 34,495±0,366, As 46,096±0,273,

S 19,456±0,254 -
 Fe1,003 As1,002 S0,988 Co,

Ni0,007.
 Au 

As -
 0,765 ( ., 2007).

 MARshell32 ( ,
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, -
 (Blanchard et al., 2007), -

 4 :
As-py1 Fe0,96875 S2As0,03125 (1As  1Fe), As-
py2 FeS1,96785 As0,03125(1AsS  1S2), As-py3
FeS1,93375 As0,03125 (1As  1S2 + 1S ),
As-py4 Fe  S1,93375 As0,0625 (2 As-1  1 S2

2-).
-

l  1  10-4

 0,1  m   NaOH   1  10-4  1  m.  
 Fe – As – S – Na – Cl – H2O
 559 ,  404

, 50 
 105 . -

-
 Na  Fe,  Fe, -

,  Na  Fe, , -
, -

, .

 + »

(0,01 H2S m, 300 ) asp -
, -

 (mt) -
 ( ) -

 ( . 3, ). C 
-

:  + 
(re) (± , AsN) -

 +  >  +

 + -
asp. -

 150–
200-  –

. -
asp asp + py. -

, -
asp orp, re AsN, -

. -

. -
mt + asp -

,
asp. AsN

re + asp . asp
+ py

asp
+ py + orp. asp + 

 300  ,  H2S
asp + lo + mt, -

 =  6. Py .
-

asp
300  (  = 3–4,2) -

 (  = 6–8)  100 .
asp re AsN.

-
-

asp + mt orp + re AsN,
asp

 250  2 .

 1. Fe – As – S
Table 1. Coordinated thermodynamic functions of the Fe – As – S system solid phases

G0
298,

S0
298,

a b c
 FeAsS1 -34843 26,372 18,047   1,142 -1,803 1

 FeAs2 -13985 28,643 18,329   0,741 -1,441 
 FeS2 -38296 12,65 17,88   1,32 -3,05 …, 1971
As1Fe0,969S2As0,031 -37710 12,356 17,88   1,32 -3,05
As2FeS1,969As0,031 -38206 12,485 17,88   1,32 -3,05
As3FeS1,934As0,031 -37970 12,563 17,88   1,32 -3,05
As4FeS1,934As0,062 -38116 12,512 17,88   1,32 -3,05

 Blan-
chard et al., 2007

 Fe0,877S -22361 14,515   7,5 14,794 0 Yokokawa, 1988
 As2S3 -40296 39,101 25,251   8,709 0

 As2S2
2 -30520 30,305 17,88   1,32   -3,05         «

 As 0      8,4   5,23   2,22 0 …, 1971
 S0 0      7,6   3,58     6,24 0

 Fe3 4   -242710   34,928    743,3   -720,11 58,73 .,
1988; Yokokawa, 1988

 Fe2 3   -177366   20,889   278,68   -217,45 24,32 
 As4 6   -275461   51,195     42,09   -5,456 . Yokokawa, 1988

1 ., 1988; Pokrovski et al., 2002; ., 1989; Perfetti et al., 2008.
2 . . ., 1983, 1990.
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.
, -
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 300  (300 ; 0,01 H2S m) -

. -
 (t =
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-

asp + AsN -
asp, asp + mt asp + lo + mt -

. -
 ( -

) -

, ,
 = 1–3. 

asp + AsN,  225 , asp
 As: re orp -

.
 – 

 ( . . 3, )
asp,

200 asp + py
As-py3.

100- -
, , –

As-py4.
-

, -
.  200-

asp
lo AsN,  300- -

.
-

, -
asp  300 , -

 2- -
, -

.
-

 ( . . 3, ): 1 – -
py,  175–200 -

; 2 – -
py + orp,

 175  – ; 3 –
py As-py1

. orp  100 -
; 4 – py  +

mt + As-py3  275 -
. -

py -
, -

 asp, ,
 NaOH  ( . 2). -

-
.

,
py asp -

-
-

, -
py + mt.

-

.
-

, .

: , -

-
asp, -

. . 3, ).  (  4) -

 2. , -
 asp, 

Table 2. The calculated pH inversion for arsenopyrite-saturated solution reacting
with pyrite

, m
0,001 HCl 0,001 NaOH 0,01 NaOH 1 NaOH

pH  pH pH  pH pH  pH pH  pH
-
-

(300 ),
 = 300 

3,65 – 4,781 – 7,111 – 9,025 –

-
-

 (275 ),
 = 300 

3,614 +0,0036 4,025 +0,756 4,728 +2,383 6,842 +2,183

. pH = pH asp – pH py.
Note. pH = pH in solution + asp – pH in solution + py.
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 4.  (mi) -
,  asp

Table 4. The calculated concentrations (mi) of the leading transfer types of main components in arsenopyrite-
saturated solution

300 200 100
As Fe S As Fe S As Fe S

H3AsS3
0

7,4 ·10-4
Fe 2+

2,1 ·10-5
HS-

7,8 ·10-3
H3AsS3
7 ·10-4

Fe 2+

2,4 ·10-6
H2S

5,5·10-5
H3AsS3
3,2·10-5

Fe 2+

1,5·10-4
H2S

1,9·10-3

H2AsS3
-

7,8 ·10-7
FeOH+

2,5 ·10-6
H2AsS3

-

3,2 ·10-5
FeHS+

7,1 ·10-4
HS-

7,7·10-3
H2AsS3

-

2,6 ·10-4
FeHS+

7,5·10-4
HS-

6,6·10-3

FeHS+

7,1 ·10-4
HAsS3

2-

5,7 ·10-7
Fe(HS)2

0

1,4 ·10-5
HAsS3

2-

7,4 ·10-5
Fe(HS)2

0

5,4·10-4H3AsO3
0

1,3 ·10-6 Fe(HS)2
0

7,8 ·10-6
HAsS2

0

2 ·10-7
Fe(HS)3

-

1,7 ·10-6
AsS3

3-

6,7 ·10-6

Fe(HS)3
-

1,4 ·10-6

.  0,007 m  NaOH, asp
 300 .

Note. oncentrations were calculated for transport by the start 0.007 NaOH m solution, saturated by asp near 300oC.

asp -
.

 3–4  150
-

. -

asp  200  Fe
 175–200 .

asp -
mt lo. -

asp, -
 2–3 (300 )

 8–9 (100 )
.

py
, -

 H2S (0,001–0,01 m). -

 Fe  As -
-

. 3).  4

 4–6 ·10-2  2)  2,4 · 10-6 m
 = 8,7).  As -

 4–7 
asp  2,4 ·10-3 m. -

 3 ·  10-2 m
 = 2,2) 

mt lo  1,3 · 10-1 m  (  = 8,8).
, -

 Fe  As ,
. -

-

. . , . . , . .

 3.  (lg m)
Table 3. The calculated Fe and As solution concentrations (lg m) at changing parageneses

pH,

1 2 3 4 5 6 7 8 9 10 11 12
0,01m H2S, 100   Fe
                               As
300        300  Fe
                               As

-1,58
-4,61

-1,32
-1,75

-2,92
-3,59
-2,32
-2,32

-3,17
-3,18
-2,60
-2,60

-4,38
-3,26

-5,79
-4,45
-5,66
-1,88

-5,61
-0,86

-5,10
-4,16

-4,11
-4,13

0,01m H2S , 100  Fe
As

           300   Fe
                               As

-1,15
-5,96
-1,16
-1,50

-2,19
-6,36
-2,20
-2,26

-2,586
-2,593

-4,79
-6,09
-4,40
-3,22

-5,75
-1,88

-5,74
-0,87

-6,18
-2,9

-5,78
-2,36

-5,30
-2,45

,           100  Fe
                               As
300         300  Fe
                               As

-1,65
-6,53

-2,65
-7,00
-1,32
-184

-2,33
-2,59

-3,529
-3,165

-4,91
-2,99

-5,97
-5,97
-5,56
-2,64

-5,66
-1,84

-5,61
-0,87

-5,54
-5,42

-5,36
-4,91

-5,18
-4,38

-4,91
-3,45

,           100  Fe
                               As

            300  Fe
                               As

-1,18
-4,48
-1,17
-2,55

-3,316
-4,89
-3,1
-3,1

-5,59
-5,86
-4,80
-2,99

-5,36
-2,16

-6,08
-6,08
-5,75
-1,83

-5,74
-0,86

-5,96
-4,4

-5,12
-3,73

-5,76
-2,82

-5,3
-2,18
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 (275 ) py + mt As-py3
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py -
As-py1. -
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,  1-
. 5).

As-py1 -
,

1·10-7–1·10-8 m. -
, -

3AsS3 .
-

.  100-
. -
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 Fe S+,

Fe2+.  150 -
 Fe( S)2

0  Fe( S)3
-. -

S-  H2S
NaS 4

-  S 4
2-,  1–2

.
asp

asp -
 ( . . 3, , )

.
 Fe, As  S 

,
-

 200 -
As-py1-3.

-
asp

. -

,
 Fe, 

 1,1×10-4 (275 )
2,2×10-8 m (150–125 )

. -
 As, 

asp
 300 , -

 Fe, 
As-py1, -
asp  Fe  As 

.

-
-
-

 200 . ,
-

 – As-py -

. . , . . , . .

. 4. -
 As- . -

.
-

 ( )
Fig. 4. The X-ray radiation of centers in the As pyrite

substructure. The mineral grain surface is imaged in
reversely dispersed electrons. The curve shows the distribu-
tion of characteristic X-ray radiation of As over the cross-
section (the straight line)

,

 200–150  (Cline, 2001). 
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N. V. Vilor, L. A. Kazmin, L. A. Pavlova

The processes of Au quartz-sulfide mineralization of quartz-pyrite-arsenopyrite type are simulated in
terms of a numerical physicochemical model underlain by calculated thermodynamic constants of
solid mineral phases and soluble components of the Fe – As – S – Na – Cl – H2O sulfoarsenide
system. The thermodynamic functions of arsenic pyrite minerals are calculated using the analytical
data available on ore-forming processes. Successively forming arsenopyrite parageneses are calculated
for water and sulfide hydrothermal solutions at temperatures 100–300oC, pressure 300 bar and by
the saturation line in conditions of a step-by-step evolution of arsenopyrite-saturated solution and its
migration through the pyrite matrix. The stable arsenic pyrite areas are established.
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