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chlorite), which locally host emerald mineralization, contain trace to accessory amounts of
disseminated grains ar weU as small nodular segregations of chrome spinel. The spinel disphys
unusually high Cr/(Cr+Al) and low Mg/(Mg+Fe2+)ratios. A detailed investigationreveals that
the present chemical characteristics of the chrome spinel m e probably the result of modification
related to the faMtion ofthe host rocks by a low-grademetam~phismin the presence of a C0,bearing fluid.
ABSTRACT: The magnesite-richrocks (magnesite talc -t. qunrtz rtr fuckite

INTRODUCTION
The Main Mantle Thrust Melange Group
(MMTMG) in the Swat area consists of a range
of lithologies including magnesite-rich rocks
(Arif, 1994).These rocks occur as small lenticular bodies in a number of places, namely: the
Alpurai-Lilaunai area, the Barkotkai and Gujar
Kili villages, the Spin Obo-Kuh area, and the
area north of the Mingora town (Fig. 1). In most
of these occurrences, they are spatiallyassociated
with variably serpentinized ultramafic rocks, either occurring as small patches within them or
distributedalong the contact zones between them
and the metasediments.
Beside other phases, the magnesite-rich
rocks contain trace to accessory amounts as well
as small nodular segregations of chrome spinel. A
detailedinvestigation of the compositional characteristics of the chrome spinel aAd a discussion
of their origin are the objectives of this paper.
SAMPLES AND METHODS

A total of 60samples including a chromitite
(M3O), representingall the different occurrences

of the carbonate-rich lithologies in the study area
(Fig. 1) were studied petrographically and polished thin sections of some of them were used for
mineral chemical analyses by electron microprobe. The analyses were carried out by Jeol
Superprobe model JXA-8600 equiped with an
on-line computer for ZAF corrections. Quantitative analyses were conducted using wavelength
dispersive system and natural and synthetic standards under the following operating conditions:
15 Kv accelerating voltage; 30 x
A probe
current; 20 (2 x 10) seconds peak, 10 (2 x 5)
seconds negative background and 10 (2 x 5)
secondspositive background counting times. The
accuracyof the ZAFcorrection is generallybetter
than 2 %.
I

HOST ROCK PETROGRAPHY AND
OCCURRENCE OF CHROME SPINEL
The fine grained, relatively soft, magnesite-containing rocks of the Swat area have a greyish
white to yellowishwhitecolour locally displaying
a reddish brown tint due to iimonitization. They
invariably consist of abundant magnesite and

accessory to trace amounts of chrome spinel
accompanied by one or more of such phases as
talc, quartz and dolomite. The abundance of talc
has given rise to a strongly developed fissile
character in most of the rocks.
Beside the above mentioned phases, some
the mapesite-rich rocks also contain fuchsite
and tourmaline. In most such assemblages, these
two minerals coexist, forming veins and clusters.
Tourmaline and fuchsitealso occur as fine-grained
disseminations in some of the rocks and are
associated with vein quartz in some of the other
samples. In one of the rocks, fuchsite occurs as
aggregates, clusters or clots of very fine grained
flaky crystals within the magnesite matrix. Their
squarish outlines (reflecting a cubic morphology
of the precursor) suggest that these could be the
product of a pseudomorphic transformation from
the disseminated chrome spinel grains that were
present in the parent rock. Rarely, the fuchsite
itself shows alteration to chlorite.
Trace amounts of chrome spinel occur as
finelydisseminatedgrains in the magnesite-dominated matrix of most of the samples. These grains
are opticallyas well as chemically homogeneous.
However, chrome spinel grains in some of the
samples are borderedby fuchsite. Chrome spinel
also occurs in the form of small segregations (1 to
5 cm across) consisting of abundant chromite
(more than 50 volume %) which is distributed as
nodular grains in the magnesite-rich rocks of the
Mingora emerald mines area. The gangue minerals of chromite in these samples include magnesite, fuchsite and/or talc, with fuchsite mostly
occurringaround as well as along fractures within
the chromite nodules.
CHEMISTRY OF CHROME SPINEL
Grains of Cr-spinel were analysed in ten samples
representing four of &e five occurrences of mag.
nesite-rich rock. TlG overall range in their com-

position can be summarised as follows (in wt. %):
TiO, = 0.01-0.32; A1203= 5.33-18.5 1; Cr,03 =
40.35-57.67; V203 = 0.10-0.33; Fe20, = 0.0011.90; FeO = 27.62-30.66; MnO = 0.18-0.80;
MgO = 0.67-2.75; CaO = 0.01-0.44;NiO = 0.020.11; ZnO = 0.81-2.84. It should be noted that
the amounts of V 2 0 3and ZnO were determined
in most, but not all, of the analyses. Representative analyses are listed in Table 1and the overall
chemical variation and comparison with chrome
spinel from other associations are illustrated in
Figures 2 and 3. The diagnostic features of the
composition of these chrome spinels are outlined
below:
Borders and/or rims of ferritchromite and/or
magnetite around grains of chrome spinel an alteration (serpentinizati0n)-related
chemical (and optical) zoning commonly
occurring in serpentinized ultramafic rocks are extremely rare in the investigated samples.
Intergranular chemical variation within the
domain of a thin section is limited.
Low to very low amounts of TiO, (c 0.3 wt.
% in all but one analysis).
Low, but not unusual, and rather uniform
MnO and NiO.
Low to very low MgO and high FeO [Mg #
{= 100 x Mg/(Mg + Fe2+))= 4.1-15.11
(Figs. 2,3).
Variable, but in most cases low to very low,

A120, and high to very high Cr203 [Cr .+
{= 100 x Cr/(Cr + Al))= 62.1-87.8)].
Rather low Fe3+# [=lo0 x Fe3+/(Cr+ A1 +
Fe3+)](0 to 5 in most samples, ranging up t o
10 in one sample, and from 13.2 to 16.2 in
onlyfour analyses from threedifferent samples;
Fig. 3 ) .
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Chemical analyses were also performed o n
the grains of chrome spinel in the chromite-rich

TABLE 1. REPRESENTATIVE ANALYSES OF CHROME SPINEL

SiO,
TiO,

Cr203

VP3
FeP3
FeO
MnO
MgO
CaO
NiO
ZnO
Total
Cations per four oxygens
Si

Ti
A1
Cr

v
Fe3+
Fe2+
Mn

Mg
Ca
Ni
Zn .
Total

Cr#
Mg#
Fe3+#
'Samples are designated after their locations: G = Gujar Kili emerald mine, M = Mingora emerald mines and
Sp = Spin Obo-Kuh area (see Fig. 1); Except for M30 which is chromite-rich, the mineralogical composition of
all the other samples is dominated by magnesite; n. a. = not analysed; Cr #= 100 x Cr/(Cr + Al); Mg # = 100
x Mg/(Mg + Fe2+); Fe3+#= 100 x Fe3+/(Fe3+
+ A1 + Cr).

tigated. The high Cr and low to very low Mg and
Fe3+#s of the studied segregated chromite also
make them different from those occurring in
various tectonic settings elsewhere in the world
(Figs. 2,3).

DISCUSSION
The petrogenetic significance of the chemistry of
chrome spinel has beendiscussedby several workers (e-g. Irvine, 1965, 1967; Dick & Bullen,
1984). That is why the trend of chemical variation of chrome spinel grains is used for investigating the predominant process responsible for the
genesis of their hosr rocks. This is because the
composition of chrome spinel is highly sensitive
to reconstitution due to (a) a change in the
magmatic process, i.e. partialmelting (e-g.Mysen
& Kushiro, 1977; Zhou & Kerrich, 1992) or
fractional crystallization (e.g. Jaques, 198I), (b)
post-cumulus modification due to variation in
Fig. 2. Chrome spinel analyses plotted on the ChHc-Sp-PCface of the spinel compositional
prism (after Irvine, 1965).~ields
of the abyssal
peridotites, alpine peridotites, stratiform and
SE Alaskan-type complexes are after Jan and
Windley (1990). The field of chrome spinel
from metamorphosed ultramafic rocks is after
Evans and Frost (1975) and that of Shangla
chromite is based on the analyses of the least
altered segregated and accessory chrome spinel
in the serpenrinized ultramafic rocks (Fig. 3b
in Arif & Jan, 1993).
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sample (M30). The chemical variation in these
analyses is illustrated in Table 1 and Figures 2 and
3, Like the disseminated grains incarbonate-rich
rocks, the chemical characteristics (especially
the range of Mg *) of this segregated chromite
a r e m-arkecHyydsffer e n t from t h o s e of t h e
chromitites enclosed in non-carbonated ultramafic rocks. The latter are at places (e.g. Barkotkai;
Fig. 1) associated spatially with the rocks inves-
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Fig. 3. Analyses of chrome spinel plotted on the MfMt-Ch-Hc face of the spinel compositional
prism (after Irvine, 1965).Fields are after Jan
and Windley (1990).

the physicochemical conditions of the melt (e.g.
Umino, 1986)) (c) subsolidus exsolution (fan et
al., 1992) or re-equilibration with coexisting
phases (e.g. Wilson, 1982), (d) low-temperature
alteration such as s e ~ p e n t i n i z a t i o n,and
chloritization (e.g. Jan & Windley, 1990), as
well as (e) metamorphism (e-g. Evans & Frost,
1975).
The composition of disseminated chrome
spinel in the carbonated ultramafic rocks of the
MMTMG is different from that of their least
altered counterparts in the magnesite-free
serpentinized ultramaficrocks. The most notable
sample to sample variation in the composition of
the least altered disseminatedchrome spinel grains
in the serpentinized rocks consists of changes in
Cr # whilst the Fe3+ is almost uniformly low
(Fig. 3; also see fig. 3 in Arif & fan, 1993). Such
changes are more likely to result from partial
melting than any of the other processes men.
tioned above.
Compared to serpentinized rocks, chrome
spinel in the investigated magnesite-rich rocks
have distinctly 1owMgandhighCr- (Fig. 2). In
fact, the level of their Mg is so low that they
plot outside the fields for chromites from known
igneous rock associations. Therefore, these peculiarities can either be due to (i) alteration, or (ii)
metamorphism. The following features tend to
preclude the first possibility and support the
second:
There is n o apparent zoning in individual
grains and grain to grain variation is limited.

A comparison between the compositions of
the altered margin and unaltered core of
individual grains in the serpentinized rocks
suggests that alteration mainly involves enrichment in Fe3+,Mn, Ni and T i (see Arif,
1994). None of these components in the
disseminated chrome spinels from the studied magnesite-rich rocks is higher than the

unaltered chrome spinel in the serpentinized
ultramafic rocks.
The mineralogical composition of their host
rock (talc + magnesite and quartz + magnesite assemblages) is clearly the result of metamorphism. Detailed field and mineralogical
studies suggest that these rocks are probably
formed by the carbonation of the spatially
associated, previously serpentinized, ultramafic rocks. The process of carbonation may
have taken place at 250-550 OC and was
probably caused by the C0,-bearing fluid
released by the metamorphism of the associated metasedimentary rocks (Arif, 1994).
The drastic enrichment of chrome spinel in
Fe2+has been attributed to metamorphism by
several workers (Evans & Frost, 1975;
Hoffman & Walker, 1978; Lipin, 1984;
Stoddard et al., 1988).
.
Similarly, the distinctly low Mg and relatively high Cr #s of the segregated chromite from
the Mingora emerald mines area appear to be a
result of metamorphism. This is indicated by ( I )
the metamorphic nature of the associatedgangue
minerals, i.e- magnesite and talc; and (2) alter.
ationof the individual chromite grains to fuchsite.
Furthermore, such Fe2+-richchromites have been
described from the metamorphosed chromitites
in the Blue Ridge and Piedmont areas of North
Carolina (Lipin, 1984; Stoddard et al., 1988).
The distinctive mineral assemblage of the Piedmont chromitites (consisting of chromite and
other Cr-enriched phases such as fuchsite, kyanice, corundum and tourmaline) clearly indicates
that the composition of their chromite has been
drastically modified by a medium-grade (amphibolite facies) regional metamorphism. As
mentioned above, the work by Evans and Frost
(1975) also demonstrates that low grade metamorphism of ultramafic rocks causes a strong
Fez+-enrichmentof their chromian spinel.
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