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ABSTRAcT

The uppermost 12@ m of the upper zone of the western
Bushveld Complex at Bierkraal were investigated by whole-
rock geochemistry and mineral chernistry of olivine and sul-
fides. The rocks are depleted in Ni, owing to olivine crys-
tallization and separation sf immissills sulfide melt
tlroughout most ofthe upper-zone sequence. This resulted
in a higb ColNi ratio in the sulfide melt and produced
cobalt-rich pentlandite ea sssling. Some of ttre pentland-
ite is not stoichiometric; no systematic relation between
departure from stoichiometry and metal contents or metal
ratios is detectable. Variation of Co,/Ni in pentlandite is
reflected by ColNi in coexisting pyrrhotite and in whole-
rock compositions. The upper zone does not represent an
unintemrpted differentiation of a homogeneous melt.
Replenishment by less differentiated maena is reflected in
cyclic changes in whole-rock chemistry, and in pentlandite
and olivire compositions. The position of layers of magnet-
ite at the base of geochemical cycles strongly indicates a
genetic link between the formation of maguetite layers and
magma mixing.

Keywords: penilandite, Bushveld Complex, upper zone,
differentiation, olivine, layers of magnetite, magma mix-
ing, South Africa.

SoMMAIRE

Les 12@ m sup€rieurs de la zone sup6rieure du Com-
plexe de Bushveld i Bierkraal ont 6td 6tudi6s par la 96o-
chimie (de la roche entidre) et la cristallochimie (de l,oli-
vine et des sulfures). Les roches sont appauwic en Ni, 6tant
donnd la cristallisation de I'olivine et la s6paration d'un
liquide sulfurd immissifls dans presque toute la s6rie de
lia zone sup€rieure. Comme r6$ultat, on note le rapport 6lw6
ColNi dans le bain sulfurd ainsi que Ia formation de pent-
landite riche en cobalt, au refroidissement. Une partie de
la pentlandite n'est pas stoechiom6trique; nulle relation
systdmatique n'est ddcelable entre l'dcart i la stoechioma
trie et la teneur en mdtaux ou les rapports entre m6taux.
La variation du rapport Co,tli drns la pentlandite se reflBre
dans la valeur dudit rapport dans la pyrrhotine coexistante
et dans la composition de la roche entiBre. La zone sup6-
rieure ne repr6ente pas la diff6renciation d'un bain fondu
homogbne. La venue d'un magma moins diff6renci6 se
refldte dans des modifications cycliques d6as ls ghimigms
de la roche enti6re, ainsi que dans la composition de la pent-
Iandite et de l'olivine. La position de couches de magn6-
tite i la base des cycles g6ochimiques donne une forte indi-

cation de l'existence d'un lien gdn6tique entre la formation
des couches de magndtite et le mClange de magm.as.

(Traduit par la Rddaction)

Motstlds: penilandite, Complexe de Bushveld, zone sup6-
rieure, diffdrenciation, olivine, couches de magndtite,
mdlange de magmas, Afrique du Sud.

Ivrnopuc'rtoN

The importance of the state of evolution of the
magma on the formation of economic and subeco-
nomic sulfide mineralization in tle Bushveld Com-
plex is the subject of ongoing research. In the eastern
Bushveld Complex, the upper zone shows a systema-
tic change in modal proportions of sulfide minerals
as a consequence of mag@atic differentiation (Von
Gruenewaldt 1970. Most members of the standard
as$emblage of magrnatic sulfides (shalcopyrite,
cubanite and pentlandite) exsolved on cooling from
the monosulfide solid-solution. As no extensive solid-
solution series exists in the pure Cu-Fe-S system at
low temperature, differentiation will only be reflected
in the modal proportions of the sulfides. Differen-
tiation, however, not only influences the bulk com-
po$ition ofthe sulfides, but also produces a continu-
ous compositional change in certain sulfide minerals.

During microscope investigations of the sulfides
in the upper zone of the western Bushveld, the opti-
cal properties (a9., color, reflectivit9 were found
to vary with the ColNi ratio in pentlandite. As Co
and Ni behave differently during differentiation (Irv-
ing 1978) and the separation of an immiscible sul-
fide melt (Maclean & Shimazaki 1976, Rajamani &
Naldrett 1978), it was decided to investigate the ex-
tent to which changes in pentlandite composition can
be related to petrological processes in the highly
evolved melt of the upper zone. In addition, it was
hoped that the generation of a comprehensive and
internally consistent data-base of pentlandite com-
positions with different contents of Co would pro-
vide information on pentlandite stoichiometry and
the evolutionary trend of pentlandite compositions
in highly differentiated magmatic rocks.
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Georoctcel Bacrcnouno

In 1974, the Geological Survey of South Africa
drilled 3 boreholes on the farm Bierkraal in the
Layered Suite of the western Bushveld Complex @ig.
l). The 3 holes (BK-l to BK-3) intersected the com-
plete upper zone from the Main Magnetite Layer to
the roof contact (against metasediments and granite).
Rock types are mainly ferrogabbro, ferrodiorite,
anorthosite and magnetite (Walraven & Wolmarans
1979). The data presented in this paper all pertain
to the BK-l core, which penetrated the upper 1200
m of the upper zone (Fig. 2). {n impsrtant charac-
teristic of the upper zone of the western Bushveld,
in contrast to the eastern Bushveld, is the presence
of olivine tlroughout most of the stratigraphic suc-
cession.

SauprrNc aNo ANaryucAL PRoCEDURE

From the BK-l core, 139 samples with an aver-
age spacing of less than l0 m were taken for analy-
sis. An additional 90 powdered sampla of the upper-
most 400 m of the upper zone from the same bore-
hole were made available by Dr. R.G. Cawthorn.

Whole-rock major-element contents of 139 sam-
ples were obtained at the University of Pretoria by
XRF, using standard techniques of preparation
(Norrish & Hutton 1969). Whole-rock trace-element
concentrations for Co, Cu, Ni, Zn,Zr, Nb, Rb, Sr,
Ba and Y of 217 samples were obtained by using
pressed-powder briquettes. Thce were analyzed with
multichannel wavelength-dispersion XRF equipment
at the Geological Survey of South Africa by courtesy
of Dr. C. Frick.

Sulfur contents were determined in all samples
using a LECO CS244 infrared-absorption sp€strom-
eter with a HFl@ induction furnace (housed at the
Geological Survey) in an oxygen stream at l?.@ -
l4O0oC. Results were confirmed with a gas chro-
matograph. A microscope investigation of the
remaining slags showed that the rock powder was
completely melted, and that volatilization of tbe sul-
fur presumably was complete. The lower limit of
detection for sulfur (3*igpa level) was calculated to
be 3 ppm, using the accelerator as a blank. Based
on 7 to l0 replicate analysc, reproducibility (1 siema)
was determined to be 2 ppm at 18 ppm, 16 ppm at
330 ppm, 61 ppm at32F ppm and 400 ppmat237
weight %. LECO reference steel was used as a
standard.

Ftc. l. Position of the Bierkraal drillhole in relation to the general outline of the layered sequence of the Bushveld
Complex.
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The ore-microscope investigation of the core is
based on 252 polished thin sections. Electron-
microprobe analyses were carried out with a JEOL
733 Superprobe (with 4 spectrometers) at the Univer-
sity of Pretoria. Sulfides were analyzed for S, Co,
Cu, Fe and Ni. As and Zn concentrations in pent-
landite and pyrrhotite are below the detection limit.
The following standards were used: natural troilite
for S and Fe, natural arsenopyrite for As, synthetic
cobalt-pentlandite for Co, natural chalcopyrite for
Cu, natural millerite for Ni, and synthetic sphalerite
for Zn. Accelera.tion potential was 15 kV with a beam
current of 5 x l0-8 A, measured and monitored on
a Faraday cup. For full ZAF corrections, the pro-
gram FZAFM was used. Counting time for each ele-
ment was 50 seconds, resulting in lower limits of
detection (3 siena) of 2fr) ppm for Co and 220ppm
for Ni in pyrrhotite. Reproducibility was controlled
on a routine basis by calculating the standard devi-
ation from double analyses of identical spots with
the formula given by Kaiser & Specker (1950. Cal-
culated reproducibilities s (l sigma) are given in
brackets after the approxinate r4nge on which the
calculations are based (all values in atomic 9o).
Reproducibility for pyrrhotite was: S, 50 to 53.3
(0.097); Fe,6.7 to 50 (0.095); Co, 0.M to 0.09 (0.005
to 0.CI8); and Ni, 0.02 to 0.03 (0.(X)4). For pentlan-
dite, reproducibility was found to be: S, 47 (0.099);
Fe, 5 to A (0.W1 to 0.102); Co, 8 to 46 (0.058 to
0.144); and Ni, 2 to 2l (0.038 to 0.137).

Depending on the frequency and size ofpentland-
ite in a particular sample, either all grains present
or at least l0 big grains were analyzed. Up to 30 spot
analyses were made on pyrrhotite coexisting with
pentlandite. The results presented in this paper are
based on a total of 1306 pentlandite and 3133
pyrrhotite analyses.

Olivine was analyzed at 20 ky and 2 x l0-8 A
using pure oxides as standards for AI, Si, Mg, Ti,
Mn and Fe, Arenal hornblende (Jarosewich e/ a/.
1979) for Ca, natural millerite for Ni and synthetic
cobalt-pentlandite for Co. Counting time was 20
seconds except for Al, Co and Ni, where counting
time was extended to 50 seconds. The lower limits
of detection (3 sie@a) in ttre iron-rich olivine were
calculated to be 120 ppm for Co and 160 ppm for
Ni. Reproducibility (1 sigma) for the 5Z olivine
analyses carried out was also estimated from dupli-
cate analyses and was found to be 0.CI27 for the
Me,/(Me + Fe) atomic ratio and 57 ppm for cobalt
concentration. If a standard deviation of the analyses
of more than 3 times the reproducibility is taken as
the criterion to reject homogeneity of olivine in a
g'ain or sampl€, all samples except from lll2.7 m
depth in borehole BK-l can safely be treated as being
homogeneous in their forsterite and cobalt contents.

OBSERVATIoNS ano ANAT,YTTCAL RESULTS

Immiscible sulfide liquid separated from the sili-
cate melt during crystallization of a large part of the
upper zone. A large portion of the sulfide is situ-
ated in intergranular spaces; however, drop-like
inclusions of sulfides in silicates and oxides are com-
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TABII' l. CoMLT CoNIENT (ATotltC t) AND CoAt MTto (ATo!ilc) ()F
PENILANDI1E COIqPOSINONS FROII IHE UPPER ZONE

Colrr

a lllo k

position and reflect the variations of whole-rock con-
tent of S, Co, Ni and Cu. Sulfides in proximity of
layers of magnetite tend to contain a much higher
modal proportion of chalcopyrite.

Mineral chemistry

Pmtlandite: Althouelr pentlandite occurs in all the
sulfide-bearing rocks ofthe upper zone, amount and
size of grains in the topmost 400 m are so small tlat
proper documentation of compositional trends over
the entire succession is not possible. Consequently,
emphasis was placed on a 225-m-thick succession of
rocks between 890 and 1ll7 m.

In the BK-l samples only pentlandite u/ith a sub-
stantial content of Co was found. The pentlandite
is granular in most cases and occasionally displays
crystal faces. Fully idiomorphic pentlandite is rare
and restricted to compositions with a high content
of Co. However, even the most Co-rich grains are
not necessarily idiomorphic. In most sulfide ores,
flame-like pentlandite exsolutions in pyrrhotite are,
apart from granular pentlandite, the most common
known form and indicate exsolution at low temper-
atures (Kelly & Vaughan 1983, Durazzo & Taylor
1982). In the upper zone at Bierkraal, however, only
one sample (depth 620 m) contains pyrrhotite with
flame-like exsolution lamellae of pentlandite. For-
mation and preservation of tlese pentlandite flames
are thought to be related to a much stronger
hydrothermal alteration at 620 m than in the other
samples. Pentlandite grains are generally below 5 pn
in diameter and rarely exceed 15 pm. Because of the
low bulk consentration of Ni and Co, the total
amount of pentlandite in the rock is generally small,
rarely exceeding 15 grains per section, even in the
most sulfur-ris6 samples. Pentlandite may occasion-
ally be present in sulfide inclusions in olivine or
clinopyroxene, but most frequently occurs in inter-
cumulus patches of sulfide. Pentlandite is readily
altered fs minssals of the linnaeite group or to di-
sulfides, but despite the hydrothermal alteration of
some of the silicates, the pentlandite was not found
to be affected.

In the literature, Co-rich pentlandite has been
described from serpentinized ultramafic rocks (e.9.,
Harris & Nickel 1972, Misra & Fleet 1973), from
hydrothermal veins (e.9., Petruk et ol. 1969), al.d
from metamorphosed massive-sulfide ores (e.9.,
Kouvo et al. 1959, Huhma&Huhmal970, Lindahl
1973, Vaasjoki et al. 1974). The occurrence of Co-
rich pentlandite of magmatic origin in the Bushveld
thereforeoffers a unique opportunity to investigate
the changes of pentlandite composition in relation
to changes in bulk-rock chemistry due to magmatic
differentiation. The concentration of Co determined
and the ColNi ratio for the samples investigated are
listed in Table 1; a more detailed listing of the

niE ltax
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563.5

589.5
607.5 d
620.3 B
638 a
726 a

172.5 r
798 D
8 ! 0 . 5  d
822.8 B
893 o
899 E

951 d
968.9 E
999.8 o

1009.6 u
1019.6 E
1030 B
1040.2 n
1050.2 E
1060.3 D
1068.9 d
10E2.2 u
1086.7 o
1089.8 B
109! D
1096.3 B
l!00.8 B
1103.7 d
l l l 2 . 7  o

l l l T  d

34.84 0.32 34.33 35.2!
38.30 1.62 36.05 40.16
44.08 0.63 43.43 44.66
42.01 0.13 4t.8X 42.L2
43.s0 l .3r 4r.85 46.43
tt4.95 2.19 3r.85 45.46
28.45 2.14 22.69 32.@
26.22 2.46 23.9 34.25
n.63 2.@ 16.60 25.39
43.84 1.60 41.84 45.7t
29.45 2.4\ 22.@ 34.r,2
18.62 3.30 t3.27 23.59
25.66 0.49 23.92 25.21
24.80 0.50 24.11 25.64
u.43 4.05 12.52 z',m
29.28 L.84 27.32 32.72
30.16 0.18 29.92 g.3L
34.57 0.26 34.31 34.94
29.08 l . l5 2a.r6 9.96
28.55 2.57 23.48 31.03
29.82 2.79 24.51 35.58
31.30 1.74 29.18 35.01
42.A5 L.45 t&.92 44.86
t&.a6 0.74 39.41 41.86
34.28 3.78 26.72 tt0.l7
41.81 1.43 39.54 44.45
42.14 r.30 39.42 44.24
37.52 2.75 30.84 39.70
35.19 ! .30 t4.28 37.85
37.81 0.65 35.61 38.80
3t.49 r .48 35.67 40.10
37.42 L.54 35.96 40.50
34.t9 2.3L 28.53 3{t .58
29.06 5.63 20.63 37.00
25.t4 5.54 r5.9r 33.14
24.n 6.72 11.98 46.03
25.56 4.46 19.37 33.45
12.08 3.02 a.78 L9.97

4.84 0.13 4.65 4.91 4
7.91 l . t4 6.20 a.97 12

43.88 0.39 43.37 41.X2 4
21.39 5.09 t6.97 25.94 4
t6.42 4.tfi 12.05 26.86 29
12.05 3.0E 7.70 25.t9 94
2.64 0.47 t .75 3.70 59
2.28 0.57 t .10 4.32 30
1.55 0.40 1.03 2.29 41

20.81 9.09 11.76 35.r!  3
2.86 0.45 2.13 3.86 9l
1.25 0.35 0.74 r.94 133
1.89 0.06 1.78 1.98 L2
1.78 0.08 1.65 1.89 L2
1.08 0.40 0.67 2.33 A7
2.9L 0.66 2.14 4.33 t2
2.99 0.01 2.99 3,00 4
4.58 0.12 4.43 4.73 4
2.77 0.3t 2.5L 3.23 t0
2.83 0.57 t .95 3.72 15
3.24 0.83 1.90 4.99 46
3.38 0.58 2.@ 4.90 33

17.06 3.17 L3.O2 22.N t2
12.15 2.05 A.27 15.& 18
5.59 2.71 2.36 L1.67 30

14.10 5.9r 8.84 30.78 34
L7.64 4.53 10.39 26.30 50
t5.2L 4.4t 10.84 2L.29 L6
10.50 2.03 7.35 t2.82 t l
13.32 1.60 9.59 14.97 l4
9.09 2.30 6.43 13.40 22

u . 0 7  1 . 9 3  8 . 5 1  1 4 . 1 4  t 3
7.24 2.6L 3.47 14.68 64
4.83 2.93 r.57 9.86 34
3.22 t .52 t .21 6.44 60
3.49 7.95 0.57 10.25 79
2.62 L.to 1.39 4.93 30
0.70 0.30 0.42 1.63 72

: etthEettc @, B 6t&dard devlatlotr, Ul! lores! 9e1u€ obsermd,
Mai h!.gha6t @lc oba6md, [ @Eb€r of eltse& I{016 aletall€al ldfot
etl@ la avdlabla froB th euthof,s oa req@st.

mon. The sulfide minslslegy in the upper zone of
the western Bushveld at Bierkraal is at first glance
very uniform. It resernbles what is normally expected
to have crystallized from a sulfide melt that unmixed
from a highly evolved silicate melt constantly
depleted in highly chalcophile elements, 1.e., it con-
sists predominantly of pyrrhotite with only small
amounts of chalcopyrite and minor pentlandite. Rare
sulfides are sphalerite, molybdenite, loellingite,
safflorite, cobaltite, mackinawite, valleriite, pyrite,
marcasite, galena and cubanite. Sphalerite, molyb-
denite, arsenides and galena increase toward the roof
of tlre complex and reflect tle enrichment of Zn,Mo,
As and Pb in the magma with progressive fractional
crystallization. Modal proportions of pyrrhotite,
pentlandite and chalcopyrite vary with stratigraphic

TABLE 2. REPRESE1TATIVE COIiIPOSITIONS* OF PENILAI{DIIE

D€pth S Fa

551.5 E 33.86 7.82
493 o 33.69 16.8r

1009.6 a 33.16 $.m
1.040.2 o 33.83 L7.67
1040.2 ! 33.03 14.06
1060.3 ! 32.7a 10.80
1082.2 E 33.09 14.42
10E2.2 o 32.86 16.64
1100.8 E 33.14 23.n
1103.7 o 33.28 27.75
ll l2.7 n 32.35 26.22

Nl Co Total

l.3r 57.94 to0.r3
15.17 35.67 101.34
13.00 tE.44 100.80
t2.4t 37.00 100.91
9.02 44.9! 101.04
2.42 54.19 100.59
3.78 48.61 99.90
4.88 4s.49 99.87

12.06 30.54 99.04
14.06 23.79 98.87
25.18 15.54 99.29

' ln eeiSht l .



analytical results is available from the authors on
request. Some examples of compositions rvith differ-
ent contents of Co and cation ratios in pentlandite
are given in Table 2.

Figures 3 and 4 summarize the Co content deter-
mined and the ColNi ratio in pentlandite graphically,
and allow comparison with the compositional trends
of pyrrhptite, olivine, and the whole-rock ColNi
ratio. The pentlandite displays significant changes
in composition with stratigraphic height. The trend
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is intemrpted by reversals, so that a ryclic pattern
in the Co content of pentlandite can be recognized;
the most obvious one is developed between 890 m
and ll17 m in borehole BK-I. Higher up in the
sequence, trends of Co enrichment can be recog-
nized; however, the cyclic pattern is not as evident,
owing to rock sequences in which pentlandite grains
were not found or are too small to analyr-e.

Riley (1977) summarized analytical data on pent-
Iandite from the literature and found two different
trends of cobalt substitutions: one is restricted to ser-
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FIc. 3. The total variation and arithmetic means of Co content (in atomic 9o) and ColNi ratios (atomic) in pentlandite
in the topmost 7@ m of the upper zone at Bierkraal. Also presented are the arithmetic means of Fe contents (in
atomic 9o) and arithmetic means and I statrdard deviation of the ColNi ratio (atomic) of pyrrhotite coexisting with
pentlandite.
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pentinites and hydrothermal veins, where Co sub-
stitutes for Fe; in the other, a feature of met?mor-
phosed massive-sulfide ores in Scandinavia, Co
replaces Ni. Cobalt-rich pentlandite from the Bush-
veld also follows a trend of preferential replacement
of Ni @ig. 5). However, because of the very high
Fe/Ni ratio in rocks of the upper zone, this trend
is set off toward higher Fe,/Ni values than the trend
from published data (Fig. O.

The analyses of the pentlandite show that in the
upper zone, the pentlandite is consistently Co-rich.
The lowest observed value is 8.2 atomic 90, the
highest, 46.4, and the overall mean, 28.7 atomic go
(Fig. 7). This high content of cobalt is seen as the

reason for the virtual abs€nce of exsolution flames
of pentlandite in pyrrhotite. Co increases the upper
thermal stability-limit of pentlandite (rraasjokr et al.
1974), so that exsolution of cobalt-rich pentlandite
from the monosulfide solid-solution starts at higher
temperature than for Co-poor pentlandite. The
higher rates of diffusion at elevated temperature
would favor granular exsolution. It also seems that
cobalt-rich pentlandite has a much stronger tendency
toward idiomorphism than ordinary Fe-Ni-pentland-
ite, so that flame-like exsolution lamellae (which
might have formed in analogy to normal pentland-
ite) could have recrystallized to minute cranular
grains during the slow cooling of the Bushveld.



During the analyses of pentlandite from the Bush-
veld, it became obvious that individual gains devi-
ate considerably from the assumed stoichiometric
formula of MerS", although the mean value of
47.12 atomic 9o sulfur for all compositions (Fig. 8)
was found to be very close to the theoretical value
(47.06).It has previously been assumed that a rela-
tion between metal ratios and sulfur contents in Co-
poor pentlandite might exist (Rajamani & Prewitt
1973). In contrast, Page (1972), Harris & Nickel
$n2), and Riley (197) did not observe a syst@atic
variation in the extent of nonstoichiometry in pent-
landite. This, however, could be due to relatively
large analytical errors or inconsistencies in the ana-
lytical procedure for the data compiled from the liter-
ature. The analytical data in this paper are consis-
tent within tle analytical reproducibility given above.

To rule out analytical problems as the reason for
deviations toward anomalously low contents of sul-
fur, some nonstoichiometric grains were re-analyzed.
The results were found to be reproducible within the
expected linits of analytical uncertainty. Analyses
with high values of sulfur might have accidently been
influenced by the pynhotite surrounding tle small
Crains of pentlandite. If this were the case, then a
correlation between Fe content in the pentlandite and
the S content should result. Table 3 gives the Spear-
man correlation matrix for the metals, the metal
ratios and sulfur in atomic proportions. No relation
between sulfur and iron can be detected. Figures 9A
to C also demonstrate tlat there is no specific rea-
son for noustoichiometry in cobalt-rich pentlandite.
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Pyrrhotite: In the samples investigated, the
pyrrhotite consists essentially of mixtures of vary-
ing amounts of intermediate pyrrhotite (Morimoto
et al. 1975) and troilite, resulting in a bimodal
frequency-distribution of the iron content, as deter-
minsd wift the microprobe. Some pyrrhotite com-
positions with different contents of iron are given
in Table 4. Because of this bimodal distribution of
iron contents, the arithmetic mea:rs for pyrrhotite
coexisting with pentlandite (Fig. 3) in different sam-
ples cannot be compared quantitatively. They do,
however, indicate differences in the average content
of iron in the pynhotite between samples. The con-
centrations of Co and Ni in this pyrrhotite depend
linearly on the iron content and are lowest in troi-
lite, with Ni contents generally below the limit of
detection (Merkle, in prep.). Consequently, in order
to allow comparison of the ColNi ratio of pyrrho-
tite with that in pentlandite, only intermediate pyr-
rhotite compositions, with an iron content of 47.8
I 0.3 atomic 90, were selected. These data pertain
to the composition of the most iron-rich intermedi-
ate pyrrhotite and the interval where D.70/o Q sigma)
of all analyses of pyrrhotite with this composition
can be expected.

Only 667 out of 3133 pynhotite compositions fall
into the required interval of composition, and of
these only 354 contain Ni in detectable amounts.
Because only pyrrhotite coexisting with pentlandite
was included in this study, and because at some levels
(mainly above magnetite layers) none of tle pyrrho-
tite could be used because of its high content of Fe,
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the composition of olivine is, with one exception,
very constant on the scale of a thin section. Ana-
lyses of large g:ains of olivine (about I mm) reveal
no compositional inhomogeneity or zonation that
exceeds the analytical uncertainty. Large grains of
cumulus olivine are chemically indistinguishable
from interstitial olivine in the same section. The
cobalt content of olivine is generally in the range of
4@ to 700 ppm (FiC. 4), whereas the nickel content
is always below the detection limit (160 ppm: Table
s).

The atomic ratio Mg/(Mg+Fe) is low and varies
between 0.ll and 0.29 n the stratigfaphic interval
presented here. These extreme values were found at
depths of lll2.7 and,1103.7 m, respectively (Fig.4),

gaps in the documentation of values of Co,/Ni ratio
in pyrrhotite could not be avoided. The small num-
ber of compositions do, however, show strong
similarities in the trends of ColNi in pentlandite and
in pyrrhotite.

Except for one sample at a depth of lll2.7 m,
which for no obvious reason does not follow the
general trend, the pyrrhotite in samples overlying the
layers of magnetite is enriched in iron. With increas-
ing distance above layers ofmagnetite, the average
content of iron decreases but increases again sig-
nificantly above the next layer of magnetite. This pat-
tern is best developed above the two magnetite layers
at depth 783.8 and 823.0 m.

Olivine: Results of microprobe analyses show that
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where an abrupt reversal in olivine composition
appears sliehtly above the 6-cm-thick layer of
magnetite at lllT m. Below this reversal in the
Mg/Ug * Fe) ratio, olivine follows a strong upward
iron-enrichment trend. Above the reversal the mag-
nesium content declines rapidly from about l2go
MgO to slightly more than 690 at about 50 m above
the reversal. Olivine with a slightly hieher magnesium
content occurs at higher stratigraphic levels, but the
density of olivine sampling does not allow localiza-
tion of any possible sharp or gradational reversals.
Despite the large scatter in cobalt content of the oli-
vine grains analyzed, a vague relation to the
Mgl@g * Fe) ratio is indicated (Fie. a). However,
the most iron-enriched olivine is from a sample about
2 m above the layer of magnetite at lllT m. This
is explained as being due to a process of infiltration
metasomatism (rvine 1980).

TABI.! 3. SPEAR'IAN CORRELATION IIATRIT MR i3O6 PEI'IILAI{DITE COI.IPOSITIONS
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Flc. 7. Frequency distribution of Co contents in upper-zone pentlandite.
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Whole-rock chemistry

If the slight variation in the sulfur content of pyr-
rhotite and the other minor sulfides is ignored, the
bulk content of sulfur of the upper zone can be taken
as being proportional to the modal content of sul-
fides. The sulfur determinations cover the BK-l core
in great detail, with sample spacing in some parts

FREOUENCY

Flc. 8. Frequency distribution of sulfur Oontents of upper
zone pentlandite. The theoretical value is 47.06 atomic
a/0.
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TABLE 4. SELECTED COMPOSITIOI{S (wt.%) OF PYRRHOTITE
CoEXISTING IIITH PENTIANDIIE AT DEPIH 1009.6 m

S f e N t C o

38.89 60.60 0.064 0.t22
38.m 60.98 0.058 0.109
38.53 6r.12 0.056 0.106
38.37 61..60 0.064 0.108
a7.84 62.21 0.059 0.08r
t7.84 62.36 0.047- 0.101
36.73 62.Ar O,OO4: O.lr4
36.3S 63.09 0.005' 0.080
36.78  63 .39  0 .03r .  0 .076
36.74 61.61 0.000' 0.09r

tot6l

99.64
100.05
99.52

t00.14
100.19
r00.35
99.66
99.56

100.28
100.46

. bel@ dotGctlon llEl.t-

as small as 2 metres. The sulfur content in these rocl6
varies considerably over short distanc€s (Fig. l0).
Despite the small-scale variation, however, a roughly
cyclic distribution of the sulfur contents in the core
is indicated. This cyclic pattern is more clearly visi-
ble in parts of the core with higher frequency of sam-
ples. It is difficult to clearly define tle sizes of these
cycles from sulfur data alone, but rapid increase of
sulfur content from less than 2@ ppm to about 2ffi0
ppm or more could be taken as the base of a sulfur
cycle, as is the case at drilling depths 445, 638, 846,
lll2, 1494 and 1613 m. Within every one of these
cycles, fluctuations in the sulfur content may indi-
cate superimposed smaller cycles. It should also be
pointed out tlat layers of magnetite or rock units
with increased magnetite content, tend to coincide
with the inferred base of the sulfur cycles. However,
where many layers of magnetite occur close together,
e.g., between 7M and 893.m, no clear cycles are deve-
loped. Many of the other elements that could be ana-
lyzed with sufficient accuracy show cyclic patterns
that coincide with the sulfur cycles. For some ele-
ments, however, a general increase toward the top
of the complex is superimposed on these cycles.

According to the Spearman correlation matrix
(Table Q, four major Ctroups of elements show com-

parable behavior throughout the investigated part of
theupperzone. Thesegroups are: l) Si, Al, Ca, Na,
K, Ba, Rb and Sr, 2) Fe, Ti, Mn, Nb, Zn andZr,
3) P and Y, and 4) S, Co, Cu and Ni.

Elements of group I obviously reflect the silicate
component in the rock; they correlate negalively with
most of the elements of group 2, which include tle
components of titaniferous magnetite. Phosphorus
reflects the apatite content of the rock. The correla-
tion between P and Y suggests that Y has a high
affinity for apatite, a relationship also found by
Towell et al. (1965). Group 4 represents the sulfide
portion of the rock. The elements of this group
closely correlate with tlose elements incorporated in
magnetite and therefore are also negatively correlated
with the first group. Zirconium not only correlates
with the elements of the magnetite and, therefore,
also the sulfide group, but also with Mo. Molybde-
num is present in the rocks as molybdenite, but does
not follow the general sulfide trend. It is enriched
in the course of differentiation; its positive conela-
tion with Ba, Nb, Rb, Zn and Zr rcflegts the similax-
ities in their enrichment trends toward the top of the
Bushveld, irrespective of cyclic patterns at lower
stratigraphic levels. Yttrium shows an enrichment in
the uppermost part as well, but the affinity with apa-
tite is too pronounced to allow a strong correlation
coefficient with Mo.

The elements of the sulfide group also correlate
with Mg. As the Mg content in the silicates is a meas-
ure of the degree of fractionation, similar"ity to the
trends of sulfur in the cycles implies that sulfur and
magnesiu'n were replenished in the magma by the
same process.

The variation of some elements with height in the
BK-l core is presented in Figure 10. The variation
of the Sr contents is given as an example of the
behavior of a group-l component, whereas Ti
represents the elements incorporated in magnetite.
Phosphorus and yttrium are presented to show the

TASLE 5. REPRESEIITATIVE COI.IPOSITIONS OF OLIVINE FROIiI SELECIED SAI,IPLES 'IIIAT COVER IIIE OBSERVED
RAXGE 0F l4g/(tils + Fe) VATUES

hptb b 772.2

Sto" f t .  Z T.44-FoO 
s9.7s

u8o 8.35
llno 0.92
CaO 0.08
EOz 0.00

Total 99.54

llt ppE
Co 610

899 940.1 r0r9.E 1050.2 t068.9 1086.7 lr.o3.7 'r2a.7

30. t9
59.42
9 . ! 5
l .0l
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1 1 . 9 1  7 . t 2
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0 . 1 0  0 . 0 1
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FIG. 10. Variation in whole-rock contents of selected elements in the BK-l drill core. See text for discussion.

close link between apatite and the concentrations of
generally incompatible elements. The four elemenn
of the sulfide group (S, Co, Cu, Ni) are shown in
Figure 11.

DIscussloN

Differentiation in a magmatic body has a signifi-

541

cant influence on sulfide bulk-composition, which
in turn is reflected, firstly, in different assemblages
of sulfides at different levels of the complex and,
secondly, in the compositional changes of individual
sulfide minerals with an extended solid-solution
range. In the upp€r zote at Bierkraal, olivine frac-
tionated throughout the larger part of the sequence.
At the same time, the melt was constantly unmixing
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Variation in whole-rock contents of sulfur, cobalt, copper and nickel in the BK-l drill core.
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small amounts of immiscible sulfide melt. Both fac-
tors resulted in a more rapid depletion of Ni com-
pared to Co, because for both olivine and a sulfide
melt, Ni has a higher distribution-coefficient than
Co (Irving 1978, Maclean & Shimazaki 1976). This
combined effect increased the bulk ColNi ratio of
the magma and in the separated sulfide liquid rapidly
during differentiation. Ni and Co in the sulfide melt
will largely exsolve from the monosulfide solid-
solution to form pentlandite upon cooling, and this
minslal should therefore largely reflect the changes
in bulk ColNi ratio in the magna.

The pattern that one would expect to find reflected
in pentlandite composition is a smooth trend of
increasing.ColNi ratio toward the roof of the Bush-
veld. This is, however, not the case, and the reason
for the development of patterns such as those
depicted in Fieure 3 is considered to reflect a com-
bination of repeated replenishment of the srystaltiz-
ing melt by mixing with less evolved magoa (see
belpw) and the amount of sulfide formation shortly
after replenishment. Uarnixine of a sulfide liquid
results in a depletion of both Ni and Co in the sili-
cate melt ussol.ling to their distribution coefficients.
Ni decreases more rapidly than Co and will reash
such a low level that complete equilibrium with the
separating sulfide melt will not always be achieved.
Co will then be depleted fromthe silicate liquid more

Co/Nl in
pyrrhotite

ColNi in pontlo'rdiG

Ftc. 12. Relation between the atomic ColNi ratio in co-
existing pyrrhotite and pentlandite. See text for dis-
cussion.

rapidly than Ni, so that the ColNi ratio in the immis-
cible sulfide melt will tend to decrease. Close to the
base of the cycla a comparably large volume of sul-
fide melt separates, so that the ColNi ratio changes
rapidly over a short stratigraphic inlerval. Durine
the evolution of the cycle, fte amount of immisci-
ble sulfide melt declines, and the trend of the declin-
ing ColNi ratio is slowed down and stretches over
a larger stratigraphic interval.

The ColNi trends in pentlandite, in pyrrhotite,
and in the whole-rock composition are quite similar
(Figs. 3, 4). In Figure 12 the average ColNi values
in intermediate pyrrhotite and in the coexisting pent-
landite are plotted against each other. Up to a ratio
of about 4 in pyrrhotite, the projection points scat-
ter around a l:1 ratio, whereas the pentlandite
becomes more Co-enriched at higher ColNi values
in pyrrhotite. Careful examination of the analytical
results discloses that high ColNi values in intermedi-
ate pyrrhotite are caused by a lower Ni rather than
a higher Co content, compared to intermediate pyr-
rhotite with lower values. Higher analytical error at
lower concentrations may cause calculation of incor-
rect values of the ColNi ratio, although purely ana-
lytical error can hardly explain the change of the
observed trend. Because the values plotted are aver-
ages of a number of analyses per sample, and because
ColNi values could only be calculated for analyses
with sufficiently high values of Ni, ttre averages are
biased toward lower values of the ColNi ratio in
these samples, which contain a high proportion of

ColNl inDontlondlt8

Frc. 13. ColNi ratio in whole rock and its relation to the
ColNi atomic ratio in pentlandite, ffis aenlinear trsnd
rellects differences between the samples in the timing
of the separation of the immiscible sulfide melt from
the silicate melt (see text).
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intermediate pyrrhotite with a Co,/Ni ratio of higher
than 4.

A similar problem ef aenlingslify exists between
ColNi in whole rocks and in pentlandire @ig. 13).
A fairly constant relation of about l:l to l:2 at a
low ratio changes to much higher values of the ColNi
ratio in pentlaudite at a Co,/Ni ratio of about 2.5
and higher in bulk composition . Faulty analyses can
be ruled out as a reason for this trend, because re-
analysis of some samples showed the results to be
reliable.

As already mentioned, the distribution coefficienrs
dictate that a higher proportion of whole-rock Ni
than of Co is expected to have partitioned into the
immiscible sulfide. Furthermore, the amount of Ni
tolerated in the pyrrhotite structure at low tempera-
tures is smaller than the amount of Co. Therefore
it should be expected that any difference in ColNi
ratio between whole rock and pentlandite would be
caused by a lower ColNi ratio in pentlandite.
According to Figure 13, however, ColNi in pentland-
ite is higher ifthe whole-rock ratio increases. In this
diagram, mean values are plotted, so that the secon-
dary process discussed below, which can result in
higher values of the Co,/Ni ratio in individual grains
ofpentlandite, has no effect on the graphical presen-
tation.

This discrepancy is therefore interpreted to reflect
a primary compositional feature of the sulfide melt.
The difference in ColNi between the whole rock and
the sulfide melt can become quite substantial if the
sulfide melt separates after a large amount of sili-
cates (e.9., olivine, for which Ni has a high affinity)
have already cryshllized. This results in a depletion
of Ni relative to Co on a very small scale, and the
sulfide melt sepffsling from such a silicate melt will
not be in equilibrium with the whole rock as we see
it today.

The total variation of the Co contents in specific
samples is shown in Figure 3. The large spread indi-
cates that the pentlandite in the upper zone is not
homogeneous at a thin-section scale. A possible
explanation for these variations could be that dif-
ferent particles of sulfide melt unmixed at slightly
different times from the s?me volume of magma.
Whereas some might have been in contact wit[ the
overlying pile of magma (fait et c/. 1984), others
might have been trapped with (or separated from)
interc.umulus melt and represent an internal trend of
differentiation on a sample scale. Solid-state diffu-
sion from adjacent oxides and silicates seems to have
influenced the Co and Ni concentrations in the sul-
fide particles, and differences in the proportions and
types of the adjoining minerals affected the Ni/Co
ratio of every sulfide particle differently. In addi-
tion, infiltration metasomatism (Irvine 1980) and
hydrothermal fluids could have changed the com-
position of pyrrhotite and possibly also of olivine

overlying the layers of magnetite (see below), and
may have redistributed the Co content on a mil-
limetre scale. The large number of data used to cal-
culate the arithmetic mean, however, should com-
pensate for this scatter.

The reversal in Mg/(Me + Fe) ratio of olivine
shows that between the driiling depths 1103.7 and
lll2.7 m, an event of rapid mixing has taken place
in the upper-zone magma, resulting in a sipificant
increase of the Mg content in the melt. E:cluding
sample 1112.7 because of probable effects of infiltra-
tion metasomatism, the Mg content in olivine
increases by about 5 weigbt 9o MgO from slightly
more than 7 to 12 weight 90. The partition coeffi-
cient of Mg for olivine in such an iron-rich environ-
ment might differ from that in a magnesium-rich
environment, but to cause such an abrupt change in
olivine composition, the Mg contenl of the melt must
have beeu increased in the order of I to 2 weight go
MgO. However, tlrough differentiation and crys-
tallization of only about 50 m of rock, the bulk com-
position of the melt returned to a comparable com-
position prior to the reversal in terms of its
maCneium content. This strong differentiation over
such a short distance shows that strong fractiona-
tion involved a small volume of magma and, there-
fore, an even smaller volume of less-evolved melt was
involved in the mixing event.

The cobalt content of olivine is much higher than
its Ni content, indicating a very high ColNi ratio in
the melt at this level of the upper zone. Even after
the increase in magnesium content, nickel is still not
detectable with the,microprobe. The distribution
coefficient of Ni for olivine is high, even if sulfides
form at the same time (e.g., Rajamani & Naldrett
1978), and is assumed here not to deviate very much
in very iron-rich melts. The low Ni coutent of the
olivine also indicates that the magma mixing did not
involve a new pulse of magma. The variation of the
Co content in olivine is thought to reflect the inter-
action between concentration during silicate forma-
tion and depletion of Co in the melt due to separa-
tion of an immiscible sulfide melt.

At the stratigraphic interval discussed here in detail
and between L422 and 1198 m it is possible to demon-
strate the relation between the beginning of tie sulfur
cycles and other geochemical cycles. An increase in
the sulfur content at about 96 m (Fig. l0) concomi-
tant with an increase in the magnesium content of
olivine (Fig.  ) may indicate another mixing event.
Whether a gradational mixing took place, as may be
deduced from tle sulfur content, or whether a rapid-
mixing occlured cannot be infened with our present
knowledge.

The ryclicity of elements in the upper-zone rocks
and the close relation of most of the recognized cycles
to layers of magnetite strongly indicate that the for-
mation of layers of magnetite and of sulfur<nriched
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horizons in the upper zone are genetically linked. The
sulfur cycles themselves are often not as smooth as
the trends of tle other elements. Thisis believed to
be due to I oemplex interaction of processes. On the
one hand, differentiation (i.e., crystallization of sili-
cates) will concentrate sulfur if the magna has not
yet reached saturation; on the other hand, differen-
tiation can cause a reduction of sulfur solubility in
the melt if the activity of iron or silica changes. The
chalcophile elements will become depleted with the
separation of sulfide melt, and differences in their
distribution coefficients will cause depletion to vary-
ing degrees. This, for example, can lead to changes
in the ColNi ratio and the composition of the pent-
landite.

As mentioned earlier, the layers of magnetite in
the upper zone tend to be associated with higher
modal proportions of chalcopyrite. Higher propor-
tions of Cu in the immiscible sulfide melt can have
three possible cau$es:
l) The silicate melt from which the sulfide melt
separates has a higher Cu content, or
2) the sulfide melt equilibrated with a larger amount
of silicate melt [higher R-factor (Campbell & Nal-
drett 1979)l and in that way extracted more Cu, or
3) the distribution coefficient is affected by changes
in the Mg content of the melt.

If we assume that within any one convection cell
in the upper-zone magma the melt was close to sul-
fur saturation (as is indicated by the common sul-
fide inclusions in silicates), copper should become
rapidly depleted because of its high distribution-
coefficient (50 or more: Maclean & Shimazaki 1976,
Rajamani & Naldrett 1978). A sudden change in
intensive parameters (e.g., orygen fugacity) to form
monomineralic layers of magnetite will have no effest
on the copper sontent in the immiscible sulfide melt,
't"tris6 might form as a result of the reduced content
of iron and therefore reduced solubility of sulfur.
To increase the copper content, a mixing event has
to take place, either by adding magma (i.e., less
evolved magma or less depleted in Cu) to the crys-
ta[izing part of the magma chamber or by allowing
the unmixing sulfide droplets to extract copper from
a larger volume of magma. The same applies to the
contents of all chalcophile elements.

The small amount of magma involved in the rever-
sal described at about 1117 m and the low contents
of Cu (maximum value 240 ppm at a sulfur value
of about 0.45 weight Vo) at this level do not speak
in favor of addition of new magma. They rather indi-
cate mixing as an effect of the breakdown of a con-
vection cell. This does not, however, rule out the pos-
sibility that thicker layers of magnetite at lower
stratigraphic levels of the upper zone were formed
bf the effect of magma addition.

Consequently, the higher S, Cu, Co and Ni con-
centrations in the rocks at the base of the cvcle

between 875 and ll17 m are not merely due to an
increase in the modal proportions of sulfides, but
reflect a change in the composition of the crystalliz-
ing magrna. This change affected not only the
Mg/(Mg * Fe) ratio of the olivine but also the Co
content and the ColNi ratio in the basd-metal sul-
fides.

CoNcLUsIoNs

The results from the upper zone of the western
Bushveld at Bierkraal show that:
1. Cobalt-rich pentlandite can be a primary mag-
matic mineral, which can exsolve from an immisci-
ble sulfide melt on cooling, if the silicate melt was
highly evolved and depleted in Ni.
2. Individual pentlandite g'ains are not necessarily
stoichiometric. On average, however, they closely
approach the formula MeeSr. There is no indication
of a systematic relationship between deviation from
stoichiometry and metal contents or metal ratios.
3. The ColNi ratio in pentlandite is matched by the
ColNi ratio in coexisting intermediate pyrrhotite.
4. The Co,/Ni ratio in pentlandite corresponds to the
ColNi ratio in the whole rocks if the sulfide melt
separated after only a small proportion of the rock
was solidified.
5. The upper zone of the western Bushveld Com-
plex does not represent products of unintemrpted
differentiation of a homogeneous melt. Several cycles
of differentiation are reflected in the whole-rock
geochemistry, especially in the content of chalcophile
elements and sulfur, but also in the concentration
of incompatible elements. In addition, these cycles
are reflected in the composition of pentlandite and
of olivine.
6. Reversals in olivine composition suggest that the
cycles were produced by mixing events, although the
magnitude and vertical distribution of reversals in
the upper part of the upper zone suggest a periodic
breakdown of mnvection cells as the cause of magma
mixing, rather than maCana addition at the strati-
graphic levels concerned.
7. The high Co and very low Ni contents of olivine
above the level of mixine rule out the involvement
of an undifferentiated melt. This, however, does not
rule out the possibility that thicker cycles lower in
the sequence could represent the addition of more
primitive magma, although more work is required
in this regard.
8. The position of layers of magnetite at the base
of clearly defined geochemical cycles strongly indi-
cates a genetic link between the formation of layers
of magnetite and magoa mixing. It s@ms, however,
that mixing did not always result in the formation
of a layer of magnetite.
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