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ABSTRACT

Heat capacities of synthetic bornite (CusFeS,) have been measured by quasi-adiabatic calorimetry between 5 and 351 K
and between 338 and 761 K by differential scanning calorimetry. The heat capacity of bornite exhibits a A-type anomaly at
65 + 1 K associated with the antiferromagnetic ordering of the spins of the Fe** ions. Between 140 and 255 K, there is a broad
hump in C; which, in our opinion, may be caused by charge transfer involving Fe?* — Fe** and Cu* — Cu?*. At 470 £ 2 and
535 % 2 K there are sharp peaks in the heat capacity caused by ordering of the copper, iron and vacancies and the consequent
crystallographic changes. At 298.15 K, the heat capacity and entropy of bornite are 242.9 + 0.6 and 398.5 £ 1.0 Jemol K-,
respectively. Enthalpies and Gibbs free energies of formation of chalcopyrite and bornite are evaluated based on heat capaci-
ties (5 to 760 K) and the entropy for bornite, published calorimetric (AJ® and Cp) data for chalcopyrite, thermodynamic data
for pyrite, and sulfur fugacity data for the reaction: 5CuFeS, + S, = CusFeS, + 4FeS,. Previous studies show that all phases in
this reaction are stoichiometric within analytical uncertainty from 673 to 773 K. Therefore, no adjustments for solid-solution
effects are needed. Revised expressions for the Gibbs free energy of formation for selected phases in the system Cu-Fe-S are
presented below, relative to the elements and ideal S, gas.

Phase AG®y, T range
kJ-mol~

Covellite (CuS) ~125.13 + 0.05670 T + 0.8422 T%5 298 -780K
Anilite (Cu, 755) -137.64 + 0.06459 T 298 -312K
Chalcocite (Cu,S) ~161.45 + 0.00078 T + 1.8850 T3 298 - 1400K
Chalcopyrite (CuFeS,) -369.64 + 0.05154 T + 4.5690 T3 298 -820K
Bornite (CusFeS,) ~715.99 +0.00339 T + 9.2550 T%* 298 - 1200 K
Nukundamite (Cus sFeSg 5) ~766.15 + 0.37540 T + 5.1938 T%5 298 -774K

Keywords: thermodynamic properties, entropy, Gibbs free energy, heat capacity, bornite, chalcopyrite, chalcocite, nukun-
damite, anilite, covellite.

SOMMAIRE

Nous avons mesuré la capacité calorifique de la bornite synthétique, CusFeS,, par calorimétrie quasi-adiabatique entre
5 et 351 K, et par calorimétrie différenticlle a balayage entre 338 et 761 K. La capacité calorifique de la bornite démontre une
anomalie de type A 3 65 * 1 K associée 2 la mise en ordre antiferromagnétique des spins des ions Fe3*. Entre 140 et 255 K,
nous notons la présence d’un bombement flou dans la fonction C3, qui résulterait d’un transfert de charges impliquant les
couples Fe?*Fe** et Cu*—Cu?*. La mise en ordre du cuivre, du ¥er et des lacunes, et les ajustements cristallographiques
conséquents, sont & 1’origine de pics trds prononcés dans la capacité calorifique 2 470 + 2 et 2 535 = 2 K. A 298.15 K,
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la capacité calorifique et I'entropie de la bornite seraient 242.9 0.6 et 398.5 + 1.0 J'mol-1“K~1, respectivement. Les enthalpies
et les énergies libres de formation de Gibbs de la chalcopyrite et de la bornite peuvent étre évaluées 2 partir de la capacité
calorifique (de 5 & 760 K) et I'entropie de la bornite, les données calorimétriques publiées (AH® et Cp) sur la chalcopyrite,
les données thermodynamiques sur la pyrite, et les données sur la fugacité du soufre pour la réaction 5CuFeS, + S, = CusFeS,
+ 4 FeS,. Les études antérieures montrent que toutes les phases participant 2 cette réaction sont stoechiométriques, compte
tenu des erreurs analytiques, entre 673 et 773 K. C’est donc dire qu’aucun ajustement n’est nécessaire pour les effets dus aux
solutions solides. Nous présentons ici les expressions révisées pour I’énergie libre de formation de Gibbs de certaines phases
dans le systtme Cu-Fe-S, par rapport aux éléments et 2 un gaz S, idéal.

Phase AfG°T(Kf Intervalle de T
kJ-mol~

Covellite (CuS) -125.13 + 0.05670 T + 0.8422 T%5 298 - 780K
Anilite (Cuy 458) -137.64 + 0.06459 T 298 -312K
Chalcocite (Cu,S) -161.45 +0.00078 T + 1.8850 T%3 298 - 1400K
Chalcopyrite (CuFeS,) -369.64 + 0.05154 T + 4.5690 T3 298 - 820K
Bornite (CusFeS,) —715.99 +0.00339 T + 9.2550 T%? 298 - 1200K
Nukundamite (Cus sFeSg 5) ~766.15 +0.37540 T + 5.1938 T> 298 -774K

Mots-ciés: propriétés thermodynamiques, entropie, énergie libre de Gibbs, capacité calorifique, bornite, chalcopyrite, chal-

cocite, nukundamite, anilite, covellite.

INTRODUCTION

Bornite is an important ore mineral of copper. It
commonly occurs in a variety of ore deposits formed
under a wide range of geological conditions, from
low-temperature sediment-hosted stratiform copper
deposits to high-temperature porphyry copper
deposits. Equally important, it occupies a central
portion of the system Cu-Fe-S and is stable from
ambient temperatures to in excess of 1373 K.
Accordingly, an accurate understanding of its thermo-
dynamic properties is essential to understanding the
thermodynamics and phase equilibria of the system
Cu—Fe-S. This study presents new data on the heat
capacity of synthetic bornite from 6 to 760 K, which
are used in conjunction with published results of
phase-equilibrium studies and thermodynamic data to
revise the thermodynamic values for this mineral. A
critical evaluation of the thermodynamic properties of
other selected phases in the system Cu—Fe-S also is
presented.

SYNTHESIS AND CHARACTERIZATION OF BORNITE

Bornite was prepared in five batches of approxi-
mately 5 g each from copper wire (Baker & Adamson,
99.90%, Lot J337), iron wire (Materials Research
Corporation, VP grade, Lot 26/2201), and sulfur
(ASARCO, 99.999+%, Lot 102). The copper was
cleaned in acetone prior to weighing. The iron wire
was reduced in a stream of hydrogen gas at 873 K
for 1 h and immediately stored under vacuum until
needed. Stoichiometric proportions of reagents for
Cu;FeS, were weighed and loaded into silica-glass
tubes. The tubes were evacuated, sealed using an
oxy-hydrogen torch, placed in a furnace at 1023 +
10 X and reacted for 48 h. The tubes were opened, the

contents ground in a ceramic mortar under acetone,
air-dried, and resealed in evacuated silica-glass tubes.
The tubes were returned to the furnace and annealed at
1023 + 10 K. After two weeks, the samples were
removed from the furnace and allowed to cool to room
temperature. The tubes were opened, and the contents
were disaggregated by light grinding in a ceramic
mortar. A small portion of each batch was removed for
characterization. Compositionally heterogeneous
batches, as indicated by electron-microprobe analysis,
were reground under acetone, resealed in evacuated
silica tubes and annealed for an additional two weeks.
After final disaggregation, the samples were immedi-
ately resealed in evacuated silica tubes for storage
until the calorimetric analysis was conducted.
Following three cycles of annealing, batch BN3
remained heterogeneous for unexplained reasons and
was excluded from further study. The grain size of the
sample used for our calorimetric measurements was
-5 +40 mesh.

The samples were characterized by reflected-light
microscopy, scanning electron microscopy, powder
X-ray diffraction and electron-microprobe analysis.
They were found to be stoichiometric and homoge-
neous within analytical precision, and >99% pure
inasmuch as no impurity phases were detected.
Bornite samples were analyzed for Cu, Fe and S using
the CuKa, FeKa and SKa lines at an accelerating
voltage of 25 kV and a beam current of 160 nA. Peak,
and high and low background counts were measured
for 20 seconds each on both the standard and
unknowns. A synthetic bornite (R-bornite) was used as
a standard for Cu, Fe and S. The results of the elec-
tron-microprobe analyses are presented in Table 1.
Powder X-ray diffraction yielded reflections that are
consistent with the orthorhombic (Phca) modification
of bornite (Koto & Morimoto 1975). Cell parameters
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TABLE 1, ELECTRON-MICROPROBE DATA FOR SAMPLES OF SYNTHETIC BORNITE

Sample BN1 BN2 BN3 BN4 BNS Total
(BN1, 24 &5)
Co Wt.% 62.98 62.73 63.06 63.44 63.27 63.06
&l (041) ©.21) (0.20) 0.16) (0.20) 0.39)
Fe Wt% 11.00 11.20 10.57 10.94 10.98 1104
& 10} (0.09) 0.13) 021 [(1X11)] .10 0.13)
S Wt% 2543 25.21 24.67 25.40 2541 25.35
(£ 10) ©.19) 0.13) ©.19) 0.08) (0.10) ©.17)
Tol Wt%  99.41 99.14 98.30 99.78 99.66 99.45
&10) 0.56) 0.22) (0.22) 0.12) (0.18) ©.42)
Nomatized to 4 Sulfor Atoms

Cu 5.00 5.02 5.16 5.04 5.03 5.02
& 10) ©.03) 0.04) (0.39) ©.03) 0.03) (0.03)
Fe 0.99 1.02 0.98 0.99 0.99 1.00
10) 0.01) ©.01) {0.01) 0.01) .o ©.01)
EMetal 599 6.04 6.14 6.02 6.02 6.02
& 10) 0.03) 0.03) (0.05) 0.03) (0.03) 0.03)
n 9 6 12 6 6 27

of the synthetic bornite were determined using powder
X-ray-diffraction data with CuKa, radiation and sili-
con (NBS—-640) as an internal standard. The cell para-
meters for the synthetic bornite from the present study,
a 10.969(7), b 21.90(1), ¢ 10.952(7) A, are in reason-
able agreement with the parameters reported by
Kanazawa et al. (1978) for a natural bornite of unre-
ported composition.

HEeAT CAPACITY AND ENTROPY OF BORNITE
Low-temperature measurements

The heat capacity at low temperature was measured
by means of the intermittent heating technique using
the adiabatically shielded calorimeter described by
Robie (1987). The mass of the sample used for our
measurements was 14.6062 g. The formula weight
used in our calculations was 501.841 g'mol-!. The
sample was loaded into the calorimeter, and a vacuum
was pumped; after 1 hour at approximately 7 Pa, the
calorimeter was backfilled and sealed with dry helium
at a pressure of 6 kPa. The precision of our measure-
ments is 10% at temperatures less than 15 K, 0.5%
between 15 and 50 K, and 0.2% above 50 K. Our
measurements of heat capacity are listed in chrono-
logical order of measurement in Table 2 and are
shown in Figure 1.

At 65 + 1 K, there is a A-type peak in the heat
capacity of bornite that arises from antiferromagnetic
ordering of the magnetic moments of the Fe’* (Fig. 2).
The temperature of the maximum in the heat capacity
is in good agreement with the Néel temperature (Ty)
reported by Jagadeesh et al. (1981), 67.5 £ 0.5 K, and
by Allais & Curien (1970), 65 K, both from magnetic
susceptibility measurements. It is, however, 13 K
lower than the value given by Townsend ef al. (1977),
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TABLE 2. EXPERIMENTAL HEAT CAPACITIES OF BORNITE BETWEEN 5 AND 351 K
MEASURED BY ADIABATIC CALORIMETRY
T Heat T Heat T Heat T Heat
Capacity Capacity Capacity
K JmoltK! K JmoltK! K JmollK! K JmollK1
15091  208.6 157 1.426
Series 1 155.16 209.8 Series 8 8.35 2437
9.26 3,766
31147 2444 Serles § 20808 2269 10.47 5.447
31640 2460 21089  228.1 11.88 7.490
32136 2483 160.80 2115 213.67 2280 13.88 10.43
326.31 2480 167.24 2144 21650 228.8 6.24 15.61
17343 2164 219.13 220.5 18.69 21.83
Series 2 179.69 2185 22178 2300 21.77 .39
18549 2202 22447 2307 25.38 .77
33145 249.1 19129  222.1 227.18 2314 29.12 51.59
336.64 249.1 197.12 223 22993 2329 33.08 62,92
341.52 249.7 20300 2234 23272 2332 36.97 76.47
34641 2514 20893 2272 23553 2335 40.86 84.55
35138 2521 21493 2286 234.2 45 93.81
%324 229.4 Sestes® 4979 1035
Series 3 230.6
23363 2329 Series 11
6616 1468 24016 2338 25574 2354
7043 1454 261.49 2369 5405 1099
74.03  149.3 Series 6 26708 2372 3836 1191
7774 1534 27271 2388 62.63 136.7
81.25 1579 24677 2350 27839 2399
25346 2357 284.06 240.5 Seres 12
Series 4 .20 289,72 241.1
29537 24L7 61.81 1333
88.63 1633 Series 7 30101 243.7 6279 1388
93.58 169.7 68 2437 6371 1434
98.26 173.7 5334 1106 31227 2451 64.64 1457
103.02 1773 5370 1136 6560 146.2
107.57  180.7 5760 1184 Series 10 66,56 1452
112,05 1846 59.54 1249 67.51 1444
11649 1874 1.54 1340 572 0.6371
120. 190.0 6349 1436 6.08 7091 Series 13
12523 1929 6543 1473 595
129.55 196.2 6736 1451 5,95 0.5843 19949 2239
133,85 199.1 69.25 1448 [ 0.7057 205. .
138.14 2009 7110 1457 .32 0.7943 21026 226.6
14241  203.8 7292 1474 6.57 1.092
146.66 2059 7472 1498 01 1.301

76 £ 2 K, also from susceptibility studies. The mea-
surements of Townsend et al. (1977) were taken
approximately 13 K apart near the Néel temperature
and thus do not constrain Ty tightly. Townsend et al.
(1977) also suggested that a second transition might
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FiG. 1. Low-temperature heat capacity data for bornite.
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FIG. 2. Heat capacity data for bornite near A-transition at
65 K.

exist near 8 K. Within the scatier of the data on heat
capacity, no evidence was found to support the exis-
tence of an 8 K transition. Over the temperature range
of 140 to 255 K, the heat capacity of bornite exceeds
that which one would estimate by smoothly connect-
ing values below 140 with those in the range 260 to
350 K. Thus there appears to be an excess or hump in
the heat capacity function, somewhat similar to that
found by Robie et al. (1988) for ilvaite. At 200 K, this
“excess” Cp is approximately 3.3 J-mol“K-1, We
suspect that this excess heat capacity is associated
with the charge-transfer equilibrium Fe3* + Cut = Fe?*
+ Cu?*, as discussed by Jagadeesh ef al. (1981) and
also by Shemilt et al. (1981). Unfortunately, there are
no electrical conductivity data in this temperature
range on pure CusFeS, to test this hypothesis.

High-temperature measurements

Superambient heat capacities were measured from
340 to 760 K with a Perkin—Elmer DSC-2 differential
scanning calorimeter (DSC) using the procedures
described by Hemingway et al. (1981). Our measure-
ments were made on a sample weighing 46.32 mg,
with scanning rates of 5 and 10 K-min™ and a sensitiv-
ity of 0.0084 W. The heat capacities are listed in their
chronological order of measurement in Table 3 and are
shown in Figure 3. At 300 K, the stable form of
bornite is orthorhombic (Morimoto & Kullerud 1961,
Koto & Morimoto 1975). Upon heating, bornite first
transforms to an intermediate cubic modification, and
then to a different cubic form having the anti-fluorite
structure (Kanazawa et al. 1978). Both changes pro-
duce sharp maxima in the heat capacity, the first at
470 £2 K, and the second at 535 +2 K (Fig. 3).
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TABLE 3. EXPERIMENTAL HEAT CAPACITIES OF BORNITE BETWEEN 338 AND 761
K. MEASURED BY DIFFERENTIAL SCANNING CALORIMETRY

T Ham T Hat T Ha T  Hea

Capacity Capacity Capacity Capacity
K  JFmolK?1 K JFmoltK? K JFmoilKt K  Jmol'lK-t
4527 2793 5161 39001 5553 3342
Serios 1 453.7 280.9 517.1 3914 556.3 3346
454.7 281.8 518.1 393.1 565.4 3324
3389 249.3 4585.7 284.9 519.1 394.0 566.4 332.3
349.0 251.2 456.7 288.1 520.1 395.8 567.4 3319
359.1 252.7 451.7 2809 5211 397.1 568.4 332.1
369.1 258.0 458.7 296.6 522.1 399.8 569.4 3317
3792 2572 4597 3043 5231 4019 5699 3315
3893 2600 460.7 3144 5241 4045
399.3 262.2 461.7 3319 525.1 406.9 Series 4
409.4 261.7 462.7 355.4 526.1 411.1
419.5 263.7 463.7 379.3 527.1 413.9 560.4 3340
428.3 266.5 464.7 401.2 528.2 418.2 570.4 3317
465.8 439.8 529.2 424.9 580.5 320.5
Series 2 466.8 496,7 530.2 435.9 590.6 329.0
467.8 583.4 531.2 4519 600.6 328.3
429.5 265.9 468.8 711.8 5322 467.1 610.7 327.6
430.5 264.8 469.8 910.4 533.2 483.0 620.8 327.6
431.5 263.9 470.8  1160.8 534.2 501.0 630.8 3217
432.5 263.5 471.8  1216.2 5352 524.2 640.9 328.0
4335 2655 4728 8245 5362 5147  65L0 3277
434.5 266.0 473.8 423.0 537.2 429.7 660.0 3217
435.6 266.3 482.9 349.7 538.2 361.4
436.6 267.1 483.9 351.2 539.2 3453 Series 5
437.6  267.1 4849 3517 5402 3413
438.6 271.4 485.9 3540 541.2 339.9 651.0 324.5
439.6 266.1 486.9 355.8 5422 3412 661.0 3223
440.6 268.8 487.9 356.5 543.3 338.6 671.1 323.0
441.6 269.7 488.9 3573 5443 338.1 681.1 323.2
442.6 269.6 489.4 3584 545.3 3379 691.2 324.6
443.6 2700 546.3 337.2 701.3 32.1
444.6 268.9 Series 3 541.3 3374 7113 323.5
445.6 2717 548.3 336.4 7214 323.5
446.6 2722 510.0 3822 5349.3 336.4 731.5 3243
447.6 2740 511.0 3824 5503 3374 741.5 3249
448.6 275.4 S12.1 383.9 851.3 336.7 751.6 324.6
449.6 276.2 513.1 385.5 552.3 336.9 760.7 3247
450.7 2718 514.1 3874 5533 3344
451.7 2773 515.1 386.8 554.3 3342

Previous measurements by drop calorimetry
(H°—H?®555) up to 1105 K by Pankratz & King (1970)
gave transition temperatures of 485 and 540 K. The
sample of Pankratz & King (1970) also is synthetic
and was prepared at 923 to 958 K. Kanazawa et al.
(1978) presented DSC traces showing these transitions
occurring at 460 and 530 K, respectively, on heating
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Fic. 3. High-temperature heat capacity data for bornite.
Adiabatic calorimeter measurements are depicted as tri-
angles; differential scanning calorimeter measurements
are depicted as diamonds.
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of synthetic CusFeS,. The variations of the transition
temperature among the several investigations probably
arise from small compositional differences in the
samples, differences in the practical scales of tempera-
ture used and, in thé case of the drop calorimetry, the
difficulty in determining the exact temperature of
transition.

Entropy
Our measurements of heat capacity were extra-
polated to 0 K by means of the usual CJ/T versus T2

plot. Between 5 and 100 K, the data were smoothed
using a mechanical spline, and between 100 and

TABLE 4. THERMODYNAMIC FUNCTIONS FOR BORNITE

Temperature Heat Entropy Enthalpy Gibbs
Capacity Fanction Energy
Function
T Ccp S-S0 HT-H)T  ~(Gr-Ho)T
Jemol-1K-
5 0.360 0.086 0.068 0.018
10 4.720 1.227 0.973 0.245
15 12.90 4.600 3.508 1.092
20 26.07 10.01 7.420 2.590
25 39.83 17.22 12.44 4.780
30 54,08 25.77 18.22 7.550
35 67.68 35.12 24.31 10.81
40 81.50 45.07 30.60 14.47
45 93.40 55.38 36.94 18.44
50 103.9 65.76 43.11 22.65
55 112.8 76.12 49,08 27.04
60 126.4 86.43 54.88 31.55
65 146.4 97.39 61.20 36.19
70 145.0 108.2 67.19 40.96
80 156.3 128.2 71.58 50.62
90 166.6 147.2 86.92 60.30
100 175.0 165.2 95.32 69.90
110 182.6 182.3 102.9 79.35
120 189.5 198.4 109.8 88.60
130 196.5 213.9 116.2 97.65
140 202.5 228.7 122.2 106.5
150 207.2 242.8 127.7 115.2
160 211.4 256.4 132.8 123.6
170 215.2 269.3 137.5 131.8
180 218.7 281.7 141.9 139.7
190 221.8 293.6 146.1 147.5
200 224.7 305.0 149.9 155.1
210 2213 316.1 153.6 162.5
220 229.6 326.7 157.0 169.7
230 231.8 337.0 160.2 176.8
240 233.7 346.9 163.2 183.7
250 235.4 356.4 166.0 190.4
260 237.0 365.7 168.7 197.0
270 238.5 374.7 171.3 203.4
240.0 383.4 173.7 209.7
200 241.6 391.8 176.0 215.8
300 243.2 400.0 178.2 221.8
310 244.9 408.0 180.4 2217
320 246.6 415.8 182.4 2334
330 248.4 4235 184.4 239.1
340 250.2 430.9 186.3 244.6
350 252.0 438.2 188.1 250.0
273.15 239.0 377.4 172.1 205.4
298.15 2429 398.5 177.8 220.7
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350 K, smoothing was done by computer. The derived
values for the thermodynamic functions are listed in
Table 4. The high-temperature heat capacity data,
measured by differential scanning calorimetry, join
smoothly (+ 0.5 %) with the heat capacities obtained
with the low-temperature adiabatic calorimeter.

At 298.15 K, the measured value for the entropy,
398.5 + 1.0 Jrmol~-K!, exceeds that estimated by
King et al. (1973), 362.3 J-mol*-K-1, by 36.2
J'mol-1*K-1. On the other hand, the value for the
entropy change S°gqo—S°,03 measured by drop
calorimetry by Pankratz & King (1970) and in the
present investigation by differential scanning
calorimetry agree to within 0.3%. Although our values
for the temperatures for the transitions in bornite differ
from those of Pankratz & King (1970), our heat capac-
ities above 350 K agree with theirs to within 1 to 1.5%
except in the immediate vicinity of the two transitions,
470 to 535 K.

THERMODYNAMIC PROPERTIES OF PHASES
IN THE SYSTEM Cu—Fe—S

Chalcopyrite

The thermodynamic properties of chalcopyrite
(CuFeS,) were derived by combining the A values
calculated from CuS and FeS and from Cu and FeS,
given by Cemi¥ & Kleppa (1988), the S°,g from
Robie et al. (1985), the high-temperature heat capacity
data from Pankratz & King (1970) for chalcopyrite,
and the data for the elements and component sulfides
from Table 5. The AG® values recommended in the
present study are preferred over published values
(Barton & Skinner 1979, Robie et al. 1985) because
the previous studies derived their values from sulfur
fugacity data for the reaction:

CusFeS, + 4 FeS, = 5 CuFeS, + S, )

and published A;G° values for bornite (Barton &
Skinner 1979, Robie et al. 1985), which were based on
the 748 K invariant point for the assemblage bornite +
pyrrhotite + copper + iron + vapor of Yund &
Kullerud (1966). Bornite in this assemblage displays
considerable metal/sulfur nonstoichiometry and
Cu-for-Fe substitution away from the ideal 5Cu: 1Fe:
4S stoichiometry (Fig. 4). Toulmin & Barton (1964)
and Barton (1973) demonstrated considerable devia-
tions from ideal behavior in the thermodynamic mix-
ing properties of the Fe,_.S, Cu, .S and CuFeS, ,
solid solutions due to metal-to-sulfur nonstoichio-
metry. Therefore, any A;G® values for bornite based
on this invariant point and any resulting A;G° values
for chalcopyrite based on these values for bornite are
subject to significant uncertainties. The recommended
thermodynamic values for chalcopyrite are presented
in Table 5.
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TABLE $. RECOMMENDED THERMODYNAMIC VALUES FOR SELECTED PHASES IN THE SYSTEM Cu-Fe-§

Phase Formula  Molar Volume $°08 AfH 8% AGry** References
Formula Weight(8)  Vaog(em®) (Fmol-1K-1) (J-moll) (kF-mol-1)
Copper 63.546 7.1 1314 0.00 0.00 Robie et al. (1976), Martin (1987)
Cu 10.00 0,03
Tron 55.847 7.09 2128 0.00 0.00 Cox et al. (1989)
Fe 0.00 +0.13
Sulfire 32.066 1551 32,05 0.00 0.00 Cox et al. (1989)
S (orthothombic) 10,01 +0.05
Sulfar 64132 2478920 228.17 128.60 16398 - 0.05054 T - 40093 O3 Coxef al (1989)
S2 (ideal gas) 1002 001 £0.30 [£0.1 %; 298 to 882 K]
Covellite 95.612 2044 67.25 -5457  -125.13 + 0.05670 T + 0.8422 TO5  Westrum ef al. (1987), Ferrante et al. (1981),
CuS 10.01 10.14 $0.25 02 %;298 10 780 X] Potter (1977), Stuve (1982), Cemic & Kieppa (1988)
143272 2579 107.51 “1333 -137.64 + 0.06450 T Grgnvold et al. (1987), Grgnvold & Westrum
Cuy 758 10,02 10.16 30.30 0.1 %; 298 t0 312 K] (1980), Potter (1977)
159.158 2749 11622 8386  -161.45 + 0.00078 T + 1.8850 TO5  Grynvold & Westrum (1987), Ferrante et al. (1981), Brooks
Cuy$ 10,01 10.20 £1.12 [ 0.6 %; 298 to 1400 K] (1952), Richardson & Antill (1955), Sudo (1950), Bielen
(1965), Pankatz & King (1970), Cemic & Kleppa (1988)
Troflite 87913 1820 6033 10100  -175.94 + 0.03176 T + 1.3960 705 Grynvold &2 al. (1959), Robie (1965), Coughlin (1950),
FeS 10,03 10.17 +1.00 [+ 0.7 %; 298 to 1300K] Chase et al. (1985), Cemic & Kleppa (1988)
Pyrite 119979 2394 5293 -17154  -303.59 + 018839 T + 04515 T%5  Grymvold & Westrum (1962), Toulmin & Barton (1964),
FeS; £0.01 10.13 +1.67 £ 0.1 %; 298 to 1015 K] Coughlin (1950)
183.525 4392 12490 19493 -369.64 + 0.05154 T + 4.5690 TO5  Robie e al. (1985), Pankratz & King (1970),
CuFeSy 10,01 0.20 +4.84 0.7 %; 298 to 820 K} Cemic & Kleppa (1988)
Cubanite 271438 6744 205.00 Sirota et al. (1985), Mizota et al. (1985)
CuFesS3 10.06 10,40
Bomite 501.841 98.72 39850  -37160  -715.99 + 000330 T + 92550 TO5  This Investigation, Pankratz & King (1970),
CusFeSy4 10.10 +0.80 210 [+ 0.1 %; 298 to 1200 K] Schneeberg (1973), Barton & Toulmin (1964)
Nukondambte — 613.779 273.00 766.15 + 037540 T + 5,1938 T3 This Investigation, Scimeeberg (1973)
Cus sFeS6.5 10.50 [ 0.6 %; 298 to 774 K]
*Rel to the el and orthorhombic sulfur; #* Relative to the el and ideal Sy gas; the uncertainty and valid temperature range are listed below equations.
CuySsy CV Nk Cp CuysFeysSsp

AV AV 4

Cuy084

CuysFe,5S3

FIG. 4. Phase relations of a portion of the Cu-Fe~S ternary at 773 K around the bornite—digenite solid-solution field.
The dashed line and symbols represent the pseudobinary discussed in the text. The circles represent the end-member
compositions; the square represents stoichiometric bornite, CusFeS, (= Cu, ,sFeg,5S). The diagonally stippled fields
represent the compositional ranges for bornite—digenite and intermediate solid-solution. The diagram is constructed from
data from Yund & Kullerud (1966), Barton (1973), Cabri (1973), Roseboom (1966) and Kojima & Sugaki (1985).
Abbreviations: Co native.copper, Dg digenite, Cv covellite, Nk nukundamite, Cp chalcopyrite, Po pyrrhotite, Iss inter-
mediate solid-solution, Bn bornite.
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Bornite

The thermodynamic values for bornite (CusFeSy)
were derived by combining S°,95 and the heat capacity
from the present study and the heat content data from
Pankratz & King (1970) for bornite, the thermo-
dynamic data for chalcopyrite, pyrite and the elements
from Table 5, and the sulfur fugacity data for Reaction
1. Kojima & Sugaki (1985) demonstrated that the
equilibrium compositions for all solid phases in
Reaction 1 are stoichiometric within analytical uncer-
tainty in their experimental run-products for 673 and
773 K (Fig. 4). Therefore, no adjustments to the
thermodynamic values are necessary for nonstoi-
chiometry of solid phases for temperatures less than
773 K. The equilibrium data for Reaction 1 were taken
from a best-fit of the data from Schneeberg (1973) and
Barton & Toulmin (1964). A “third-law” evaluation
(Robie 1965) of the data of Schneeberg (1973) indi-
cates that the data for his Run 1 are far superior than
those for his Run 2 because of thermal drift in the data
for Run 2. Consequently, the present study used the
data from Run 1 only. At 748 K, the assemblage
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bornite + chalcopyrite + pyrite + vapor defines
logf(S,) = —2.4 £ 0.2 (Fig. 5). This 1ogf(S,) value
results in a AG®x value for bornite (CusFeS,) of
-460.31 kJ-mol™1,

The validity of this value can be assessed by com-
paring it with the sum of the A{G°ygx values for
component sulfides that total 5Cu:1Fe:4S (Table 6).

TABLE 6. COMPARISON OF AG°,,, x VALUES FOR COMPONENTS
SUMMING TO THE COMPOSITION CuFeS,

Components AG ugk*
kF-mol-!

2Cu,8 + CuS + Fe$ -392.28

2.5CugS + 0.5 FeS + 0.5FeS; -405.45

4(0.231Cuy 3008 + 0.769Cu.100Fe0.3255) -438.82

AEXALGP; + RTEXInX)** -452.27

CusFeS; -460.31

* Relative to the elements and ideal S, gas.

** For the components Oy go0S (X = 0.231) and Cuy ;oo Fep, 3298 (X = 0.769);
R = 83144 Jamol 2K™* (see text).

T°C 200 250 300 350 400 450 500
0 : T T L 1 T L T Il T . ! L I
L 1Y Cv+Py+Nk
2k ¥ Bn+ Py +Cp (Run 1)
V Bn+ Py +Cp (Run 2)
4
N
w
~ ks
=1]
@)
]
-8
-10
9
-12 1 1 L ]
22 2.1 2.0 1.9 1.8 1.7 1.6 1.5 14 1.3
1000/T(K)

FiG. 5. T - logf(S,) diagram for selected experimental data for reactions in the system
Cu-Fe-S. The positions of the pyrite—pyrrhotite and covellite-digenite buffers are
plotted for reference (Barton & Skinner 1979). Abbreviations: Cv covellite,
Dg digenite, Py pyrite, Po pyrrhotite, Bn bornite, Cp chalcopyrite, Nk nukundamite.
The symbols for the Cv + Py + Nk and Bn + Py + Cp assemblages represent reversal
brackets from the data of Schneeberg (1973). The heavy-lined symbols along the
Bn + Py + Cp curve are reversal brackets from Barton & Toulmin (1964). The heavy
arrows along the sulfur condensation curve represent the uncertainty in the Cv + Py
breakdown temperature determined by Roseboom & Kullerud (1958). The positions
of the curves for bornite- and nukundamite-bearing reactions were calculated on the

basis of the data presented in Table 5.
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The AfG®;4g¢ value for bornite from the present study
is significantly more negative than the sum of values
for Cu,S + CuS + FeS and Cu,S + FeS + FeS,.
Furthermore, stoichiometric bornite (CusFeS, =
Cu, 550F€0.2505) is colinear with the bornite composi-
tion (Cuy j5Feq 355S) in equilibrium with the invariant
assemblage (bornite + pyrrhotite + iron + copper +
vapor) of Yund & Kullerud (1966) at 748 K and
digenite of composition Cu, g40S (Fig. 4). For the join
Cuy gg0S — Cuy 190Feq.125S; the mole fraction of
Cu, ;g9Feg 3058 in stoichiometric bornite (CusFeS,) is
0.769, and that for Cu gS is 0.231. The AG®;e of
Cu, 100F€325S can be evaluated from the invariant
point of Yund & Kullerud (1966), and the data in
Table 5. This approach results in a A;G®;4¢ of
—111.66 kJ-mol™! for Cu, ;oFeq 355S. A Gibbs-Duhem
integration of the data of Rau (1967, 1974) was used
to evaluate the AG®4¢ Of Cuy go0S and resulted in a
value of ~103.21 kJ-mol~!. The calculated A;G° of
bornite is significantly more negative than 4[0.231
AG® (Cuy 4098) + 0.769 AG® (Cu, 1goFe 5558)]. For
ideal mixing along the join Cu, gyS — Cuy 100Feq 3255
(Fig. 4), AG°4ex (CusFeS,) is equal to 4EXAG®; +
RTZXInX;), where X; is the mole fraction of the end-
member, A;G°; is the molar Gibbs free energy of
formation for the end-member, and R = 8.3144
Jemol K1, This value is slightly less negative than
the value for bornite from the present study (Table 6).

The A(G® values of bornite recommended in the
present study (Table 5) are preferred over published
values (Robie et al. 1985, Barton & Skinner 1979,
King ez al. 1973) because the previous studies derived
their valtues from estimated entropies and the invariant
point for the assemblage bornite + iron + pyrrhotite +
copper + vapor at 748 K from Yund & Kullerud
(1966). As discussed in the context of the thermo-
dynamic properties of chalcopyrite, the equilibrium
composition of bornite in this assemblage deviates
significantly from the stoichiometric composition of
bornite in Reaction 1. Thus, any resulting values
of Gibbs free energy are subject to the uncertainties
associated with nonideality of the bornite solid-
solution, The AG® values for bornite from the present
study are more negative than the published values by a
minimum of 2.5 kJ-mol™! at 298 K and 15.7 kJ-mol™!
at 748 K (Table 7).

TABLE 7. COMPARISON OF AG° VALUES FOR BORNITE (CugFeSy)

Source

AfGPag3 x* AfG%745 g*

kJ-mol-t kJ-mol-!

This Study ~554.02 -460.31
£2.1 +2.1

King et al. (1973) -551.53 -440.25

Barton & Skinner (1979) ~-542.34 ~441.59
+8.4 +8.4

Robie et al. (1985) -542.39 -444.90
+2.1 2.1

* Relative 1o the elements and idsal S, gas,

THE CANADIAN MINERALOGIST

Chalcocite

The thermodynamic values for chalcocite (Cu,S)
were derived by a “third-law” evaluation of the
gas-mixing data of Brooks (1952) and Richardson &
Antill (1955), combined with the entropy and heat
capacity data for chalcocite from Ferrante ef al. (1981)
and Grgnvold & Westrum (1987), and the thermo-
dynamic data for the elements in Table 5. The gas-
mixing data of Brooks (1952) and Richardson &
Antill (1955) (Fig. 6) were weighted according to
the number of measurements reported by each study
and were selected because of their greater consistency
over a larger range in temperature relative to the data
of Bielen (1965), Sudo (1950), and Kordes & Rackow
(1952). The S°yqg value (116.22 £ 0.20 J-mol-K1)
is the average of the values of Ferrante et al. (1981)
and Grgnvold & Westrum (1987). The “third-law”
analysis of the present study yielded an enthalpy
of reaction of 63.23 £ 1.00 kJ at 298.15 K for the
reaction

Cu,S + H, =2 Cu + H,S Q.

A AHP,04 value of ~83.86 + 1.12 kJ-mol™! results by
subtracting AdH®,95 for H,S (Robie ef al. 1979). Using
the entropy values in Table 5, a AG®,gs of —88.81 +
1.17 kJ'mol! can be calculated relative to elemental
copper and orthorhombic sulfur, The recommended
thermodynamic values for chalcocite are presented
in Table 5. The A;H®,94 value is more strongly
negative than the values taken from Potter (1977),
-80.71 kJ-mol-l, Pankratz et al. (1987), 75.73
kI-mol!, Mills (1974), —79.50 kJ'mol!, and Cemi¥ &
Kleppa (1988), —80.21 kI'mol-. Note that the analysis
of Mills (1974) used a much higher and incorrect
value for §°)gq of Cu,S (Anderson 1932).

Covellite and anilite

The thermodynamic values for covellite (CuS) were
derived by combining the A;G®,g¢ given by Potter
(1977) from galvanic cell measurements with pub-
lished data on entropy and heat capacity from Ferrante
et al. (1981) and Westrum et al. (1987) and the data
for the elements in Table 5. The S°,4, value represents
the average of the two published values. Covellite has
an upper thermal stability of 780 + 3 K, where it
decomposes to digenite + liquid sulfur (Kullernd
1965).

The thermodynamic values for anilite (Cu, 45S)
were derived by combining the A;G°,g4 given by
Potter (1977) from galvanic cell measurements with
published data on entropy and heat capacity from
Grgnvold ez al. (1987) and the data for the elements in
Table 5. Anilite has an upper thermal stability at 1 atm
of 312 K, where it decomposes to low digenite +
covellite (Grgnvold et al. 1987).
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FIG. 6. Gas mixing data for the reaction Cu,S + H, = 2 Cu + H,S. The AH (298 K) values
were calculated from the equilibrium data of Brooks (1952) (filled squares),
Richardson & Antill (1955) (crosses), Bielen (1965) (open squares), Sudo (1950)
(open circles), and Kordes & Rackow (1952) (open diamonds).

Nukundamite

Considerable confusion has surrounded the identi-
ties, characteristics and stabilities of the minerals
nukundamite and idaite. We accept the distinction
made by Sillitoe & Clark (1969), Clark (1970), Cabri
(1973) and Rice et al. (1979), and define nukundamite
as approximated by the formula Cu; sFeSg 5, and
idaite, by Cu;FeS,. In early experimental work in the
system Cu-Fe-S, Merwin & Lombard (1937),
Roseboom & Kullerud (1958), Yund & Kullerud
(1966) and Sugaki et al. (1975) investigated the sta-
bility of CussFeSy s, but referred to it as “idaite”. In
later experimental studies, Wang (1984) and Kojima
& Sugaki (1985) conformed to the designation of
Cus sFeS¢ 5 as nukundamite. Wang (1984) investigated
the stability of idaite relative to nukundamite and con-
cluded that idaite is a metastable phase that breaks
down upon heating to nukundamite + chalcopyrite
above 543 K. The study of Schneeberg (1973) is
problematic because he investigated equilibria involv-
ing a phase that he called “idaite”, but failed to report
any information characterizing the phase in his experi-
ments. In light of the results of Wang (1984) regarding
the metastability of idaite, we tentatively assume here
that the equilibria measured by Schneeberg (1973)
actually involved the phase nukundamite rather than
idaite.

Schneeberg (1973) determined the equilibrium sul-
fur fugacity corresponding to the reaction:

©))

from 491 to 667 K. Likewise, Roseboom & Kullerud
(1958) determined the equilibrium temperature
(707 K) for this reaction along the sulfur condensation
curve (Fig. 5). The projection of the equilibrium
logf(S,) expression of Schneeberg (1973) to 707 K
yields logf(S,) = —1.1, which is 0.6 greater than the
value calculated for the sulfur condensation curve
using the data in Table 5. In the present study, we
selected the visual best-fit to the reversals of
Schneeberg (1973) and the isobaric invariant point
of Roseboom & Kulierud (1958). The thermodynamic
values for nukundamite were calculated using the
resulting curve for Reaction 3 and the thermodynamic
data for covellite and pyrite listed in Table 5.

Cus ;FeSq s + 1/2 S, = 11/2 CuS + FeS,

DiscuUssION

Considerable progress has been made in under-
standing the thermodynamics and phase equilibria of
the system Cu-Fe-S, but much more work needs to be
done. The limited equilibrium data-base available and
the complication of superambient transitions for many
of the phases in the system do not justify a multiple
regression analysis of the thermodynamic data at this
time. Despite the progress made in the present study,
the analytical uncertainty associated with the
enthalpies of formation and Gibbs free energies of
chalcopyrite and bornite remains one of the greatest
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hindrances to an accurate evaluation of the thermo-
dynamic properties of this system. Future work also
should be directed toward an improvement in our
understanding of the thermodynamics of the bornite
solid-solution and the intermediate solid-solution. The
copper sulfide solid-solutions digenite and djurleite
have been the subject of numerous studies, but no
comprehensive attempt has been made to reconcile the
variety of data available. Considerable uncertainty still
exists in the phase equilibria and thermodynamics for
phases such as cubanite (CuFe,S;), talnakhite
(CugFegS4), mooihoekite (CugFegS,6), and haycockite
(Cu,FesSy). Likewise, owing to the central location of
nukundamite in the ternary system, the previously dis-
cussed discrepancy in the phase-equilibrium studies
must be addressed. The resolution of these problems
will be essential to a full understanding of this system.
The low-temperature thermodynamics and phase equi-
libria in the system will have growing significance in
problems surrounding mine-site environmental issues.
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