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Hydrothermal synthesis of minerals in the system Cu-Fe-S
and their phase equilibrium at 400°C and 500°C
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Phase equilibrium in the central part of the system Cu-Fe-S has been studied by
thermal gradient transporting method with 5 m NH,Cl aqueous solution in gold tube at
400°C and 500°C under pressure of 1,000 kg/cm? and 2,000 kg/cm2. As shown in the
phase diagrams (Figs. 3 and 4) obtained by the synthetic experiments, there are four solid
solutions of bornite, intermediate solid solution, pyrrhotite and chalcopyrite. But, the
last latter has very limited range only close to stoichiometric composition CuFeS,.
The area of intermediate solid solution is changed by temperature or pressure as moving its
area to copper rich direction in the case of increasing temperature or pressure as shown in
Figs. 5 and 7. Also, the composition of intermediate solid solution assembled with
chalcopyrite and pyrite, or pyrrhotite and pyrite are moved to iron rich side by decreasing
of temperature or pressure. From this fact, it is found that the exsolution of bornite and
chalcopyrite from intermediate solid solution occurs due to decreasing of pressure besides
temperature.

The tie line between nukundamite and chalcopyrite (Figs. 3 and 4) is stable at 400°C
and 500°C under hydrothermal condition as same as that at 300°C and 350°C by Sugaki e al.
(1975). Accordingly, the assemblage of bornite and pyrite which is common in natural
copper ore is not found during the experiments of this time though it occurs in the
experiments of the evacuated silica tube method by Yund and Kullerud (1966). There is
a possibility that its assemblage may be formed at temperatures below 300°C under
hydrothermal condition. Meanwhile the tie line change from intermediate solid solution-
pyrite (high temperature) to chalcopyrite-pyrrhotite (low temperature) was examined under
1,000 kg/cm? and 2,000 kg/cm? and its temperature was confirmed to be 325°C in good
accordance with 328°+5°C by Yund and Kullerud. Its temperature is independent of
pressure below 2,000 kg/cm? as shown in Fig. 10.
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Minerals in the Cu-Fe-S system.
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Table 1. Results of hydrothermal experiments at 500°C in the Cu-Fe-S system
Nutrient materials Heating
Compositions (at. %) Press. period Synthetic

Run No. Cu Fe s Reactants (kg/cm?) (days) phases
CFSH 26 20.83 33.34 45.83 po+iss+bnss 2000 6 bnss+iss
CFSH 27 19.98 45.05 34.97 Fe+bnss+po " 5 iss
CFSH 28 5.00 39.97 55.03 iss+po+py " 5 iss+po
CFSH 31 20.83 33.34 45.83 po+iss+bnss " 6 iss+cp
CFSH 32 19.98 45.05 34.97 po+iss+Fe " 15 iss+po
CFSH 33 28.84 25.97 45.19 iss+bnss " 7 iss
CFSH 34 5.00 39.97 55.03 iss+po+py " 13 iss+po
CFSH 35 19.98 45.05 34.97 po+bnss+Fe " 17 iss+bnss
CFSH 36 19.98 45.05 34.97 po+bnss+Fe " 20 iss+bnss
CFSH 37 20.83 33.34 45.83 iss+bnss+po " 7 bnss+iss
CFSH 38 20.83 33.34 45.83 iss+bnss+po " 13 iss+bnss
CFSH 39 28.84 25.97 45.19 iss+bnss " 10 iss
CFSH 65 37.50 15.00 47.50 bnss+cp+py " 5 iss+bnss
CFSH 66 20.00 27.50 52.50 bnss+cp+py " 5 bnss+cp
CFSH 67 10.00 35.00 55.00 iss+po+py " 5 iss+po+py
CFSH 68 10.00 40.00 50.00 po+iss " 5 iss+po
CPSH 77 40.00 20.00 40.00 Cutbnss+po " 7 bnss+iss
CFSH 78 40.00 17.50 42.50 bnss+iss " 7 bnss+iss
CFSH 79 25.00 22.50 52.50 bnss+cp+py " 7 bnss+nk+cp
CFSH 80 52.50 5.00 42.50 cv+bnss+nk " 7 bnss+nk+cv
CFSH 41 40.00 20.00 40.00 Cu+bnss+po 1000 4 bnss+iss
CFSH 42 40.00 17.50 42.50 bnss+iss " 4 bnss
CFSH 43 25.00 22.50 52.50 bnss+cp+py " 4 bnss+cp
CFSH 44 52.50 5.00 42.50 cv+bnss+nk " 4 bnss+cv+nk
CFSH 81 37.50 15.00 47.50 bnss+cp+py " 7 bnss
CFSH 82 20.00 27.50 52.50 cp+iss+py " 7 cp+iss+bnss
CFSH 83 10.00 35.00 55.00 iss+po+py " 7 iss+py
CFSH 84 10.00 40.00 50.00 iss+po " 7 iss+po+py

H 18 5.00 39.97 55.03 po+iss+py " 8 po+iss+py

H 19 30.00 20.00 50.00 cp+bnss+py " 8 bnss+cp

H 22 19.98 45.05 34.97 Fe+bnss+po " 8 po+iss+bnss

H 23 54.98 25.05 19.97 bnss+Fe+Cu " 8 bnss+Cu

H 24 64.97 4.94 30.09 bnss+Cu " 9 bnss

H 25 45.01 5.06 49.93 bnss+S " 9 bnss

H 30 49.02 0.97 50.01 Cu+bnss+S " 15 cv+ibnss

H 31 63.00 2.07 34.93 bnss " 15 bnss

H 32 50.00 5.00 45.00 bnss+nk+cv " 8 bnss+iss

H 33 40.00 12.00 48.00 bnss+nk+py " 8 bnss

H 38 55.00 2.00 43.00 cv+bnss " 7 bnss+cp

H 39 40.00 10.00 50.00 bnss+py+S " 7 bnss

H 46 20.83 33.34 45.83 po+tbnss+iss " 8 iss+bnss

H 47 36.98 9.99 43.03 nk+py+cv " 8 bnss+nk+cv

H 52 28.84 25.97 45.19 iss+bnss " 4 cp+iss

H 40 50.02 7.98 42,00 bnss+nk+py 700 5 bnss+nk

H 41 17.47 34.82 47.71 iss+po " 5 bnss
Solvent: 5m NH,Cl aqueous solution
bnss: bornite solid solution, cp: chalcopyrite, cv: covellite,

iss: intermediate solid solution,
py: pyrite.
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Fig. 2. Scanning electron micrographs of sulfide crystals synthesized hydrothermally.

A: Bornite at 400°C, B: Chalcopyrite at 400°C, C: Pyrite and chalcopyrite at 500°C,
D: Pyrrhotite and intermediate solid solution at 500°C, E: Nukundamite and bornite at
400°C, F: Intermediate solid solution and pyrite at 500°C.
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Table 2. Analytical data for the phases syn-
thesized by hydrothermal experiments

EX BE-LR H-EF -

at 500°C.
Weight % Atomic %
Run No. Phases Cu Fe S Total Cu Fe S
2000 kg/cm?
CFSH 26  iss 45.6 24.4 30.0 100.9 33.9 20.6 45.5
CFSH 27 iss 36.6 31.8 31.0 99.4 27.3 27.0 45.8
CFSH 31 iss 41.1 27.0 32.5 100.6 30.2 22.6 47.2
CFSH 32  iss 25.9 39.5 34.3 99.7 18.7 32.4 49.0
CFSH 33  igs 35.8 30.7 33.6 100.1 26.0 25.5 48.5
CFSH 34 iss  26.2 38.6 35.1 99.9 18.8 31.5 49.8
CFSH 35 bnss 61.7 13.6 25.2 100.5 48.5 12.2 39.3
iss 42.0 27.8 30.5 100.3 31.3 23.6 45.1
CFSH 65 bnss 65.5 9.4 25.2 100.1 51.9 8.5 39.6
CFSH 66 bnss 61.0 13.6 26.4 101.0 47.4 12,0 40.6
cp 35.2 30.7 35.2 101.1 25.2 25.0 49.9
CFSH 67  iss 26.4 38.2 35.5 100.1 19.0 31.2 49.8
po 1.4 58.4 39.9 99.7 1.0 45.2 53.8
124 0.0 46.4 54.0 100.4 0.0 33.0 67.0
CFSH 68  po 1.5 58.2 39.7 99.4 1.0 45.2 53.8
iss 25.7 38.9 35.3 99.9 18.5 31.7 49.8
CFSH 77 bnss 62.8 12.3 25.7 100.8 49.2 11.0 39.9
cp 34.7 30.5 34.9 100.1 25.0 25.0 49.9
CFSH 78 bnss 60.7 13.8 26.0 100.5 47.4 12.3 40.3
CFSH 79 bnss 72.0 4.3 23.7 100.0 58.1 3.9 37.9
CFSH 80 bnss 58.9 15.0 26.6 100.5 45.8 13.3 41.0
1000 kg/cm?
CFSH 41 bnss 57.2 16.3 27.0 100.5 44.2 14.3 41.5
CFSH 42 bnss 61.1 13.8 25.9 100.8 47.7 12.3 40.1
CFSH 43 cp 35.0 30.7 35.3 101.0 25.0 25.0 50.0
bnss 63.8 11.8 25.6 101.2 49.9 10.5 39.7
CFSH 44 bnss 71.0 5.6 24.1 100.7 56.7 5.1 38.2
CFSH 81 bnss 63.4 11.0 26.1 100.5 49.7 9.8 40.5
CFSH 82 cp 35.3 30.6 35.1 101.0 25.3 24.9 49.8
bnss  62.4 12.3 25.5 100.2 49.2 11.0 39.8
CFSH 83 iss 27.6 37.4 35.3 100.3 19.7 30.4 49.9
CFSH 84 iss 25.7 39.7 35.3 100.7 18.2 32.1 49.7
pY 0.0 46.9 53.9 100.8 0.0 33.3 66.7
po 1.1 58.5 39.8 99.4 0.8 45.4 53.8
H 18 iss 26.6 38.9 35.1 100.6 18.9 31.5 49.6
po 1.4 58.6 39.6 99.6 1.0 45.4 53.6
H 19 bnss 61.9 11.7 26.1 99.8 48.6 10.6 40.8
cp 34.7 30.3 34.7 99.7 25.1 25.0 49.9
H 22 iss 24.8 40.4 35.1 100.3 17.8 32.7 49.5
po 2.9 59.6 37.1 99.6 2.1 47.0 50.9
H 32 bnss 75.5 3.5 20.9 99.9 62.2 3.4 34.3
H 39 bnss 69.0 1.0 20.2 100.2 65.7 0.9 33.4
H 46 iss 41.1 26.2 31.6 98.9 30.8 22.3 46.9
H 47 bnss 72.4 3.8 23.0 99.2 59.2 3.6 37.2
H 51 bnss 60.8 13.4 25.6 99.8 48.0 12.0 40.0
H 52 iss 37.1 28.9 33.3 99.3 27.3 24.2 48.5

500°C 2000kg/cm?
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Fig. 3. Phase relations in the central portion of the Cu-Fe-S system at 500°C and 2000 kg/cm? under
Solid circles show the analytical composition of the synthetic
Abbreviations in the figure are shown in Fig. 1. iss: intermediate solid solution.



Table 3. Results of hydrothermal experiments at 400°C in the Cu-Fe-S system.

Cu-Fe-S REMDBAEE & £ OHFH, & < 400°C 38 LV 500°C 12T

Nutrient materials Heating
Compositions (at. %) Press. period Synthetic

Run No. Cu Fe Reactants (kg/cm?) (days) phases
CFSH 49 40.00 20.00 40.00 Cu+bnss+po 2000 7 bnss
CFSH 50 40.00 17.50 42.50 bnss+iss " 7 bnss+iss+cp
CFSH 51 25.00 22.50 52.50 bnss+cp+py " 7 bnss+cp
CFSH 52 52.50 5.00 42.50 cv+bnss+nk " 7 bnss+nk+cv
CFSH 53 20.00 27.50 52.50 cp+iss+py " 6 cp+py
CFSH 54 10.00 35.00 55.00 iss+po+py " 6 iss+po+py
CFSH 55 37.50 15.00 47.50 bnss+cptpy " 7 bnss
CFSH 56 10.00 40.00 50.00 po+iss " 7 po+iss
CFSH 71 10.00 35.00 55.00 iss+po+py 1000 9 iss+po+py
CFSH 72 10.00 40.00 50.00 pot+iss " 9 po+iss

H 13 34.99 15.01 50.00 bnss+nk+py " 7 bnss+nk+cp

H 14 30.00 20.00 50.00 bnss+cp+py " 10 bnss+cp

H 16 5.00 39.97 55.03 po+iss+py " 10 po+iss+py

H 20 19.98 45.05 34.97 Fetbnss+po " 10 po

H 21 54.98 25.05 19.97 bnss+Fe+Cu " 10 bnss+iss

H 26 64.97 4.94 30.09 bnss+Cu " 10 bnss

H 27 45.01 5.06 49.93 bnss+S " 10 bnss+iss

H 28 49.02 0.97 50.01 cv+bnss+S " 15 cv+bnss

H 29 63.00 2.07 34.93 bnss " 15 bnss

H 34 40.00 12.00 48.00 bnss+nk+py " 10 bnss+nk+cp

H 35 50.00 5.00 45.00 bnss+nk+cv " 10 nk+cp

H 36 40.00 10.00 50.00 bnss+py+S " 10 bnss+nk+cp

H 37 55.00 2.00 43.00 cv+ibnss " 10 bnss

H 49 5.00 39.97 55.03 po+iss+py " 6 iss+po

H 50 22.22 27.78 50.00 cp+iss+py " 6 cp+iss

H 42 17.48 34.82 47.71 iss+po 700 4 cp+iss

H 43 50.02 7.98 42.00 bnss+nk+py " 4 bnss+nk

H 44 36.98 9.99 53.03 nk+py+cv " 4 nk+bnss

H 45 20.83 33.34 45.83 iss+po+bnss " 4 iss+cp+py
CFSH 1 26.00 26.00 48.00 iss 300 15 iss
CFSH 2 22.22 27.78 50.00 cp+iss+py " 13 cpt+iss+py
CFSH 3 30.00 20.00 50.00 bnss+nk+py " 18 bnss+nk+cp
CFSH 4 25.00 20.00 55.00 bnss+nk+py " 13 nk+cp+py
CFSH 5 5.00 40.00 55.00 iss+po+py " 14 iss+po+py
CFSH 6 50.00 5.00 45.00 cv+bnss+nk " 20 cv+bnss+nk
CFSH 7 35.00 20.00 35.00 bnss+iss " 20 bnss+cp+iss
CFSH 8 35.00 20.00 35.00 bnss+iss " 20 bnss+nk
CFSH 9 37.00 10.00 53.00 py+nk+cv " 18 nk+cv
CFSH 10 17.47 34.82 47.71 iss+po 14 iss+po+py

Solvent : 5m NH,Cl aqueous solution

Table 4. Analytical data for .the phases
synthesized at 400°C.

3 L ORERISGL DB OIS A & D b1, HERGE

YL BRI D 5 BTSICEA B0 5

Weight % Atomic %
Run No. Phases Cu Fe S Total Cu Fe S
2000 kg/cm?

CFSH 49 bnss 57.4 15.8 26.6 99.8 44.8 14.1 41.1
iss 39.2 29.7 32.0 100.9 28.7 24.8 46.5

CFSH 50 cp 34.7 30.6 35.0 100.3 25.0 25.1 49.9
bnss 58.4 15.3 26.7 100.4 45.4 13.5 4l1.1

iss 41.6 27.1 32.2 100.9 30.5 22.6 46.8

CFSH 51 cp 34.9 30.1 34.6 99.6 25.3 24.9 49.8
bnss 63.4 11.7 24.8 99.9 50.3 10.6 39.1

CFSH 52 bnss 70.8 5.1 23.5 99.4 57.5 4.8 37.7
CFSH 53 cp 34.7 30.9 35.0 100.6 24.9 25.3 49.8
CFSH 54 iss 25.3 39.4 35.4 100.1 18.1 31.9 50.0
po 0.8 58.8 39.7 99.3 0.5 45.8 53.7

CFSH 56 iss 24.1 40.7 35.3 100.1 17.2 33.0 49.8
po 0.9 59.7 39.6 100.2 0.6 46.1 53.3

CFSH 55 bnss 67.6 8.1 24.4 100.1 54.0 7.4 38.6

1000 kg/cm?

CFSH 71 iss 24.1 40.1 35.2 99.4 17.3 32.7 50.0
po 0.5 59.0 39.7 99.2 0.3 45.9 53.9

PY 0.0 46.2 53.9 100.1 0.0 33.0 67.0

CFSH 72 iss 24.7 39.8 35.5 100.0 17.6 32.3 50.1
po 0.4 59.0 39.5 98.9 0.3 46.0 53.7

H 13 bnss 68.5 7.1 24.0 99.6 55.2 6.5 38.3

H 14 bnss 62.8 12.2 25.6 100.6 49.3 10.9 39.8

H 16 po 0.6 58.9 39.7 99.2 0.4 45.8 53.8

H 20 po 1.0 62.5 37.4 100.9 0.7 48.6 50.7

H 21 iss 40.5 27.9 31.7 100.1 30.0 23.5 46.5
bnss 67.4 8.3 24.2 99.9 54.0 7.6 38.4

H 26 bnss 7.7 4.8 23.0 99.5 58.4 4.5 37.1

H 27 bnss 65.6 8.9 25.0 99.5 52.4 8.1 39.5

H 29 bnss 75.7 .8 21.7 99.2 62.7 1.7 35.6

H 34 nk 55.7 10.4 34.2 100.2 41.2 8.7 50.1
H 36 nk 55.5 10.4 34.0 99.9 41.2 8.7 50.0

H 37 bnss 72.2 3.4 22,9 98.5 59.5 3.2 37.3

H 49 iss 25.7 39.5 35.3 100.5 18.3 31.9 49.8
po 0.6 59.7 39.6 99.9 0.4 46.2 53.8

H 50 cp 34.3 30.8 35.1 100.2 24.7 25.2 50.1
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D7 A XFPDZFNE FBAET, ZODHE S Cus.aFeo.sSe
DOHRRIT —BL T3, AFkERB X" EPMA 247D
X h3R® 12 2,000 kg/cm® FOFEKI Fig.4 D& 5
T, BT 3 LESWEERIZ 500°C DZEhERI—Td
PRIERG R & O RERRSkEE D B AR
500°C DZN 5 IKHL VWL L5 T b, ZDIZDHF
P E A R DI AITIE mooihoekite RRDA D FTh
fD talnahkite 33 & T¥ haycockite KARRAIT BEWEAE L b
1223 T 7 DEIRSAMCALET 50 L L, 400°C TOH
RSB DS 500°C D 7 hic L Sl B8id 3 12 9,
bk bEICED bDIRF o — SEOMBRIEGEL T
%o SBHRFICAH b 5 —EREMEERIX 500°C &
KD X 5 Td 5o

%03, DREAGE

SRS + PR + R

SREE+ R & & LGE -+ BEREE
S+ = o v & A gL+ BEGRASE
% o v & b i+ R+ FESRGL
X o2 ngh+ BEERGE + BEEREE

263



264 ERX RE-IR H- LF

400°C 2000kg/cm?

ﬁ__

Atomic % Fe

1]

20

Cusbn ,~ CusbnFe >~

v} b v}

60 40

20 [+]

Atomic % Cu

Fig. 4.

Phase relations in the central portion of the Cu-Fe-S system at 400°C and 2000
kg/cm? under hydrothermal conditions.
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the stoichiometric compositions.
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Fig. 6. Photomicrographs of exsolution lamellae appeared by cooling after runs.
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A: Exsolution lamellae of bornite (dark gray) in intermediate solid solution (gray).
B: Exsolution lamellae of chalcopyrite (light gray) in intermediate solid solution (gray).
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Fig. 8. Composition change of Cu-rich and Fe-rich ends of intermediate solid solution

and Fe-rich end of bornite solid solution by temperature and pressure.
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Fig. 9. Compositional changes of intermediate solid solution assembled with

pyrrhotite+pyrite and bornite+chalcopyrite and bornite solid solution
associated with intermediate solid solution+chalcopyrite and covellite+
nukundamite by pressure and temperature.
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Table 5. Experimental results on the tie line change from intermediate solid solution-
pyrite to chalcopyrite-pyrrhotite under hydrothermal condition.
Nutrient materials Heating
Composition at.$% Press. period Synthetic
Run No. Cu Fe s Reactants (kg/cm?) (days) phases
500°C
H 18 5.00 39.97 55.03 po+iss+py 1000 8 po+iss+py
400°C
H 16 5.00 39.97 55.03 po+iss+py 1000 10 po+iss+py
H 50 22.22 27.78 50.00 cp+iss+py 1000 6 cp+iss+py
H 45 20.83 33.34 45.83 cp+iss+po 700 4 cp+iss+py
CFSH 2 22.22 27.78 50.00 cp+iss+py 300 18 cp+iss+py
CFSH 5 5.00 40.00 55.00 iss+po+py 300 14 iss+po+py
CFSH 10 17.47 34.82 47.71 iss+po 300 14 iss+po+py
350°C
H 6 16.69 33.31 50.00 cp+iss+po 2000 7 iss+py
H 5 16.69 33.31 50.00 cp+iss+po 600 14 iss+po+py
H 2 20.60 29.40 50.00 cp+iss+po 300 7 cp+iss+py
330°C
CFSH 86 16.69 33.31 50.00 cp+iss+po 2000 8 iss+py
CFSH 87 10.00 35.00 55.00 iss+po+py 2000 8 iss+po+py
H 48 5.00 39.97 55.03 iss+po+py 1000 5 iss+po+py
320°C
CFSH 29 5.00 39.97 55.03 iss+po+py 2000 5 cp+po+iss
CFSH 32 5.00 39.97 55.03 iss+po+py 1000 7 cp+po+iss
300°C
CFSH 28 5.00 39.97 55.03 iss+po+py 2000 6 cp+po
CFSH 30 5.00 39.97 55.03 iss+po+py 1000 5 cp+po+iss
H 3 14.31 35.69 50.00 cpt+iss+po 300 14 cp+iss+po
H 1 20.60 29.40 50.00 cp+iss+po 300 10 cp+iss+po
MROBEHIREE % 328°+£5°C &L T 5, BREDERID
5004- . o ERETH Y, EACI3BEIRFINTOIEN, 2
© T TEE L RBKERETENDOHELER/L 20556 .
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Fig. 10. Results of experiments on tie line

change from intermediate solid solution-
pyrite to chalcopyrite-pyrrhotite under
hydrothermal conditions.
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