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#1 Fe-Co-Ni BREBHARITHE

Table 1 Synthetic processes for Fe-Co-Ni monosulfide solid solution

SpaE gL LHRER ®OoH i KA
s B Experimental Startingv materials id " B Duration 7= 0
ample No. No. Emgd rec) (day) Products
FeS 43.96
1 NiS 95.10 600 8 1p.
CoS 314.20
1p. 436.75
2 S 3.75 600 4 2p.
8201 2p. 400.00
3 S 3.75 600 8 3p.
3p. 383.10
4 S 4.00 600 4 4p.
5 L iy 600 9 (Feo,i0 Nio_z0 Cop.10)0.:8
FeS 65.93
1 NiS 136.16 600 8 1p.
CoS 250.22
1p. 444,20
2 S 5,00 600 4 2p.
2802 2p. 410.00
3 S 1.70 600 8 3p.
3p. 406.30
4 S 2.00 600 4 4p.
5 4p. 390.60 600 9 (Feo,1s Nig,30 Cog_55)0.96S
FeS 87.91
1 NiS 181.54 600 8 1p.
CoS 181.98
1p. 441.80
2 S 3 50 €00 4 2p.
8203
2p. 443.30
3 s 300 600 8 3p
4 3Sp- 44}28 600 4 (Fco.zo Niogo COn..:o)o,ysS
FeS 109.89
1 NiS 226.93 600 8 1p.
CoS 113.74
1p. 437.00
2 % 2,00 600 4 2p.
8204 2p. 410.60
3 S 0.80 600 8 3p.
3p. 399.80
4 S 0.80 600 4 4p.
4p. 391.90 .
5 T 0.70 600 9 (Feq.25 Nio, 50 Coo.25)0.9:S

1p., 2p., 3p., 4p. FIR (Fe, Niy Co)i-x S £5(Fe, Ni, Co),S; RIALLFIHE &(1p.s 2Dy 3p., 4p. = The
mixtures of (Fe, Ni, Co),-xS and (Fe, Ni, Co),S; in dif'erent ratio),
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B RABHBERBRESGREE RN Y, R EERIK FIRERERGTREE
mgg. BEBELARTTRERAY, AEE RN RRADTBRIES R E—D
B Bl RE i, X BERT AR KR 5 S RL i 3 Vo

2. B & Fe-Ni BEHEE R Fe-Co-Ni BRER K. BRRAEESHEHR
B RS 5EMRY B S w

3.4 BIM CoS, Fe-Ni BAREEERR Fe-Co-Ni BMEEEEKILAMEEE S, B
ERBEN, EMAT RRHST SRR BE R aw.

FELBRNBEAMERN T,

Fe + S——FeS (¢D)
Co + S—=CoS (2)
Ni 4+ S—>NiS (3)
3CoS + S—=Co;S, (4)
n,FeS 4+ 2n,NiS—=n( Fe, Ni),_,S 4+ n5{Fe; Ni)sS; (5)
12 Fe s Ni)_,S + n5(Fe, Ni)S; + n,S—>n:(Fe, Ni),_S (6)
nG(Fe, N1),-,S + nS——>=ngFeNi,S, (7)
nsFeS 4+ 2nyNiS 4+ 1,CoS—>n,(Fe, Co, Ni),_,S + n,,(Fe, Co, Ni)S, (8)
ms(Fe, Coy Ni)i_sS + mu(Fe, Cop NisSy + msS—=me(Fe, Co, Ni), S (9)
mu(Fe s Cos Ni)y_,S + 7368—ny(Fe, Co, Ni),S, (10)

(”1, M35 °* "My %%@ﬂ,\ﬁ)
HRMG) R, —REERHRERBIGANRRERERICEY, Rt b

*311 (100>
' 2 3 o 5 (100>
(100)
(100)
(100> *311
*311
*222 i
%222
w2 *311 k

" . A s ) \ A s ; . R A ) L s 120

312 .';l 3l0 29 32 31 30 29 32 31 30 28 32 3t 30 29 32 31 30 29

A1 8201 WELRSEX HETHE
Fig.1 X-ray diffraction pattern of experimeatal process for sample 8201

1,2, 3, 4, SHEBWAEWC, 2, 3, 4, 5 = sequence of experiment) %222 K k311
(Fe,Ni,Co)s Ss HI(222) B (311)FT 4§ %Ko

1) FEEBEEAZEEIRELEDEBAMFRIE79.
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(Fe, Ni)S; B (Fe, Ni, Co)S; MR LHRER, BRERKLEWHRRALEETMHE
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£ (Fe, Ni, Co),_S B(100)FT448,%222 K& #311 & (Fe, Ni, Co)Ss B9(222) K% (311) 17
ko H—RERHIMTEKSE (Fe, Co, Ni)S,, L3 4 RINBLTE, (Fe, Ni, Co)Sy A4
MK

—

kB ER
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POt ARMANA Fo XEMAWSHMATRAMEMER, HEKE W, Co_S-(Fe,
Ni) S RFIMMEIEKBAMEGL B, CoS,-FeNisS, RFLEWEMER AR,

Fei:xS . FesS¢

(a)

i 81904
Nii-xS . co,8,

K2 (a) SREGEERARES G O) RRBEGRFENE
Fig. 2 (a) Sample dizctribution for monosulfide colid solution;

(b) Sample distribution for thiospinel
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B ¥,
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Fig.3 X-ray diffraction pattern for Fe-Co-Ni monosulfide solid solution
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B4 81905 RFA RS X HEMRITHE

Fig. 4 X-ray diffraction pattern for sample 81905

ML EBRRIAE (Fe, Ni),S 5 Co,,S BZER;5E 3 Prol 5 #HIRAFERE & Bh A0 1N I gk
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3k 6 MNARRE, S 20 81904, 8205, 8206, 8207, 8208 F% 81907, 81904 &k 4%k sk
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Takle 2 The d-spacing for monosulfide solid solution
Diffraction hkl Sample No:
line Mo. 8201 8202 | 8203 8204 | 81905
1 100 2.9421 2.9459 2.9459 2.9621 2.9785
2 002 2.6299 2.6503 2.6602 2.6881 2.7740
3 101 2.5679 2.5743 2.5786 2.5938 2.6254
4 102 1.9605 1.9701 1.9750 1.9918 2.0290
5 110 1.6986 1.7021 1.7042 1.7098 1.7220
6 103 1.5052 1.5149 1.5324 1.5728
7 200 1.4708 1.4731 1.4797 1.4920
8 112 * 1.4330 * £.4629
9 201 1.4164 1.4200 1.4281 1.4407
10 004 1.3131 1.3255 1.3292 1.3890
11 202 1.2831 1.8278 1.2971 1.3141
12 104 1.2007 1.2082 1.2246 1.2587
13 203 1.1261 1.1315 1.1421 1.1617
14 210 1.1114 1.1140 1.1194 1.1277
15 211 1.0874 1.0902 1.0960 1.1052
16 114 1.0396 1.0456 1.0575 1.0808
17 212 1.0235 1.0270 1.0336 1.0448
18 204 0.98974 0.99751 1.0118 1.0165
19 300 0.97988 0.98258 0.98734 0.99444
20 213 G.93876 0.94258 0.94977 0.96320
21 205 0.89094
22 106 0.88420
23 214 0.87543
24 220 0.86143
* AU (Difficult in measurement),
%3 RREABGLERIRERSH
Table 3 Chemical formula and cell size of monosulfide solid solution
W 5 xR o
Sample No. Chemical formula 4
(&)
81905 (Fe, NiJo.osS (Fe:Ni = 132)  [ap = 3.445, Co=5.554
8204 (Feo.255 Nip. 505 Co0.25)0.5:S ap = 3.41940.001, Co = 5.38440.002
8203 (Feg.205 Nio.s0s C00.40)0.55S ap = 3.4104-0.001, C, = 5.3284-0.004
8202 (Feg.;5Nig 305 Cop.s5)0.94S ap = 3.403+0.002, C, = 5.300+0.002
8201 | (Feo.105 Nio.205 C00.70)0.929 ap = 3.39540.002, C, = 5.260+0.005

" (CosSy)» 81907 & EMIAEBEAH ™ (Fe, NiLS), H'E 4+ MYAMEMT BEMBH EF
= B 6 R 7 A TN R HE: R 1, 2 2300MFR T HEBHES T
WH % 4 FIH T S HEIE WEBE MRS R 5% 5 AR A ML SR ZH e
SIS E 8 RAREYHRAEARSGRRSEMEEMR RO
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ao(A) Co(A)
3. 440 s
3.430 r5: 600
[:
3.4204 k5,500
3.4104 r5.400
3.400 rs.aoo
3.390 — T T r §.200
(Fe.Ni);-xS 80 60 40 20 Co, xS

mol %

A5 (Fe, Ni), xS-Cou oS BEBEKANS %o BLRKR

Fig. 5 Relation between the component of (Fe, Ni);_,‘S—Co,_,S' solid - solution and cell’ size
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Fig. 6 X-ray diffraction pattern for synthetic linnacite (81904)
LFUX SR ITEER, LB Ay X HREB-CuKa; BZHRBREE NIFIHT K
B8 % B £ 28 0 R R IR S > T R B 88 o
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Bl 7 Co,S,-FeNi,S, Bk X 5475 HE

Fig. 7 X-ray diffraction pattern for Co,S,~FeNi,S, solid solution
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Table 4 The d-spacing for Co,S,, FeNi,S, and thier solid solution

MIHES RAEE (sample No.)

Diffraction hkl

line No. 81904 8205 8206 8207 8208 81907
1 111 5.4279 5.3918 5.4114 5. 4016 5.4312 5.4345
2 220 3.3228 3.3107 3.3167 3.3155 3.3313 3.3325
5 311 2.8347 2.8243 2.8269 2.8321 2.8418 2.8444
6 222 2.7167 2.7039 2.7143 2.7175 2.7223 2.7247
8 400 2.3523 2.3453 2.3470 2.3523 2.3553 2.3612
10 422" 1.9221 1.9164 1.9183 19217 1.9248 1.9286
12 o 1.8115 1.8075 1.8095 1.8102 1.8159 1.8190
13 440 1. 6642 1.6606 1.6625 1.6617 1.6662 1.6709
15 531 1.5881 1.5876 1.5896 1.5906 1.5946 1.5979
18 620 1.4858 1.4841 1.4860 1.4871 1.4914 1.4946
19 533 1.4328 1.4336 1.4344 1.4353 1.4381 1.4417
20 622 1.4166 * * * % *
21 444 1.3567 1.3559 1.3576 1.3583 1.3612 1.3647
22 o 1.3164 1.3172 1.3175 1.3195 1.3203 1.3243
23 642 1.2560 1.2563 1.2572 1.2578 1.2579 1.2637
24 e 1.2242 1.2236 1.2247 1.2252 1.2280 1.2313
25 800 1.1754 1.1747 1.1760 1.1772 1.1788 1.1824
26 733 1.1492
27 L 1.1082 * 1.1087 1.1097 1.1118 1.1149
28 ;;i 1.0855 1.0859 1.0864 1.0875 1.0893 1.0923
29 840 1.0514 1.0515 1.0515 1.0528 1.0549 1.0577
30 ¥ 1.0321 * * * * *
31 664 1.0023

T n 931 0.98579 | 0.98626 | 0.98626 | 0.98764 | 0.98881 0.99195
33 844 0.95969 | 0.96017 | o0.96023 | 0.96123 | 0.96273 | 0.96583
34 10,92} 0.92199 * * 0.02364 | 0.92499 | 0.92823
55 i 0.90906 0.90926 0.91077 0.90976 0.91201 0.91495
36 953 0.87693

* MR (Difficult in measurement),
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%5 Co,S, 5 FeNi,S, . B3t

“Table 5 Experimental condition and cell size for

H S o B

Sample Starting materials
No. ' (wg)

81904 CoS$ 1813.20 s 213.20
8205 (Feo.i05 Ni_z05 C00.10)0.925 349.14 s 29.47
8206 ' (Feoiiss Nio.s05 C0p.55)0.5:5 386.85 S 36.39
8207 ‘(Feo.205 Nig.405 Co5.40)0.955 423.00 S 41.30
8208 (Feo.255 Nio.505 Coo.25)0.9:5 389.20 S 41.69

81907 (F&; Nido.oS (Fe:Ni = 1:2) ~ = 963.50 s 233.90

1 SRETET BHE 2 AROEREE

Phot. 1 Synthetic linnaeite Phot. 2 Synthetic violarite
Bt (reflex), 200X Rt (reflex), 300X

9 RINTEABRIR A, R IBEFTH A7 51 B, RUFIE o BRI (568 SR18 & 07 5 SR AR R poAE ot 3
fEo

M. ¥ i’

L3R 11 FEARE S R B R AR, IS SR X SR SRR R AR AR
BT RIERHERNHET MERAT WX HERINLERS AL ST M. KT
X TSR ENHENEARBRESERR B, BE, AILANTHE R hEE.,
BREEHTAIZR 6 FNE 20 24, RIRRG B 6, 18 K 22 &fo XENTHAHRS, HISAKE
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BHEXREAANRRSR

Co,S, and FeNi,S, and thier solid solution

R ERHBEICR) =
iﬁ(‘,c)E Duration li:oduc?? Eaji@%?i(
(day) @)
600 10 CosS, 2o = 9.40340.002
290 25 (Feoo Nio.sp Con.z0)sS,s 2 =9.4110.003
290 25 (Feo.1s Nio.so C0o.55)38: 4 =9.413+40.003
29 25 (Feo.zo Nig.so C0040)3S, 2o = 9.42440.003
290 25 (Feo.s Nig.so Coo.z5)sS, ap = 9.436£0.003
285 30 FeNi,s, 4= 9.468+0.002
a0 (A)
9.470- ?
9. 460-
"
9. 450 Lol
9.440- 14
1.24
9.430- Lol
9,420 B8
0.6
9.4101 i
[
9.£400 . . — . 0-29
C03$4 .80 co P 20 FeNi254
. 0° " 20 ' 40 ° 60 ' 80 ' 100 ' 120 = 140 = 160 28

wol %

Ao EEikssal/ BIRABESTH
IR AL

Curve for relation between IfI,

B8 CosS,~FeNi,S, FEIEKMANS 2 18
BERA
Fig. 8 Relation between the component of

Co,S,-FeNi,S, solid solution and cell size

Fig. 9
fixed slit and automatic slit

1 ERERILIEE (I = intensity for fixed slit)
L #REHHMBE (= intensity measu-
red with automatic slit)
£RIHE, W R L. RS RREAS N (222) M (622), BB =&251A
(222), (620) % (5510, SHEST5X AN I, 45 & M TR B R 2 B M RS I BB 0 TR AR REAT
THEE, EERIITES, FURAET QDR FARELH . A, &
marr(222).(620) RS DB ARK TN . AL _ER AT SR IR B AR5 R,
XILAEAT A, 6O RS TR R BE ki LR 8 TR o
BRSO R TG A g, HE 7 AIUEH: 83, 7, 9, 1417 &K
SHRE SRR B (111), (210), (211, (BL1DF (023) fif § 45 5 5 8 4, 11 16 =
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H6 WMEBTITHEEITHER

Table 6 Calculation of diffraction intensity for linnaeite

;%%g. X B BERE
AR 2 Relaiive cumulate intensity
Diffraction hkl b P 1 + cos*28
line sin*¢ — cos @ L BN
No. ' I | i > Observed
Calculation value
1 111 ’ 11405 - 8 o 96 0.88x107 21 13
2 220 30796 12 | 34.35 1.28%107 30 30
3 311 74532 24 3 24.26 4,29% 107 100 100
4 222 o 1781 8 22.04 0.03%107 . 1 1
8 400 240022 6 15.94 2.29%107 53 61
10 422 15277 24 9.91 0.36%107 8 1%
67970 24 1.85%107
12 511, 333 31445 8 8.56 (Lyuy + Tys3) 43 43
13 440 461041 12 6.95 3.85%107 90 83
20 622 958 24 4.70 0.01%107 (0.2) 1
31 664 10086 24 2.70 0.07%107 2 1

* HYTEEIXL%EEE (Intensity for fixed slit),

NiS; B9(111) (2200 RGIDATHEE R 355 6 £FE 16 KA TN 175 B ENSMX
LT REBIRSS, B BT AINLS, & R R, LR LR T HRMBREBIN. PAEXFH
HEMRERE, VIZINAERFEIEE: 1. KA M REBBEEFHE (James R. Craig(1971)
£ 300°C I 67 RERTHNERBT Y, EALERHONERK, BEGBHE). 2. 5LKiR
EBHEIATHE X FHEN B EERERERIZEER, ¥ 6 BH G R AR 20—30°C,
RGN B LTER. FeS: ZEHARPLLERE, ELERERT S BRRE, 51 NiS,
I,

KT ERBRE R, (RN X 5 4R7T 5T I W 1 07 , A I 8, BT PR A 28—, iR
GRS, NMINHBIRRE, 8203 SR MATH AR 3—4 ZAE WA B, BT, U
BEALH (CoO - Fe,05) Bl HRIXF AR E T RER R RE R %, =S Pk
PR TR A BT 8o

ALBAESD , BB, & AL, BREBITR TR LA AT 4R &8I
ARE, THEREETHRIOITER . #TAERNN A EERERERMEAR (EEIND
Wi B Z—— " H# Ko

h. &

L EEYRNMBAFERGT, RET SEMRT TUERESE L REARLE Y, HHA
BRA-EEBRARBKT KRRV R PRENEMAT-EHEREVRIE R
G ERINWELE, LT WRFIERRET - ERET R, R -HEHEy
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WFIEEANT MRFIFH—E 5o

2. AR E BN —RFIBHRAESY, BREENE B Fe-Co-Ni BiR&EAMEERRE, H
FE—ERE LX Feih5-Co(S-Niy S RMEPHEMALO T KRR FERNEAT
Co,,8 5 (Fe, Ni),.S 7E 600°C FE itk , A et X 2L (B vtk AL & Wy R M 2B AR T
BHEANR, MNP Fe-Co-Ni BFEMAAMBRARLIHEN HNVERMADBARE
B

3.0 MER LR WEF T EIER, % Fe-Co-Ni-S FJTHR Fe;S,-Co,S,-Ni,S, &
L, CoS, (Bi%H )5 CoNiS, (BiREH), NisS, (EHRE)E FeNiS, (RBRHDHA
DREEE. ALBRUBFRET MERT BT L2ERE. Fe\Co, Ni TR MIRICE
R R mEEE— T INREARERALBRAR, TEXRAESZHHLE AR AR
FLE o

AMRIRBOHEERIENFELEERSEASTENES, FLUSHAT
TRAXE TIEF I R AR IR R R R E L SR ER X
&5 FHR B FRER A T T RSB, E—H i,

£ F X B

{11 Craig, J. R, 1971, Violarite stability relations. The American Mineralogist, Vol. 56, pp. 1303—
1310.

{21 Harland, W. B, Agrell, S. O, Cook, A. H. and Hughes, N. F.,, 1978, Mineral chemistry of metal
sulfides. Cambridge press..

1'3] Ostwald, J, 1978, Linnaeite seties minerals from the Kalgoorlie district,” Western Australia. Mi-
neralogical Magazine, Vol. 42, No 321.

{41 Edgar, A. D, 1973, Experimental petrology basic principles and techniques.. Clarendon press, Ox
ford.
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SYNTHESIS OF LINNAEITE, VIOLARITE AND
THEIR SOLID SOLUTION

Zhang Chengxin, Ii Jiuling and Zhang Guilan
(Institute of Mineral Deposits, Chinese Academy of Geological Sciences)

Abstract

The vanadium-titanium-magnetite deposit occurring in the Panzhihua-Xichang re-
gion contains many cobalt-nickel sulfides, in which there are a series of varieties of
violarite. They are-characterized by a very high cobalt content, varying from 5.3 to
47.4%—a rare case in the world. The phase relations of violarite to linnaeite or siege-
nite in the quaternary system Fe-Co-Ni-S have not yet been determined by experiments.
It remains unclear whether violarite and linnaeite form a continuous isomorphic series
or what the Co-rich end member of violarite is. So it is difficult to name and identify
these minerals. In order to solve these problems, the authors have successfully syn-
thesized . linnaeite- (at 600°C), violarite (at 285°C) and a series of solid solution pro-
ducts between them (at 290°C), using the silica tube technique. Their chemical for-
mulas are Co;S,, (Feo 10Ni 2 Coy, 70)3%4; (Fey,15 Nig 3 Co,, 55354, (Feo 20 Nig g0 C0g.49)58,, (Fey 2
Ni 5 C0q.25):S, and.Fe Ni, S,. Their cell parameters a, obtained by the X-ray powder
diffraction analysis are 9.403, 9.411, 9.413, 9.424, 9436 and 9468A, respectively,
The results indicate that linnaeite and violarite are completely miscible under certain
physico-chemical conditions., There is a new mineral series in the quaternary system
Fe-Co-Ni-S: ‘the linnaeite-violarite series.

In order to provide strating materials for the experimental study of the linnaeite-
violarite solid solution, the authors have synthesized a series of compounds of mono-
sulfide solid solution. Their chemical formulas are (Fe, ,, Niy  Co, 20.955, (Fey s Nij 5
Coo.55 )o0.94S, (F €0,0N1o,46C00 400058, (F 5,255, 5,C0y, zs)o oS and (Fe,N: 1)0.99S. These sulfides
belong to the nickeline structure type, which is very significant for ‘studying the
phase relations of Fe-Co-Ni monosuifides.
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