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Summary

Mineral chemistry and petrological data of chromites from chromitite bands in the N–S
trending schist belt of Nuggihalli (southern Karnataka, India), belonging to the Dharwar
craton of South India, are presented in this paper. Crystal chemical data indicate a
komatiitic affinity of the chromitite. P–T calculations of the chromite-hosting peridotites
yielded a pressure range of 13 to 28 kbar and temperatures ranging from 775 to 1080 �C;
the oxygen fugacity (log f O2) varies from þ0.5 to þ1.6 above the QFM buffer. The P, T
and f O2 data indicate that Nuggihalli chromitites crystallized in an environment akin to
the upper mantle. The studied samples also show partial resetting; the lower temperatures
ranging from 515 to 680 �C are ascribed to subsequent metamorphism of the area.

Introduction

Spinels crystallizing in the early cooling history of basic magma are chromium-
rich, because Cr3þ stronger partitions in the octahedral site of spinel structure than
in the melt. The Cr3þ ion manifests strong crystal field stabilization energy at the
octahedral site (cf., 224 kJ=mol, Mitra, 1996, page 73, Table 3.2.1), which is higher
than for other transition elements. Thus, Cr3þ is enriched in spinels crystallizing
early from a basic magma, which form mostly as a product of partial melting of
peridotitic mantle. Spinel compositions reflect a complex function of magma (and
source peridotite) composition, crystallization temperature and cooling rate. Thus,
in conjunction with co-liquidus olivine in primitive magmas, chromite (chromian-
spinel) composition offers the potential for deciphering the petrogenetic aspects of
such magmas, including information about the source of the peridotite. A large



database exists in the literature reporting on the chromite deposits from different
tectonic settings but only a few occurrences of chromitite in komatiites are re-
ported, e.g., from Belingwe, Zimbabwe (Zhou and Kerrich, 1992), Kuhmo, Finland
(Liipo et al., 1995), Inyala, Southern Zimbabwe (Rollinson, 1997) and Western
Australia (Barnes, 1998, 2000).

In the present study, mineral chemical data of the chromites from the chromitites
and associated silicate and oxide phases from the chromite-bearing peridotite are
reported for further enhancement of the knowledge about chromitite occurring in
association with the komatiite affinity Archean (>3.1 Ga, Bidyananda et al., 2003)
Nuggihalli greenstone belt of South India. We have previously studied some of the
chromitite samples by combined electron microprobe analysis, single crystal X-ray
measurements, low temperature (77 K) (Lenaz et al., 2004) as well as room tem-
perature (298 K) M€oossbauer spectroscopy (Bidyananda and Mitra, 2004). In the
present study, we also refer to these earlier reported data and use them to decipher
the crystallization conditions of the studied samples.

Geological setting

The Nuggihalli schist belt forms a roughly NW–SE to N–S striking belt of low to
medium grade rocks in the Dharwar craton (Fig. 1). It belongs to the greenstone
belts in South India. Ultramafic rocks in this belt include chromite-bearing serpen-
tinised peridotite and talc-chlorite-tremolite schists. Other major rock types are
amphibolites, metasediments (fuchsite quartzite, quartz-mica-chlorite schist and
staurolite-quartz-mica schist), tonalitic-trondhjemitic gneisses and meta-anorthosite.
Algoma-type (banded iron formation) titanomagnetite bodies rich in vanadium
are intercalated with the ultramafic rocks. The study area has been subjected to
greenschist to amphibolite facies metamorphism and increases in grade from north
to south (Ramakrishnan, 1981). So far the metamorphic age of the area is not
ascertained. Based on the presence of pillow and spinifex textures in peridotites
from adjacent areas, Naqvi and Hussain (1979) reported these rocks as submarine
extrusive metavolcanics. Sudhakar (1980) pointed out the komatiitic affinity of
these serpentinites mainly on the basis of their Cr=Al ratios. After establishing
the komatiitic affinity of the ultramafic rocks within this belt, it was compared
to Archaean greenstone belts such as those in the Barberton area.

In the study area, the ultramafic rocks are exposed as discontinuous lenticular
bodies. At the western margin of the belt, the ultrabasic rocks have undergone
intense shearing. Chromitite bodies are confined to the basal portion of the ser-
pentinised peridotite. Completely serpentinised rocks preserved pillow textures in
the Tagadur and Bhaktarhalli areas (Fig. 1). So far there is no conclusive evidence
regarding the nature of these ultrabasic rocks and age data are lacking. But they are
older than the surrounding gneisses (>3.1 Ga, Bidyananda et al., 2003) and have
been affected by subsequent metamorphic events. The chromitite seams occur com-
monly as layers, high angle bands and irregular tabular or lensoid bodies within
serpentinite (Bidyananda, 2000). Several abandoned mines are present throughout
the belt. Currently mined chromite deposits are located at Byrapur, Bhaktarhalli,
Tagadur and Jambur areas (Fig. 1). The variable shape and size of the ore bodies
appear to be controlled by their position in the limbs and hinges of early and late
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stage folds and dislocation of the ore bodies due to shearing. The shape and
size of the chromite deposits varies from lenticular (�300 m long�6 m wide) at
the Tagadur mines to podiform (>60 m long, 6 m wide and extending to a depth
of �150 m) in the Byrapur underground mine. Lenticular deposits occur at
Bhaktarhalli, Aladahalli and Gobbalihalli areas as well.

Analytical techniques

Chromites from sieved samples (60 to 80 mesh size) were separated by hand
picking for X-ray diffractometry (XRD) and M€oossbauer analyses. The separated
samples were pulverized to about 100 mesh and then cleaned in running water. The
remaining silicate minerals were picked up and the spinel samples were repeatedly
passed through a Frantz isodynamic magnetic separator. The samples were then
treated with warm dilute HCl and the silicates were further separated in clerici
solution and washed. After separation the samples were finely pulverized (�350

Fig. 1. Geological map of the
Nuggihalli schist belt showing
sample locations (modified from
Jafri et al., 1983)
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mesh) in agate mortar till homogeneity of grain size was ensured. For the mineral
chemical study, the chromian-spinel samples were polished by Buehler Automat
(model no. 850) and other polishing auxiliaries and were analysed by a JEOL-733
Superprobe micro-analyser with wave-length dispersive method at 15 kV, with a
beam current of 0.01mA, beam diameter of 10mm and counting times of 50 seconds.
Samples were calibrated with reference to natural mineral standards and data were
reduced by Bence and Albee method (1968).

Petrography

Peridotite

Primary silicate phases of the ultramafic rocks associated with the studied chro-
mite have been altered to serpentinite and chlorite. However, unaltered relicts of

Fig. 2. A Photomicrograph of peridotite showing medium-grained, holocrystalline texture;
olivine (Ol) crystals in association with plagioclase (Pl) enclose the subhedral clinopyrox-
ene (augite, Aug). Scale 1 cm¼ 0.017 mm. B BSE image of clinopyroxene (Cpx) and
jadeite (Jd) intergrowth in peridotite. Darker shaded Cpx (augite) is replaced by lighter
shaded jadeite. Aluminous chromite occurs as white patches in clinopyroxene. C Photo-
micrograph showing euhedral grains of chromite (Chr) cemented by chromian chlorite
(k€aammererite, K€aa) gangue. Light color (patchy) euhedral grain at the center is nickel oxide
(NiO¼ 97.80%). Scale: 1 cm¼ 0.017 mm. D BSE image of fragmented chromite (Chr)
grains showing ferrian chromite rims with higher magnification
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olivine and pyroxene as cumulus phases are sporadically present. Photomicro-
graphs and backscattered electron images of this rock containing unaltered relict
phases are presented in Figs. 2A and B, respectively. Serpentinite is fibrous in
nature and occurs radially around the unaltered relicts of pyroxene and olivine.
Dolomite and magnesite are present in veins in the serpentinites and talc occurs as
fracture fillings.

Chromitite

Cumulus textures are a common primary magmatic feature of the studied chromi-
tites. Chromite grains are commonly anhedral to subhedral occurring in a serpen-
tine matrix. Low temperature hydrous minerals such as serpentine and chlorite and
other phases like pyrite, pentlandite and disseminated nickel oxides (Fig. 2C) occur
as inclusions within and in contact with chromite grains. Occasional occurrence of
euhedral chromite moulding around serpentine and synneusis texture in which
chromite crystals surround silicate phases in the form of a chain are observed.
Oxidation rims, characterized by higher brightness in backscattered electron
(BSE) images, are commonly developed around chromite grains and along fracture
zones (Fig. 2D).

Mineral chemistry

Peridotite

The major mineralogical phases such as olivine, pyroxene, plagioclase, Cr-chlorite,
serpentine and amphibole of the chromite-hosting serpentinised peridotite were
analyzed. Representative analyses are given in Table 1. It may be noted that some
analytical data fall short of the required total cations for the ideal stoichiometries.
Deviation from the ideal mineral stoichiometry is generally explained with (i) lack
in determination of Fe3þ and (ii) presence of vacancies in the crystal lattice.

Olivine

Olivine-bearing samples show extensive alteration to serpentine and=or chlorite.
In most cases remnants of olivine occur as relicts in the serpentine matrix. Olivine
grains do not show any strain effects (e.g., undulose extinction, deformation
bands etc.) and individual grains are optically very homogenous. The chemical
composition of olivine ranges from Fo83 to Fo92; the Fo content varies amongst
the grains. MnO contents of analyzed olivine ranges from 0.14 to 0.22 wt%, and
CaO varies from 0.20 to 0.26 wt% (Table 1). Analyzed olivines are devoid of
Cr2O3 and NiO. The mg-numbers (Mg=Mgþ Fe) of olivine range between 0.86
and 0.90.

Pyroxene and amphibole

Clinopyroxene without exsolved orthopyroxene lamellae is present as intercumulus
phase in the peridotites, whereas blebs of orthopyroxene occur as relict phase in the
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rock. Intergrowths of augite and jadeite were observed and confirmed by back-
scattered electron imaging (Fig. 2B). Representative analyses of the two phases are
presented in Table 1 (Analyses #3, 4 augite and #5 jadeite). In clinopyroxene CaO
contents range between 15.38 and 17.76 wt%; such sub-calcic clinopyroxenes were
rarely reported in peridotite. The low Ca contents of clinopyroxene indicate a high
equilibrium temperature. Al2O3 varies from 2.74 to 3.59 wt% and the mg-numbers
range from 0.81 to 0.84. The majority of the analyzed pyroxenes are chromian
(Cr2O3¼ 0.00–1.13 wt%), the samples are slightly titaniferous (TiO2¼ 0.19–
0.31 wt%) and sodic (Na2O¼ 0.11–0.25 wt%). The wollastonite component is low
(Wo¼ 25.50–36.54%).

Actinolite is the most common amphibole in the metamorphosed peridotite.
Representative analyses of actinolite, calculated on the basis of 23 oxygens, are
presented in Table 1. Their mg-numbers range from 0.79 to 0.80, TiO2 content
varies from 0.15 to 0.17 wt% and amphiboles are slightly chromiferous (Cr2O3¼
0.39–0.62 wt%). K2O is present in trace amounts.

Chromian chlorite

Chromian chlorite is commonly found in association with ferrian chromite.
Representative analyses are shown in Table 1. Recalculation of cations based on
28 oxygens are close to the ideal chlorite formula, the sum of cations in the
tetrahedral site being equal to 8 and that in the octahedral site totaling 12. MgO
ranges from 30.68 to 30.93 wt% in chromiferous (Cr2O3¼ 1.86–3.67) samples,
chlorites with low Cr2O3 have lower MgO, ranging from 24.56–24.72 wt% (Mitra
and Bidyananda, 2001). Following Bailey et al.’s (1979) nomenclature the chlorite
is classified as clinochlore. Per formula unit contents of different cations (28 O
basis) are: Si (5.52–5.70), Cr (0.160 to 0.560), IVAl (2.300–2.540) and VIAl
(1.900–2.520). Chlorite grains adjacent to the chromite are more enriched in Cr
than those farther away.

Serpentine

Serpentine minerals showing platy as well as fibrous habit are commonly observed
in the studied samples. They occur as inclusions within or surrounding the chro-
mite. Serpentine has some compositional variation; one analysis has much higher
SiO2 and lower MgO (Table 1, #1). The Al2O3 content is low (0.57–1.26 wt%).
Total FeO varies between 3.27–3.67 wt%, NiO ranges between 0.19–0.98 wt%.
Representative EPMA analyses of plagioclase, Ti-bearing magnetite and nickel
oxide (bunsenite) are also presented in Table 1. Nickel oxide (NiO¼ 97.80 wt%
without sulphur) occurs as an isolated grain in the Cr-chlorite matrix and sur-
rounded by chromite (Fig. 2C).

Chemical composition of chromite

Chromite occurring as cumulus phase in the ultramafic rocks is by far the most
dominant phase. Representative chemical analyses of the studied chromites are pre-
sented in Table 2. The analyzed oxides were recalculated on the basis of 32 oxygens.
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Total iron was recalculated to Fe2þ and Fe3þ accordingly. Cr2O3 content varies be-
tween 39 and 58 wt%. Based on the Cr2O3 concentrations, the studied samples can
be broadly grouped into two categories (I) Cr2O3 >50 wt% (II) Cr2O3 <50 wt%.
The cluster with higher Cr2O3 content may reflect a higher degree of partial melting
of a peridotitic source rock (Dick and Bullen, 1984). The first group represents tabular,
dyke-like and layered chromitite deposits, the second group forms relatively small
lensoid deposits. In type I Al2O3 varies from 3.60 to 14.41 whereas in type II Al2O3

values range from 10.04 to 21.59. TiO2 contents range from 0.13 to 0.64 wt% but such
a compositional range is observed within any chromite deposit. TiO2 does not show a
correlation with any other major element in the studied chromite samples.

In some of the samples, chromite crystals are characterized by brighter rims in
reflected light and BSE images (Fig. 2D). Systematic microprobe analyses along
traverses (rim to core) within single grains from two samples were carried out. The

Table 2. Representative electron probe microanalyses of chromites from the Nuggihalli schist belt

Sample Gob-7a Gob-7c By-5 By2 BRG2 Byy Ty Jy G-1 J-6a J-6b

SiO2 0.10 0.04 0.03 0.03 0.06 0.03 0.18 0.08 0.23 0.03 0.04
TiO2 0.15 0.13 0.18 0.53 0.28 0.48 0.29 0.13 0.13 0.54 0.64
Cr2O3 51.38 54.84 55.70 57.73 56.57 57.98 49.92 44.54 39.51 54.31 54.37
Al2O3 14.41 12.14 9.03 6.39 9.56 6.51 10.04 17.92 21.59 6.73 3.60
Fe2O3 2.55 2.25 4.30 5.91 3.60 19.62 21.31 24.88 4.74 7.68 10.51
FeO 22.76 23.09 26.62 19.54 19.85 5.78 7.09 8.04 27.95 27.80 27.98
MnO 0.69 0.69 0.76 0.41 0.44 0.42 0.72 0.65 0.59 0.47 0.50
MgO 7.08 6.75 4.28 8.70 8.67 9.10 10.42 3.67 4.44 3.66 3.04
NiO 0.33 0.04 0.10 0.00 0.00 0.05 0.02 0.10 0.00 0.04 0.05
CaO 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.04 0.02 0.04
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.02

Total 99.18 99.97 101.00 99.26 99.03 99.98 100.01 100.05 99.26 101.24 100.74

Cations based on 32 Oxygens

Si 0.024 0.008 0.008 0.008 0.016 0.007 0.046 0.023 0.064 0.008 0.008
Ti 0.032 0.024 0.040 0.112 0.056 0.095 0.054 0.023 0.024 0.112 0.136
Cr 10.840 11.632 12.096 12.528 12.088 12.020 10.189 8.862 8.224 11.952 12.264
Al 4.536 3.840 2.928 2.056 3.048 2.019 2.679 5.278 6.696 2.208 1.208
Fe3þ 0.512 0.456 0.888 1.200 0.736 3.881 3.737 4.764 0.936 1.608 2.256
Fe2þ 5.080 5.184 6.120 4.424 4.464 1.260 2.520 1.712 6.152 6.472 6.680
Mn 0.152 0.160 0.176 0.096 0.104 0.095 0.155 0.137 0.128 0.112 0.120
Mg 2.816 2.704 1.752 3.568 3.408 3.563 3.998 1.391 1.744 1.520 1.296
Ni 0.086 0.007 0.022 0.000 0.000 0.009 0.005 0.015 0.000 0.009 0.010
Ca 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.006 0.003 0.000 0.024 0.008 0.024
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.008 0.000 0.008
Fe3þ=Fe2þ 0.101 0.088 0.145 0.271 0.165 3.080 1.483 2.783 0.152 0.248 0.338

� Total Fe was calculated from EPMA counts as FeO, which was recalculated to FeO and Fe2O3 based on (a) the
distribution in a normal spinel y (b) room temperature M€oossbauer study 2 (c) by single crystal X-ray and low
temperature M€oossbauer study
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results show an increase in Cr, Fe3þ, and Fe2þ and a decrease in Mg, and Al in the
higher reflectant zones (Fig. 2D). About 15 mm away from rim (Fig. 3) we see a
distinct change in the concentration of Al2O3, which increases at the expense of
Cr2O3; while the FeO and Fe2O3 concentrations remain constant.

Graphical presentation of chromite composition

To establish the nature of the studied chromitites from the Archaean greenstone
belts of South India various compositional diagrams were used. The studied sam-
ples plot in the aluminian and ferrian chromite field in Steven’s (1944) triangular
diagram (not shown). Chromite compositions were also plotted in the 100�Cr=
(CrþAl) vs. 100�Mg=(MgþFe2þ) diagram (not shown). In this diagram the data
cluster along with the well-known stratiform deposits of the world (e.g., Bushveld,
Muskox, Stillwater etc.). In the modified Fe3þ�100=(CrþAlþFe3þ) vs. Mg�100=
(Mgþ Fe2þ) diagram (Fig. 4) the chromite analyses plot in the combined strati-
form and komatiitic field. However, it must be emphasized that this plot does not

Fig. 3. Compositional variation from rim to core in a ferrain chromite. BSE image of the
analyzed grain is presented in Fig. 2D

Fig. 4. Composition of chromite ( ) plotted
on projections of Steven’s (1944) spinel prism.
The field for the various types of complexes
shown are based on Irvine (1967), Bird and
Clark (1976) and Zhou and Kerrich (1992).
Ophiolitic chromite ( ) data are from Melcher
et al. (1997) and Proenza et al. (1999, 2004)
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allow to differentiate chromite from komatiites and stratiform deposits; all plot
in the same compositional field (Mitra and Bidyananda, 2003). In the Cr2O3 vs.
Al2O3 wt% plot (Fig. 5) the studied samples clearly show komatiitic affinity. We
have used the Cr=CrþAl vs. Fe2þ=Fe2þ þMg plot (Rollinson, 1997; Fig. 6) to
compare the studied chromitites with reported komatiitic chromitite of Zimbabwe
(Belingwe, Inyala and Shurugwi). As these komatiites are very well studied and the
freshest ones among the Archaean komatiites, they are suitable for correlation in
deciphering the primary magmatic nature. The Cr=CrþAl values of our samples
and the Zimbabwe dataset approximately fall in the same range (0.60 to 0.90)
while the Fe2þ=Fe2þ þMg ratios of the Nuggihalli samples show wider variation

Fig. 5. Discrimination diagrams for chromite
composition plotted in terms of Cr2O3 vs.
Al2O3. Modified from a four-component dia-
gram of Bai and Zhou (1988)

Fig. 6. Cr=(CrþAl) vs. Fe2þ=(Fe2þ þMg)
plot (Rollinson, 1997) of the studied Cr-spinels
in comparison with chromitites from komatiites
of Belingwe, Inyala and Shruguwi greenstone
belts, Zimbabwe
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than the Zimbabwe chromites. We have also plotted our chromite data in the Fe3þ=
(CrþAlþ Fe3þ) vs. Fe2þ=(Fe2þ þMg) diagram (Barnes and Roeder, 2001; Fig. 7)
and the studied chromitite is compared with the massive Phanerozoic chromitites.
All the studied samples (except Byy, Ty and Jy; Table 2) show clear komatiitic
affinity, whereas the Phanerozoic chromitites fall on the margin of the composi-
tional field. The anomalous nature of the three data (black diamonds, in Fig. 7) may
arise from the contribution of oxidized rim material mixed in the powder samples
for room temperature M€oossbauer studies, leading to a higher Fe3þ content. In
contrast, two unaltered samples (By and BRG; Table 2) studied by combined
XRD, low temperature M€oossbauer spectroscopy and EPMA show distinct koma-
tiitic nature (Fig. 7).

Chromite equilibration conditions

Chromite being physicochemically a very stable phase, is an useful indicator of the
crystallization conditions of chromite-bearing rocks (e.g., Irvine, 1967; Hill and
Roeder, 1974; Dick and Bullen, 1984). In the following, we present the results of
temperature, pressure and oxygen fugacity calculations on the chromitites in order
to establish their crystallization conditions.

Equilibration temperature

Mg–Fe partitioning relations among oxide phases like spinel and ferromagnesian
silicate phases viz. olivine, is the most commonly used type of geothermometer to

Fig. 7. Nuggihalli chromite (3) plotted
on Fe3þ=(CrþAlþFe3þ) vs. Fe2þ=
(Fe2þ þMg) diagram of Barnes and
Roeder (2001), shaded portion komatiite
zone, ^ (black diamond) represent the
three samples for which Fe3þ was deter-
mined by room temperature M€oossbauer
analysis. Phanerozoic massive chromi-
tites (�) are also plotted for comparison,
data are from Melcher et al. (1997) and
Proenza et al. (1999, 2004)
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determine the equilibrium temperature in mantle rocks (Irvine, 1965; Evans and
Frost, 1975; Fabries, 1979; Roeder et al., 1979; Sack and Ghiorso, 1991; O’Neill
and Wall, 1987; Ballhaus et al., 1991). Extensive cation exchange and resetting of
temperatures may occur during cooling, but only if the cooling rate is low enough,
and thus a long time is available for diffusion to proceed. The chromite-olivine
geothermometer may, therefore, have application as a ‘cooling speedometer’.
Using the Fabries (1979) calibration, we previously reported temperatures of
1178 �C for the Nuggihalli samples (Mitra and Bidyananda, 2003). Actual recal-
culation of the equilibrium temperatures of the studied samples using Ballhaus
et al.’s (1991) formulation revealed much lower temperatures ranging from 515
to 680 �C (Table 3). The low temperatures likely represent sub-solidus re-equili-
bration related to the later metamorphic overprint. A single temperature (775 �C)
equivalent to the lower limit of the Barnes’s (2000) komatiitic chromite relict
igneous equilibrium temperature was calculated from an olivine-chromite pair.

Many workers have investigated the dependence of the cation distribution on
temperature (O’Neill and Navrotsky, 1983, 1984; Della Giusta and Ottonello, 1993;
Nell and Wood, 1991). We also used the structural refinement data determined from
single crystal X-ray study (Lenaz et al., 2004) to calculate the equilibrium tem-
perature in the studied samples. Della Giusta et al. (1996), based on the study of
Mg–Al spinel, proposed the following geothermometer,

Tð�CÞ ¼ C1 � C2�B þ C3�B2

where B¼ AlðTÞ=Altot þC4�ð1�MgðTÞ�AlðTÞÞ þC5�ð2�AlðMÞ�MgðMÞÞ,
and C1 to C5 are the fitting coefficients. The second term of the above equation
takes into account the compositional influence of the cations in the tetrahedral (T)
site and the third term accounts the octahedral (M) site. Princivalle et al. (1999)
modified the above geothermometer to a simple linear equation T(�C)¼ 6640�B.

The calculated temperatures based on Princivalle et al.’s (1999) equation for
the samples analyzed by single crystal X-ray study were found to be 920 �C and
1080 �C, respectively (Table 3). The calculated higher temperature (1080 �C) falls
in the range reported by Zhou and Kerrich (1992) from the Belingwe (Zimbabwe)
komatiites and that of Rollinson (1997) reported from Inyala chromites (Table 3).
Thus, the chromite equilibrium temperatures calculated from our crystal refinement
data yield temperatures close to the expected komatiite solidus temperature of
around 1000 �C. However, it must be mentioned that equilibration temperature
estimates using the structural refinement techniques might have been affected by

Table 3. Equilibrium temperature of the study area in comparison with the reported
temperatures from greenstone belts of Zimbabwe by different workers

Temperature (�C) Area Reference

1100–1200 Belingwe Zhou and Kerrich (1992)
1100–1200 Inyala Rollinson (1997)
515–775 Nuggihalli Present work (using Ballhaus et al., 1991)
920–1080 Nuggihalli Present work (using Princivalle et al., 1999)
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the high Cr content (�1.5 a.f.u.) in the octahedral site, where Cr3þ has high crystal
field stabilization energy. In the studied samples, presence of high Cr in the octa-
hedral site does not allow a ‘free’ partitioning of Mg, Al between octahedral and
tetrahedral sites (Lenaz et al., 2004). Hence the structural refinement data could
also reflect cooling temperatures. Nevertheless, our data show that during cooling
diffusional cation exchange in chromian spinel ‘‘freezes’’ at higher temperature
than Mg–Fe exchange between coexisting olivine and chromian spinel.

The determined high temperatures disagree with the P–T conditions of green-
schist facies metamorphism deduced for the host rocks. Based on the chromite asso-
ciated with komatiites from the Norseman-Wiluna Greenstone Belt (Western
Australia), Barnes (2000) showed that chromite is hardly affected by low-grade meta-
morphism. Barnes (2000) suggested that equilibrium temperatures within the range
of 750 �C to 1400 �C represent relicts of the original igneous cooling in chromites
affected by the greenschist facies. In the studied Nuggihalli chromites, the unoxi-
dized nature is manifested from the single crystal refinement data and thus we think
that the calculated temperatures of 775 �C to 1080 �C correspond to the original
igneous cooling stage. However, the lower equilibrium temperature of the studied
samples below the expected liquidus temperatures of komatiites (1100–1400 �C,
Griffin et al., 1994) might have resulted from the varying degrees of post-cumulus
re-equilibration between olivine and chromite during cooling (Barnes, 1998).

Pressure estimates

K€oohler and Brey (1990) reported an experimental study of Ca-solubility in olivine
and produced the first systematic results showing a pressure dependence of Ca-
partitioning between clinopyroxene and olivine. We have used K€oohler and Brey’s
(1990) olivine-clinopyroxene geobarometry based on Ca-partitioning and calcu-
lated pressures using the equation, P ¼ ð�T�lnDCa � 11982 þ 3:61�TÞ=56:2
for T � ð1275:25 þ 2:827�PÞ. The calculated pressures range between 13.2 and
28.1 kbar when the temperature of crystallization is taken as 1080 �C. Our calcu-
lated pressure fall within the reported range of mantle rocks (e.g. Princivalle et al.,
2000). Because the studied rocks are closely associated with pillow lavas, the
calculated pressure, temperature and the sub-calcic nature of the clinopyroxenes
indicate that cooling must have been rapid (quenched) to allow preservation of
upper mantle equilibrium conditions.

Determination of fO2

The composition and stability of chromian spinels not only depend on temperature,
pressure and bulk composition, but also on oxygen fugacity. The oxygen fugacity
experienced by rocks in the upper mantle can be estimated by three approaches. (i)
The ‘intrinsic oxygen fugacity’ method described by Sato (1965, 1972) (ii) from
Fe3þ=Fe2þ ratios of quenched silicate melts (Fudali, 1965; Christie et al., 1986)
(iii) by the use of geothermobarometers (Mattiolli and Wood, 1986, 1988; Ballhaus
et al., 1990). We have calculated oxygen fugacities by using the Ballhaus et al.
(1990) approach. Fe2þ and Fe3þ values in spinel were derived from stoichiometry.
It is assumed that chromite from chromitite did not change its Fe3þ=�Fe and
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Mg–Fe values upon cooling. We have used the estimated P–T values for the
calculation and oxygen fugacities were calibrated relative to the QFM buffer.
The calculated oxygen fugacity values of the Nuggihalli samples range from
þ0.5 to þ1.6 above the QFM buffer. It cannot be proven that these oxygen fugacity
values reflect the original igneous crystallization conditions. The preservation of
original igneous compositions can be better understood from diffusion studies on
primary magmatic mineral phases like olivine and pyroxene as documented by
Rollinson (1997) in his study of the Inyala chromitites. However, it must be empha-
sized that Ballhaus et al.’s (1990) calibration is independent of temperature and
from the evidence of rapid cooling of the studied samples, we presume that the
calculated f O2 values are rather magmatic. This suggests that the studied chromite
crystallized under oxidizing conditions close to the QFM buffer.

Conclusions

The studied chromite grains from chromitites in the Nuggihalli schist belt are found
to have komatiitic affinity. The wider distribution of the Fe2þ=(Fe2þ þMg)
(Fig. 6) in the studied samples might be a result of Mg–Fe cation exchange during
subsequent metamorphism of the area. The Nuggihalli chromitites yielded tempera-
tures ranging from 775 to 1080 �C, pressure between 13 to 28 kbar and f O2 values
ranging from 0.5 to 1.6 above the QFM buffer. The determined equilibrium temper-
atures may rather present the original igneous cooling stage than a low- to medium-
grade metamorphic overprint. The calculated P, T and f O2 values are indicative of an
upper mantle origin of these chromites. Some of the chromite in the Nuggihalli
schist belt is enclosed by ferrian chromite, which is probably a product of later
metamorphism. Chemical data showed that the cores of chromite grains were not
altered during the transformation of chromian spinel to ferrian chromite at the rims.
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