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Table 1 Summary of electron microprobe analyses of samples % ”%‘
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S 32. 54 41. 42 33. 14 38. 61 2z
Bt 99.12 96. 53 99. 32 100. 84 gj,;
i | Fe | 4.60 1.19 5.55 0.85
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Schematic diagram of flow-through

Fig. 1

hydrothermal reactor design
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Fig.2 X-ray diffraction patterns of pure pentlandite prior to and after hydrothermal alteration

at 125°C in a pH 3. 9 buffer solution (0, 2 M acetic acid/sodium acetate) for up to 280 h
PN—BEE&F; VL%, SI—brfeak

PN—Pentlandite; VL—violarite; SI-—silicon standard
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Fig. 3 The variation of weight percentage of phases with reaction time during pentlandite (PN) alteration to
violarite (VL) and pyrrhotite (PO) to marcasite (MAR) in 0. 2 M acetate bulfer
Ca)— FLARAR G0 1 B0'C ypH 3.9 BB A Ar AU F ST I AY BREERL s (b)— A AR BT R™ 76 80'C.pH 3.9 MGl A Ar+H.SIRA X
He T BN e A 2R SIE AR 5 (o) —Fr L BEER DE @0 AE 125 'C.pH 3.9 {52 I 06 B2 R kB (d)—f iU BR B KW 42 145°C.pH 3.9 %%
{4 B E ) BE A B 5 () — 45 LR B BR 0 -RE B KW SR A IRAE 125°C . pH 3.9 S fF T S0 B 0% BN AR 5 () — 4 RLER BT Bk AT 0T Bk 1
PR AE 145°C L pH 3. 9 e fF F RN A9 BN R PN—BUS 8T VLR #We : PO— @ 0% MAR— 89"
(a)—Natural pentlandite reacted at 80°C and pH 3. 9 with Ar gas in solutions (h)—natural pentlandite reacted at 80°C and pH 3. 9 with Ar

+ H:S gas in solution; (e)—synthetic pure pentlandite reacted at 125°C and pH 3. 9; (d)—synthetic pure pentlandite reacted at 145°C and

pH 3.9; (e)
145°C and pH 3.9
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synthetic pyrrhotite-bearing pentlandite reacted at 125'C and pH 3. 93 (f)—synthetic pyrrhotite-bearing pentlandite reacted at
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Table 2 Reaction rate constants and Avrami index n

WAHECT) B CUED k(1/s) n
80 _Wi.\r ) 5.8x10°% |0.70
H# PN(Ar+H,SIBA5) | 3.0X10 1. 44
fr 1 PN 2.8X107% |2.05

' 48 PN+ PO 2.08x1 64
145 A PN 1x10~¢ (222
& PN+ PO 5.1X107% |1.51

PN S PO %Y

A T 1 e (P 4d) . BEAb o OB 7= ) R BB P AT
fE KA R RCIR R B IR (R W T IR B B M IE R
FARBLUAE 40).

TR - W A, RN AR
B ABCREATH 5 50 46 T R S8k 9 v (B 5a) s B 4F

P 4 oKk R RV A G B O BT IR Y 1 RO R TR GZOK R L R AE 125°C L, pH {20 3. 9 (Y AR 92 48 »h i 3 (0. 2MD hakFT)

Fig. 4 Backscattered images of the cross-section of pure pentlandite prior to and after hydrothermal alteration at 125 C

in a pH 3.9 buffer solution (0. 2 M acetic acid/sodium acetate)
FL I AT AR E 0™ 5 (b — LA 100 b i ) 4 B Gl 5 XCRRU DR 0 L 8 AR AR 328 1) « Cod)— IR 100 b i 80 4 201 28 B K 1 CFE 8 Wl
(R A6 cp o] B L B R0 5 (d) - B 280 h B OB 4 AR BEARL AT 50 4 g AN R B R O AL

(a) pure pentlandite prior to reaction; ( b)—after 100 h soaking (the border of the mineral grain has been altered to violarite while the

inertial core keeps intact, indicating inward direction of this reaction) ;(¢)

enlargement of a grain border after 100 h soaking (cracks can be

learly seen) :(d after 280 h sonking (all pentlandite has been altered to violarite)
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P 5 KA NS R B R R B A A BT I £ 7 A TR
GZK AR R AE 125°C o pH {f Y 3. 9 (Y BEBRZE v HK (0. 2MD p it 47)
Fig.5 Backscattered images of the cross-sections of pentlandite and pyrrhotite assemblage prior to and
after hydrothermal alteration at 125°C in a pH 3. 9 buffer solution (0.2 M acetic acid/sodium acetate)

Ca) — B 7 TR0k 0 G e € ) P A7 090 50 L IS 3 2 50 40 A F W Bk OB B R B A R (b)— LI 24 h i i AL R BT E SR O
B R e ) 2 W% R el e B AT (o) — R 24 b o S A CRT DL SR A P AR R AL (D — R EET BR MW
WEELZERZE . AT FHh R RREAERET PRFRAKREARERET AT EGE AERAKBRR R ERRT A&y 2
Ak ()R IZh(AEFZTRENETFHEHTFPASE: (D—AE ZAB NG LN, R KA FEEFHFREATH
el P ROR SRR BERARYHKT RO ARNNEEET IRAX YBREMTH: (@) — L 183 h 6 i i i &%
URERSRT RS RO R T REET A (D ELRNET R KRR L PHARK A RRERT . KEX K
W7 AR R BB 45 iR

(a)—Pentlandite and pyrrhotite assemblage prior to reaction; white dendritic pentlandite lamellas can be clearly seen in the grey pyrrhotite;
(b)—part of pentlandite lamellas (near the grain border) have been transformed to violarite (dark phase) after 24 h soaking, indicating the
inward direction of the pentlandite alteration; (c)—enlargement of the reaction front, showing cracks and pores in the violarite phase; (d)—
after completion of pentlandite alteration, pyrrhotite phase starts to be altered to marcasite from inertial to the border while keeping violarite
intact; grey area refers to violarite and marcasite assemblage whilst bright area stands for violarite and pyrrhotite assemblage; (e)—a view near
the border of a mineral grain in the stage of pyrrhotite alteration (after 112 h soaking) s ({)—an enlargement of reaction front in the stage of
pyrrhotite alteration, within which previous introduced cracks become even wider and new cracks and holes are introduced; in this image, grey
phase refers to violarite, dark grey phase stands for marcasite, bright phase represents unreacted pyrrhotite while dark area denotes cracks and
holess (g)—after 183h reaction, the initial pentlandite and pyrrhotite assemblage has been totally altered to violarite and marcasite assemblage;

(h)—amplified view of completely altered assemblage; bright area refers to violarite phase, grey area stands for marcasite phase, whilst dark

area represents cracks and holes
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Fig. 6 g fo,0 vs. pH diagrams illustrating the

solubility and phase relationships among Fe-sulfides (a)
and Fe-Ni-sulfides (b) at 80C
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Thin dashed lines on the diagrams show the sub-diagram
for sulfur Cactivity of sulfur species = 10°*). The
diagram (b) was built assuming that the Fe involved in
the reactions among Ni-bearing minerals is taken from
the dominant species in the diagram (a). Violarite is
metastable relative to vaesite and polydymite. so these

two minerals were not considered
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Abstract

The kinetics and mechanism of the hydrothermal alteration from pentlandite (Ni, Fe).S; to violarite
(Ni, Fe),S, has been studied by a series of experiments. High purity natural pentlandite, synthetic pure
pentlandite or synthetic pentlandite/pyrrhotite assemblages were utilized as the starting minerals. The
minerals were reacted with a 0, 2 M acetic acid/sodium acetate buffer (pH 3~35) at temperatures ranging
from 80C to 145C., The reaction progresses were monitored by Rietveld quantitative phase analysis based
on X-ray diffraction data. At 80°C . the reaction took 792 h to transform 20(4) % pentlandite to violarite.
This rate was improved by adding small amount of hydrogen sulfide gas into the buffer, as 40 (4)%
pentlandite was altered after an identical time. At 125 C, the reaction took 168 h to reach completion for
pure pentlandite. This process was catalyzed by pyrrhotite as the reaction time was reduced to 68 h for
pentlandite in pentlandite/pyrrhotite assemblage, with marcasite produced after further soaking. The
catalytic role of pyrrhotite is probably due to its dissolution. which provides large surface area as well as
cracks for easier mass transfer. The classic Arrhenius rule does not apply to the kinetics as the reaction
rate slowed down when increase the temperature from 125 C to 145 C, The rate constants derived from
Avrami equation range from 5.8 X 10 /s to 3. 0 X 10 7 /s for reactions at 80°C, 2.8 X 10 /s to 2. 08 X
10 */s for 125°C, and 1 X10 "/s to 5. 1X10 /s for 145°C. These rate constants are far excess those for
solid — state diffusion controlled reactions, and indicate a rapid reaction on the geological time scale.
Textual evolutions during the reaction were monitored by observing backscattered images of cross-sections
of minerals prior to and after reactions. Fine-grained violarite crystals with micro-crack feature have been
observed, indicating a coupled dissolution-reprecipitation mechanism rather than a solid state diffusion
controlled mechanism. This mechanism is probably driven by the reaction front which controls the

saturation state of the fluid.

Key words: hydrothermal reaction; replacement reaction: kinetics; pentlandite; violarite; pyrrhotite



