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Abstract 

The chromitites at the Invala mine, Zimbabwe, form part of a layered intrusion enclosed •vithin the Archcan 
granulite facies gneisses o(the north marginal zone (NMZ) of the Limpopo belt. Chromitites occur within 
an olivine-orthopyroxene-ehromite eumulate sequence which was derived from a komatiitie magma. 

An electron microprobe study and a comparison with the mineralogy of unaltered komatiites from the 
Belingwe greenstone belt, Zimbabwe, strongly suggest that some of the original olivine, chromite, and orthopy- 
roxene mineral compositions are preserved. Olivine-ehromite mineral pairs continued to equilibrate doxvn- 
temperature until about 680øC. Calculations based on the diffusion of Fe and Mg in olivine suggest that the 
cooling was rapid (several 1,000øC/Ma), hence it is reasonable to expect igneous mineral compositions to be 
preserved. Calculations based on mineral-melt, Fe-Mg partitioning for olivine and orthopyroxene indicate 
that the parent komatiitie liquids varied in composition from 26 to 16 vet percent MgO. Thus some of the 
ehromites crystallized from melts which are among the most magnesian komatiites known and which would 
have had an eruption temperature of ca. 1,520øC. 

Orthopyroxenite eumulates, which are unusual in komatiitie sequences probably formed in response to 
assimilation of adjacent supracrustal rocks, possibly banded iron-formation. Oxygen activity calculations suggest 
that assimilation may have led to an increase in the oxygen activity in the melt which may be responsible for 
the crystallization of both chromite and orthopyroxene. 

Introduction 

CHROMITE deposits of Archcan age are known from a variety 
of layered mafic-ultramafic intrusions worldwide (e.g., Stowe, 
1987a). The chemistry of Archcan chromite deposits is di- 
verse (Rollinson, 1995a), suggesting that they have originated 
from a variety of parental magma types in a range of tectonic 
settings. A particular difficulty in using mineral chemistry to 
decipher the origin of chromitites is that chromite grains 
frequently experience substantial chemical change during 
cooling (e.g., Eales and Reynolds, 1986) and subsequent 
metamorphism (Evans and Frost, 1975). This means that 
their compositions reflect subsolidus processes rather than 
the composition of the parent magma (Rollinson, 1995a, b). 
The effects of subsolidus exchange can be acute in Archcan 
chromite deposits because they have frequently been meta- 
morphosed, sometimes to granulite grade, further obscuring 
primary igneous compositions. 

This study describes the geologic setting and mineral 
chemistry of a chromitite body from the Archcan Limpopo 
belt in southern Africa in which it is possible to recognize 
original igneous mineral compositions. The purpose of this 
paper is to show from the mineral chemistry that the chromi- 
tires were derived from a magnesian komatiite. The preserva- 
tion of original igneous compositions can be understood in 
terms of mass balance within the cumulates and the rapid 
cooling of the igneous intrusion. As will be shown below, the 
chromitites are found in a medium-pressure granulite ter- 
rane, nevertheless the emphasis of this paper is on the pro- 
cesses prior to the granulite facies metamorphism. 

Geologic Setting 

The Inyala chromitite is located toward the western end 
of the north marginal zone of the Limpopo belt (NMZ) in 
Zimbabwe (Fig. 1). It is one of several chromitites associated 

with ultramarie bodies enclosed within the 2.6 to 2.7 Ga ton- 

alite-trondhjemite-granodiorite (TTG) gneisses of the north 
marginal zone. 

The north marginal zone is the most northerly of three 
subzones of the Limpopo belt and crops out principally in 
southern Zimbabwe. It represents a zone of granulite facies 
gneisses (Robertson and du Toit, 1981) which have been 
thrust onto the amphibolite facies to greenschist facies gran- 
ites and greenstones of the Zimbabwe eraton to the north 
(Rollinson and Blenkinsop, 1995). The precise relationship 
between the north marginal zone and the Zimbabwe eraton 
has been the subject of some debate, centering around the 
estimated displacement along the bounding thrust. Rollinson 
(1993) argued that the thrust represented a crustal-scale shear 
zone which formed the boundary between two distinct ter- 
ranes. More recent evidence (Mkweli et al., 1995) suggests 
that this is not the case and it is likely that the north marginal 
zone represents typical Zimbabwe eraton lower crust and that 
a section from the north marginal zone into the Zimbabwe 
eraton marks a near-complete crustal cross section. 

The geology of the north marginal zone of the Limpopo 
belt has recently been described by Rollinson and Blenkinsop 
(1995) and Kamber and Biino (1995). Five key stages have 
been identified: 

Stage 1. An early suite (>2.7 Ga) of supracrustal rocks, 
comprising banded iron-formation, basaltic lavas, and ul- 
tramafic rocks. These lithologies are similar in composition to 
those found in the greenstone belts of the Zimbabwe eraton. 

Stage 2. Intrusion ofcharnockitic magmas of tonalitic com- 
position, between 2.6 and 2.7 Ga (Berger et al., 1995). This 
event dominated the geology of the north marginal zone and 
accounts for 90 percent of the present-day outcrop. 

Stage 3. The intrusion of the porphyritic granites of the 
Razi granite suite between 2.62 and 2.58 Ga (Mkweli et al., 
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FIc. 1. Geologic map of the north marginal zone of the Limpopo belt showing the location of the Inyala mine. Note 
that the north marginal zone is subdivided into the north marginal zone proper (NMZ), a transition zone, and the triangle 
shear zone (NMZ s.l.). The inset map shows the location of the north marginal (NMZ), central (CZ), and south marginal 
(SMZ) zones of the Limpopo belt in southern Africa. 

1995) along the thrust boundary between the north marginal 
zone and the Zimbabwe craton. 

Stage 4. Coeval with the final stages of granitoid eraplace- 
ment was a low- to medium-pressure granulite facies event 
which affected all lithologies except the very last intrusions. 
The P-T conditions of the granulite facies metamorphism 
have been calculated from the data of Sherlock (1996) for 
the north marginal zone in the particular area of this study, 
based on a felsite collected 8 km to the southeast of the Inyala 
mine. Using the garnet-orthopyroxene thermobarometric 
methods described in Rollinson (1989), an early garnet-ortho- 
pyroxene assemblage records metamorphic equilibration at 
about 5 kbars and 800øC. A later generation of garnet equili- 
brated at temperatures of around 730øC and at slightly higher 
pressures (ca. 6 kbars). These results confirm the anticlock- 
wise P-T path described for the north marginal zone by Sher- 
lock (pers. commun.). 

Stage 5. Final exhumation of the north marginal zone took 
place during the Proterozoic at 1.97 Ga (Kamber et al., 1996) 
implying prolonged residence of the north marginal zone at 
depth. 

Field relationships at the Inyala mine 
The Inyala chromitite belongs to the early supracrustal 

suite of the north marginal zone (stage i above) and is located 
within a sequence of dunites and pyroxenites. Inyala is one 
of a number of ultramafic bodies in the western part of the 
north marginal zone many of which contain chromite. Nor- 
really these ultramafic bodies are associated with banded iron- 
formation and although this is not the case at the Inyala mine, 

chromitiferous ultramafic rocks associated with banded iron- 

formation are located within 2 km of the mine (Prendergast, 
1995). At the Inyala mine itself, hornblendites (probable met- 
abasalts of the early supracrustal suite) are found as lenses 
in the pyroxenites. Although intrusive contacts have not been 
directly observed at the Inyala mine itself, geologic relation- 
ships elsewhere in the north marginal zone indicate that the 
dunires and pyroxenites predate the intrusion of the tonalite- 
trondhjemite-granodiorite suite. Zircon ages for tonalite-tron- 
dhjemite-granodiorite in this part of the north marginal zone 
are between 2603 _ 64 and 2637 _ 19 Ma (Berger et al., 
1995), indicating that the early supracrustal suite dates to at 
least 2.64 Ga. 

Detailed geologic mapping at Inyala has shown that there 
are two ultramafic bodies each comprising dunites, chromi- 
tites, orthopyroxenites, and amphibolites enclosed in tonalite- 
trondhjemite-granodiorite gneisses (Prendergast, 1995). They 
represent fragments of a layered intrusion which now form 
parallel lenses 300 to 400 m apart, each 800 by 170 mnd 
about 150 thick, which follow the regional strike (ENE) and 
dip to the south. Facing directions determined underground 
suggest that the succession faces northwest (Prendergast, 
1995) and is inverted. The relationship between the dunites 
and orthopyroxenites is complex. In both lenses the orthopy- 
roxenites form an incomplete sheath (0-80 m thick) around 
the dunite, although in places there are also serpentinized 
dunite layers within the orthopyroxenite. Contacts between 
the pyroxenite and dunite are sharp. The chromitites form 
irregular pods within serpentinized dunite. Some chromitite 
lenses are discordant to the orthopyroxenites, although some 
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of the contacts within the ultramafic bodies are tectonic. 

There is some dispute over the significance of the pyroxenites, 
for the field relationships suggest that they may represent a 
reaction zone between the serpentinized dunire and its host. 
Alternatively, the presence of dunitic pods within the pyroxe- 
nites suggests that the two are integral to the layered intru- 
sion. This issue will be addressed later in the paper. 

Underground exposures show that, in places, primary igne- 
ous layering is preserved in the chromitites and dunires. 
Chromitite-dunite contacts are sharp, with the chromitite 
above the dunite. The lower part of chromitite layers shows 
grain size layering with centimeter-wide laminae of fine- 
grained chromitite in a matrix of coarse-grained massive 
chromitite. In the upper part of the layer, close to the contact 
with the overlying dunite, are laminae of dunite •vithin the 
chromitite. Within chromitite layers there are also bands con- 
taining large (1 cm) olivine crystals in a chromitite matrix. 
These are described below as "impure chromitites." There 
are also crosscutting veins of dunitc in the chromitite and 
irregular fingerlike structures of dunire penetrating into 
chromitite producing isolated xenoliths of chromitite, a few 
centimeters long in a dunitic host. These are thought to have 
developed due to gravitational instability in the partially solid- 
ified magma chamber in which dunite intruded the chromitite 
as a crystal mush. 

Petrography and Mineral Chemistry 

Samples were collected from the Inyala orebody 2 on the 
350 m level between crosscuts 15N and 35S. Representative 
mineral compositions are given in Table 1. For chromite 
compositions, quoted Fe/(Fe + Mg) ratios reflect Fe'2+/(Fe '2+ 
+ Mg) ratios. Fe z+ and Fe a+ were determined from stoichi- 
ometry using the equation of Droop (1987). For the coexisting 
silicate minerals, the Mg number = Mg/(Fetot• + Mg). 

Chromitites 

Massive chromitites are, for the most part, coarse grained 
(>1 mm) and the chromite grains are uniform in composi- 
tion. Within individual grains Cr,2Oa contents vary between 
57.0 and 58,0 wt percent, Cr/(Cr + A1) ratios are high (be- 
tween 0.76-0.77), and Fe/(Fe + Mg) ratios low (between 
0.33-0.35). 

Impure chromitites 

Inhomogeneous impure chromitites contain layers of du- 
nitc up to 1 em wide in a ehromitite host. The chromite-rich 
layers contain individual chromite grains up to 3 mm across, 
but generally they are much finer grained. Both large and 
small grains show within the grain variations in the Cr,zOa 
content between 57.5 and 58.8 wt percent, Cr/(Cr + A1) 
ratios between 0.76 to 0.77, and Fe/(Fe + Mg) ratios between 
0.29 and 0.33. The olivine-rieh layers contain very large (up 
to 1 em) elliptical olivine grains. These grains are rich in 
inclusion trails. The olivine is very magnesian (Fo97), with a 
high NiO content (0.8 wt %), and even the very large grains 
show no zonation. Throughout, in both chromite-rich and 
olivine-rieh bands, the olivine is extensively altered to a mix- 
ture of serpentine and dolomite. Phlogopite postdates the 
serpentinization. 
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Dunites 

The dunites are characterized by coarse-grained olivine 
with grains typically between 2 and 10 mm in length. Acces- 
sory phases include ebromite (ca. 1%) and in some samples 
orthopyroxene (0-5%). Up to 40 percent of the olivine is 
serpentinized and a small amount of phlogopite overgrows 
the serpentine. Olivine contains abundant trails of fine non- 
opaque inclusions (ef. olivine in komatiite described by Ren- 
ner et al., 1994). Olivine compositions are uniform within 
individual dunitc layers but between layers range from Fo90.9 
to Fo93.5. IndMdual grains are very homogeneous, the great- 
est variation being adjacent to chromite grains. Where pres- 
ent, orthopyroxene (Mg/(Fetotal + Mg) = 0.924-0.926) forms 
large (1-4 ram) grains which are randomly distributed and 
partially serpentinized. Chromite is subhedral and fine 
grained (0.5 ram), homogeneous within layers, but between 
]ayers varies in Cr content from 46.8 to 48.4 wt percent Cr,•O3; 
Cr/(Cr + A1) ratios vary from 0.69 to 0.79 and Fe/(Fe + Mg) 
ratios from 0.54 to 0.58. Phlogopite has an Mg/(Fetot,,l + Mg) 
of 0.94. The dunires are interpreted as olivine cumulates. 

Pyroxenites 

The pyroxenites contain the mineral assemblage orthopyrox- 
ene, Cr magnetite (magnetite with up to 21 wt % Cr.•O3) _+ 
olivine +__ amphibole _+ phlogopite. Some samples are mas- 
sive, others are banded and contain Cr magnetite-olivine and 
olivine-orthopyroxene laminae. The proportion of orthopy- 
roxene varies considerably. In the massive pyroxenites there 
is up to 95 percent orthopyroxene and grains vary in size 
from 0.5 to 6 mm across. The large grains (Mg/(Fetotal + Mg) 
= 0.88) are irregular in shape and are internally strained; 
they show exsolution textures and contain abundant small 
inclusions of an opaque mineral in ill-defined trails. Smaller 
grains have straight grain boundaries and an interlocking tex- 
ture. The Cr.•O3 content of the orthopyroxene is low (0.02- 
0.04 wt %) and the A,•O,• content varies from 1.1 to 1.84 wt 
percent. In a few places the orthopyroxene is altered to a 
magnesian hornblende (Mg/(Fetota• + Mg) = 0.89-0.90) par- 
tieularly poor in A1. 

In the banded pyroxenites, olivine-orthopyroxene laminae 
become harzburgitie with ca. 30 percent olivine and ca. 70 
percent orthopyroxene. Grains are typically up to 1 mm in 
length, but larger orthopyroxene grains, up to 6 mm across, 
are poikilitie and enclose smaller rounded olivine grains. 
Rounded, irregular olivine grains are also interstitial to ortho- 
pyroxene grains. Magnetite-olivine-rieh bands contain 65 per- 
cent olivine, 30 percent Cr magnetite, and 5 percent orthopy- 
roxene. Olivine grains (Foss.2 s9..•) normally vary from 0.5 to 
2 mm across and are slightly serpentinized. The Cr magnetite 
varies in grain size from 1.5 mm to the micron scale. The 
larger grains are irregular in shape and are interstitial to 
olivine grains; the smaller grains are rounded. Their Cr con- 
tent varies with grain size, indicative of a diffusion relation- 
ship in which the ebromites reequilibrated with silicate 
phases during cooling and in which there is a relationship 
between blocking temperature and grain size. They vary in 
their chrome content from 12.3 to 20.9 wt percent Cr.203 but 
have Cr/(Cr + A1) ratios similar those of the ebromites. 

The banded nature of the orthopyroxenites is interpreted 

as a relict igneous banding. This observation is supported by 
the textural relationships between orthopyroxene, olivine, and 
Cr magnetite. The differences in grain size, the observed 
grain shape, and the presence of a poikilitie texture all suggest 
that the orthopyroxenites preserve relict igneous textures. 
This was, in part, modified during later deformation and gran- 
ulite •aeies reerystallization as is evidenced by some fine- 
grained, granular orthopyroxene surrounding larger (igneous) 
grains. These observations indicate that the orthopyroxenites 
are primary igneous eumulates and not the product of the 
later granulite fades metamorphism. As such they form an 
integral part of the layered dunite-ehromitite succession. 

Petrogenesis 
Chromitites 

Chromite compositions are plotted on a Cr/(Cr + A1) vs. 
Fe'•+/(Fe '•+ + Mg) projection of the spinel prism (Fig. 2a). 
Mass balance arguments dictate that, in rocks where the dom- 
inant mineral is chromite, original igneous compositions are 
preserved because there are few other phases available for 
element exchange (Eales and Reynolds, 1986). Chromites in 
ehromitites have high Cr/(Cr + A1) and low Fe•+/(Fe •+ + 
Mg). Chromite in impure ehromitites coexists with a small 
amount of olivine (Fo97). The highly magnesian nature of the 
olivine suggests that there has been Fe-Mg exchange between 
olivine and ebromite and that the ebromite may have origi- 
nally been more magnesian than its present composition. 

The measured compositions of Inyala massive and impure 
ebromites plot in Figure 2b on the same trend as skeletal 
ebromite phenoerysts in komatiites from the 2.7 Ga Reliance 
Formation of the Belingwe greenstone belt (data from Sero- 
ley, 1992; Zhou and Kerrieh, 1992; and Renner et al., 1994; 
reealeulated using the charge balance equation of Droop, 
1987). The Inyala and Belingwe ebromites are also similar in 
their Cr,•O3 contents which vary between 57.0 to 58.7 wt 
percent at Inyala and between 51.4 to 58.9 wt percent at 
Belingwe. This comparison is instructive because the Be- 
lingwe komatiites are the freshest and best-documented ko- 
matiites in southern Africa and offer the best opportunity 
to study primary magmatie mineral compositions. Rollinson 
(1995a) showed that ehromites in komatiites tend to have a 
distinctive trend on a Cr/(Cr + A1) vs. Fe/(Fe + Mg) diagram 
and can be distinguished from ehromites in other ultramarie 
rocks. This is apparent in Figure 2e, where the Inyala ehromi- 
tites are compared with seam ehromitites of komatiitie origin 
from Shurugwi, Zimbabwe. There is a dose correspondence 
between the Inyala and Shurugwi ehromitite compositions 
confirming the likely komatiitie parentage of the Inyala 
ehromitites. In contrast, ehromitites from the Bushveld intru- 
sion (data from the Upper Critical Zone, Eales and Reynolds, 
1986) plot in a very different field. It was also shown by 
Rollinson (1995a) that, in komatiitie ebromites, the most mag- 
nesian compositions are likely to approximate the original 
liquidus compositions and that the iron-enrichment trend is 
due to reequilibration with the melt on cooling. Thus, Figure 
2b demonstrates that ebromites from Inyala have composi- 
tions which are dose to the original liquidus compositions 
of the ebromites from Belingwe and could approximate the 
primary magmatie chromite compositions. 
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FIG. 2. (a). Chromite compositions at Inyala: massive chromitites (black squares), impure chromitites (gray triangles), 
chromite in dunitc layers (black circles), Cr magnetite in pyroxenite layers (black diamonds). The compositions of the 
coexisting olivines are shown in brackets. (b). A comparison between chromite compositions at Inyala (black squares) and 
those in komatiite lavas from the Belingwe greenstone belt, Zimbabwe (gray squares; data from Scholey, 1992; Zhou and 
Kerrich, 1992). (c). A comparison between chromite compositions at Inyala (black squares) and seam chromitites from 
komatiites at Shurugwi, Zimbabwe (gray squares; data from Cotterill 1979; Fernandes, 1987; Stowe, 1987b), and from the 
Bushveld intrusion, South Africa (gray circles; data from the Upper Critical Zone, Eales and Reynolds, 1986). 

Dunites 

A plot of Fo vs. NiO for olivine from the Inyala chromitites, 
dunites, and pyroxenites is given in Figure 3. From mass 
balance considerations olivines in the purer dunites are 
thought to have retained their original compositions whereas 
this is not the case for olivine in the chromitites and pyroxe- 
nites. There is a strong correlation between Fo and the NiO 
content of the olivine. Figure 3 also shows the Fo-NiO trend 
for the Belingwe komatiites (Renner et al., 1994). The two 
trends are slightly different in slope and in extent but the 
following observations can be made: 

o.9OT ß Inyala dunite 
0.80 T ß Inyala pyroxenite 
0'70 T ' Inyala chrømitite 
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FIc. 3. Plot of Fo(fosterite) content vs. wt percent NiO in olivines from 
the Inyala mine and in olivines from the komatiites of the Belingwe green- 
stone belt (data from Renner et al., 1994). 

1. There is a significant overlap in compositional range 
between olivine from the Belingwe komatiites and the Inyala 
ultramafic rocks. The most iron-rich olivines on the Belingwe 
trend represent rim compositions and reflect down-tempera- 
ture reequilibration between olivine and melt. 

2. The olivine of one Inyala dunitc in the range Fo92.a-•a.s 
(NiO = 0.47-0.54 wt %) is very similar in composition to the 
most maguesian olivine in the Belingwe komatiites (Renner et 
al., 1994). These Belingwe olivines form comparatively rare 
early phenocrysts (core compositions: Fo92.a_oa.s NiO = 0.40- 
0.53 wt %). Such phenocrysts could have separated from the 
melt early in its crystallization history to form olivine-rich 
cumulates. Nisbet et al. (1993) have argued that these olivine 
phenocrysts crystallized in equfiibrium with a komatiite with 
ca. 26 wt percent MgO. Such a liquid had a liquidus tempera- 
ture of 1,520øC. 

3. A second Inyala dunite contains olivine in the composi- 
tional range Fos. ss.a (NiO = 0.39-0.47 wt %) which is very 
similar in composition to the ubiquitous microphenocrysts in 
the Belingwe komatiites with core compositions in the range 
Fo9•_•2.4 (NiO = 0.34-0.48 wt %). At Belingwe, olivine with 
the composition Foo• is derived from a komatiite magma with 
ca. 19 wt percent MgO (Nisbet et al., 1993). 

4. At Inyala, the most maguesian olivine has a composition 
of Fo•7. This occurs as isolated grains in impure chromitite. 
These olivines are considerably more maguesian than those 
in komatiite magmas suggesting that they are the result of 
reequilibration with chromite. Results presented below sug- 
gest that this took place during the cooling of the melt. 

These observations suggest that the Inyala dunites are derived 
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from several different komatiitic magmas with compositions 
in the range 19 to 26 wt percent MgO. 

Olivine-chromite thermometry 
The coexistence of olivine and spinel permits the calcula- 

tion of equilibration temperatures based on Fe2+-Mg and Cr- 
A1-Fe 3+ exchange reactions (Sack and Ghiorso, 1991). Oliv- 
ine-spinel pairs in dunires yield temperatures in the range 
610 ø to 680ø(2 and in the ehromitites between 490 ø to 640ø(2. 

Olivine-(2r magnetite pairs in the pyroxenites equilibrated 
between 6•20 ø to 750ø(2. If the original (igneous) ebromite 
compositions from the ehromitites are combined with original 
olivine compositions from the dunites (Fo9•), then tempera- 
tures of between 1,100 to 1,200ø(2 are indicated. These tem- 
peratures are in the same range as those calculated by Zhou 
and Kerrich (1992) for the Belingwe komatiites, although the 
application of the new chromite Ni thermometer (Griffin et 
al., 1994) suggests temperatures in the range 1,100 to 
1,400øC. An experimental study by Kinzler and Grove (1985) 
of a komatiite with 17.2 wt percent MgO at 1 arm ewstallized 
olivine on the liquidus at ca. 1,360øC and spinel at ca. 1,330øC. 
Thus the calculated temperatures for the Inyala samples are 
typical komatiite melt temperatures, although they are proba- 
bly below liquidus temperatures. The significance of the 
lower equilibration temperatures is uncertain and could re- 
fleet either the rapid cooling of the komatiite or reequilibra- 
tion during the granulite facies metamorphism. 

Di•ts'ion in olivines 
The olivine in this study shows verv little evidence of Fe- 

Mg zoning even though some grains are up to 10 mm in 
length, suggesting that these grains are well equilibrated. 
What is not dear is whether this took place during the igneous 
or the metamorphic stage of their evolution. Since there is a 
large difference in cooling rate between the two events, the 
blocking temperature equation is used here to estimate the 
cooling rate of the dunites. For the dunites the blocking 
temperature for Fe2+-Mg exchange between olivine and spi- 
nel is known and so the blocking te•nperature equation can 
be inverted to calculate the cooling rate. The diffusion data 
for olivine are taken Ikom Jaoul et al. (1995), a blocking tem- 
perature of 700øC is asstuned for Fe2+-Mg exchange and the 
grain radius is estimated frmn petrography. An "A" value (a 
function of grain shape) of 55 was adopted for olivine. 

Diffilsion calculations for the dunites show that olivine 

grains with a radius of 2 mm suggest cooling rates of 2,200øC/ 
Ma, whereas grains 1 •mn in radius suggest cooling rates of 
8,900øC/Ma. While the measured cooling rates are dearly 
imprecise and may contain an element of both igneous and 
metamorphic processes, the high values indicate that diffu- 
sion took place predominantly in a rapid cooling igneous re- 
gi•ne rather than in the slower cooling environment of meta- 
morphic belts (3-30øC/Ma). This result further confirms the 
view that these rocks preserve original igneous olivine and 
chromite compositions, despite the later granulite fades 
•netamorphism. 

Pyroxenites 

Orthopyroxene in komatiite lavas is not commonly reported 
in the literature. Chemically unaltered komatiites at Belin- 

gwe, Zimbabwe, and komatiites from the Alexo flow, Ontario, 
contain rare pigeonitc •nantled with augitc in the groundinass 
(Amdt and Fleet, 1979; Benner et al., 1994). One-arm experi- 
mental studies have also reported pigeonitc in a synthetic 
komatiitie melt with 17 wt percent MgO (Kinzler and Grove, 
1985). Bronzite and enstatite-rieh eumulates of possible ko- 
•natiitie origin are described fkom layered intrusions in the 
Barberton greenstone belt, South Africa (de Wit et al., 1987), 
but these are not well studied. Arndt and Fleet (1979) report 
a bronzite-rieh eumulate in the Alexo komatiite flow, Ontario. 
This 10-m thick flow contains a thin orthopyroxene-rieh band 
between an olivine eumulate laver and an upper zone con- 
taining phenoewstal olivine. The bronzite eumulate corn- 
prizes 70 to 80 percent prismatic bronzite together with oliv- 
ine and chromite in a fine-grained groundmass. The bronzite 
has erenulate grain boundaries, thought to be indicative of 
rapid cooling. The bronzite has an Mg/(Fetot• + Mg) = 88 
(identical to that of the mineral compositions of pyroxenites 
described here) and coexists with olivine of the same Mg/ 
(Fetot•i + Mg). Kinzler and Grove (1985) noted that, in the 
Alexo flow, the pyroxenes in the groundmass of the komatiite 
were different l¾om those observed in the eumulate layer. 
This led them to suggest that the bronzite eumulate layer 
was produced either bv a process of magma mixing, during 
the differentiation of tl•e flow or by the assimilation of a silieie 
component into the komatiite magma. They showed that mix- 
ing between komatiite and a silica-rich eo•nponent would 
shift the melt composition frown the field of primaw olivine 
crystallization into the orthopyroxene field. 

An alternative •neehanism for orthopyroxene crystallization 
is demonstrated in an experimental study by Barnes (1986) 
who showed that the ehromite-pyroxene periteetie is con- 
trolled by oxygen activity in the •nelt and that a small change 
in oxygen activity can shit• the melt f¾om the field of chromite 
precipitation to that of orthopyroxene precipitation. The ef- 
fect of increasing the oxygen activity in an olivine-bearing 
magma is illustrated by the reaction: 

6Fe2SiO4 + 02 = 3Fe•Si206 + 2Fe304 
in ohvine in •nagma in orthopyroxene in spmeI 

and predicts that an increase in the activity of oxygen will 
result in both orthopyroxene precipitation and an increase in 
the magnetite component of spinel. Both these fbatures are 
observed in the pyroxenites described here and support the 
hypothesis that crystallization of pyroxene was accompanied 
by a change in oxygen activity in the melt. A change in oxygen 
activity could be brought about either by magma mixing or 
by assimilation as discussed above. 

The hypothesis that the orthopyroxene at Inyala was de- 
rived from a komatiitie liquid may be fiarther tested by calcu- 
lating the composition of the assumed parental melt using 
the distribution coefficient for FeO and MgO between ortho- 
pyroxene and the parental liquid (Barnes, 1986): 

log [(FeO/MgO)orthopy ...... e/(FeO/MgO) .... •] 
= 0.2029 - 1150/T(øK). 

An iterative calculation using the FeO content of the very 
fresh komatiite samples from the Belingwe greenstone belt, 
Zimbabwe, reported by Bidde et al. (1993) and orthopyrox- 
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FIG. 4. Oxygen activi ,ty vs. temperature plot, showing the calculated com- 
positions [br olivine-orthopyroxene-spinel assemblages from the Inyala py- 
roxenites, dunites, and parental komatiite magma. Also shown are t•vo data 
points for banded chromitite from the Rhonda mine, a comparable geologic 
setting, located 8 km to the southxvest. The buffer curves [br the reaction 
iron-wustite (IW), quartz-J•yalite-magnetite (FMQ), and magnetite-hematite 
(M-H) are shown for comparison. Olivine from bronzitites (gray triangles) 
and dunites (black triangles) from the Great Dyke (data from Wilson, 1982) 
are also shoxw• for co•nparison. 

erie froin the pyroxenites with Mg/(Fetot•] + MR) = ca. 0.88 
suggests a parent liquid with 16 wt percent MgO at tempera- 
tures of between 1,300 ø to 1,330øC. These melt compositions 
are lower than those calculated from olivine compositions 
(19-26 wt % MgO) but are still consistent with a komatiitie 
parent liquid. It is important to note, however, that the thick- 
ness of the orthopyroxene-rieh layers at Inyala is much greater 
than those reported elsewhere from komatiites. 

Oxygen activity calculations 

To investigate a possible change in oxygen activity during 
the differentiation of the komatiite, oxygen activities were 
calculated for the mineral assemblage olivine-orthopyroxene- 
spinel using the equation of Ballhaus et al. (1991). Figure 4 
shows a plot of oxygen activity versus temperature in the 
dunites and pyroxenites calculated relative to QFM. The rela- 
tive oxygen activities are calculated for the equilibration tem- 
peratures given above using the olivine-spinel thermometer 
of Sack and Ghiorso (1991). Two important observations arise 
from these calculations: 

1. There is an important difference in oxygen activity be- 
tween the dunites and the pyroxenites. Pyroxenites have an 
oxygen activity 2.5 log units higher than (hat of dunites and 
of banded ehromitites from the Rhonda mine, located 8 km 
to the southwest of Inyala (Fig. 1). This suggests that there 
was a major difference in oxygen activity between the olivine- 
rich and orthopyroxene-rieh compositions. When bronzitites 
and dunites from the Great Dyke (Wilson, 1982) are studied 
a similar difference is not observed (see Fig. 4). 

2. The oxygen activity for the komatiites was calculated by 
using the original liquidus olivine and spinel compositions, 
from the dunites and ehromitites, respectively, and the calcu- 
lated olivine-spinel temperatures. Strictly, the calculated oxy- 
gen activity is only valid at the point at which the melt became 
saturated in orthopyroxene. At 1,200øC this falls very close 
to the QFM buffer and is in dose agreement with that pre- 

dieted for the Belingwe komatiites by Nisbet et al. (1993), 
although the oxygen activity prior to the orthopyroxene satu- 
ration cannot be known. 

It is important to note that the measured difference in 
oxygen activity is ibr the temperature interval 650 ø to 750øC. 
Thus it cannot be proven that the measured difference re- 
fleets a real difference in oxygen activity between the dunites 
and pyroxenes during the igneous history of the rock. How- 
ever, the form of the equation of Ballhaus et al. (1991) means 
that the difference in calculated oxygen activity is almost 
independent of temperature. Further, it has already been 
argued tkom the rapid cooling of these rocks that original 
compositions tend to be preserved. What is not known is the 
extent to which the Cr magnetites in the pyroxenites have 
changed in Fe a+ during cooling. Thus, while it is thought to 
be likely, it cannot be proved that the measured differences 
in oxygen activity reflect changes in magma composition. 

Discussion 

The origin of monomineralie ebromite layers in layered 
igneous intrusions is a problem which has taxed petrologists 
for several decades. In the last ten years opinion has shifted 
from models based on gravitational setting (Irvine, 1980a) 
toward models in which in situ crystal growth is favored (Ir- 
vine, 1980b). Many recent models favor a process of magma 
mixing to trigger chromite precipitation. The range of models 
includes the mixing of primitive and evolved magmas of the 
same parentage (Irvine, 1977; Wilson, 1982) and the mixing 
of two distinct magmas (Irvine et al., 1983). In these cases 
the effect of magma mixing is to replace the crystallization 
of the silicate phase(s) with the crystallization of chromite. 
The same effect can also be achieved through the assimilation 
of silicic country rock by an ultramarie melt (Irvine, 1975). A 
change in the oxygen activity of the melt is also seen as a 
means of triggering chromite precipitation (Ulmer, 1969). 
This latter mechanism could be related to either assimilation 

or magma mixing. 
The results presented here show that there are strong simi- 

larities in the mineral chemistry of chromites and olivines 
from Inyala with those found in fresh komatiitic lavas from 
the Belingwe greenstone belt, Zimbabwe (Fig. 2b). Inyala 
chromite compositions are also very similar to those of the 
komatiite-hosted chromitites from the Shurugwi greenstone 
belt, Zimbabwe (Fig. 2c), although these chromitites are less 
well analyzed than those from the Belingwe komatiites and 
their compositions have been partly disturbed by later shear- 
ing. These observations suggest that the Inyala chromitites 
were derived fi'om a komatiitic magma, hence in this study, 
the origin of monomineralic chromite layers has to be ad- 
dressed in magmas of a komatiitic composition. 

At Inyala the chromitites occur within the dunires, never- 
theless the presence of orthopyroxenites may have an indirect 
bearing on the problem of chromite precipitation from a 
komatiite magma. It has already been noted that there are 
very few well-documented examples of orthopyroxenites asso- 
ciated with a komatiitic parent magma. Where orthopyroxe- 
nites have been described as part of a komatiite flow, it has 
been suggested that the orthopyroxene crystallization was 
triggered by either magma mixing, assimilation of siliceous 
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country rock and/or a change in the oxygen activity of the 
melt. Although both magma mixing and assimilation are theo- 
retically possible (Nisbet and Chinner, 1981; Huppert et al., 
1984), the very high melt temperatures estimated for the 
parent komatiite at Inyala (ca. 1,5œ0øC) suggests that contami- 
nation is the more likely possibility. Banded iron-formation 
is frequently the host to dunites in this region and could be 
the possible contaminant. The assimilation of banded iron- 
formation by a komatiitic melt could trigger the precipitation 
of orthopyroxene through the addition of silica by the reac- 
tion: 

Mg.2SiO4 + SiO.2 =• Mg½Si.206 . 
•n ohvine quartz in orthopyroxene 

It is possible that orthopyroxene would also be produced 
through the reaction: 

2Fe304 + 6SIO.2 • 3Fe2Si.206 + O2 ß 
magnetite quartz orthopyroxene oxygen 

The increased oxygen activity produced by the above reaction 
could lead to the further precipitation of orthopyroxene ac- 
companied by a magnetite rich-chromium poor spinel by 
means of the reaction: 

6Fe.2SiO4 + 0.2 = 3FesSi.206 + 2Fe304. 
in olivine in magma in orthopyroxene in spinel 

Petrological evidence presented in this paper, namely the 
coexistence of orthopyroxene and chrome-magnetite in the 
orthopyroxenites, and the evidence for an increase in oxygen 
activity in the pyroxenites support the hypothesis that the 
pyroxenites formed from the assimilation of banded iron- 
formation by komatiitic magma. Support is also found in the 
field relationships at Inyala because the orthopyroxenites 
form, for the most part, at the boundary between the dunites 
of the main orebody and the country rock. It has been demon- 
strated that the assimilation of banded iron-formation by a 
komatiitic melt will trigger orthopyroxene crystallization and 
will raise the oxygen activity of the melt. These two mecha- 
nisms are also regarded as possible causes of chromite precip- 
itation in ultramafic melts. Thus, although it cannot be un- 
equivocally demonstrated for the chromitites, it is proposed 
from the evidence of the pyroxenites that country-rock assimi- 
lation is an important mechanism of chromite precipitation 
in komatiite melts. 

The recognition of the importance of assimilation and 
changes in oxygen activity in komatiites may explain why some 
komatiite magmas produce chromite-rich cumulates whereas 
others produce sulfide-rich melts rich in Ni and the platinum- 
group elements. The difference in patterns of mineralization 
may lie in the differing compositions of assimilated material 
and the resultant changes in oxygen and sulfur activities in 
the melt. 

Conclusions 

1. The chromitites at the Inyala mine form part of an 
cumulate sequence which was derived from a komatiitic par- 
ent liquid. 

œ. The komatiitic liquids varied in composition from 26 to 
16 wt percent MgO. 

3. The most magnesian komatiites would have had a liq- 

uidus temperature of ca. 1,520øC and had the capacity to 
assimilate the country rock. 

4. Pyroxenites (bronzite cumulates) formed in response to 
assimilation of adjacent supracrustal rocks. There is some 
indication that the mixing gave rise to an increase in oxygen 
activity in the melt. 

5. Olivine-chromite mineral pairs continued to equilibrate 
down-temperature until about 680øC. Diffusion of Fe and 
Mg in olivine suggests that the cooling was rapid and that 
igneous compositions and blocIcing temperatures are pre- 
served. 
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