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ABSTRACT

Some metacarbonate rocks from the Nevado—Fildbride Complex (Betic Cordilleras, southern Spain) contain unusual
quantities of Cr-rich minerals. These occur in very thin layers concentrated in beds a few meters thick, interbedded with other
lithologies (metapelites and metacarbonates) devoid of chromium. Cr,O5 contents reported here reach values (in wt.%) of
5.74 in epidote, 5.09 in phengitic muscovite, 1.37 in paragonite, 2.19 in chlorite, 2.24 in amphibole, 1.15 in garnet, 0.72 in
titanite, and 1.30 in rutile. The distribution of Cr in the samples is very irregular, even at the scale of a single crystal. In all
silicates, Cr enters octahedral sites replacing Y?AL In epidote, Cr is mainly located at the M1 site, and in most samples epidote
preferentially incorporates Cr over Al in comparison to other silicates. Rare, small inclusions of chromian spinel with
anomalously high Zn contents (up to 15.14 wt.% ZnO) are found in some of the silicate phases. We consider chromian spinel
to be the source of Cr in these metasediments, which were deposited as beach placers. The conservation of the original,
sedimentary heterogeneity in Cr distribution as well as the zoning pattern of Cr in epidote suggest very limited mobility of this
element during metamorphism. The high concentration of Zn in relict inclusions of chromian spinel is interpreted as a passive
enrichment.

Keywords: chromian minerals, detrital chromite, beach environment of deposition, metacarbonates, limited mobility of Cr,
Betic Cordilleras, Spain.

SOMMAIRE

Certains lits de roches métacarbonatées du complexe de Nevado-Filfbride, dans les Cordilléres Bétiques du sud de
PEspagpe, contiennent des quantités anomales de minéraux riches en Cr. Ceux-ci sont concentrés dans des couches trés minces
faisant partie de lits quelques metres d’épaisseur, interlités avec d’autres types de roches (métapélites et métacarbonates) sans
chrome. Les teneurs en Cr atteignent 5.74% (poids) de Cr,0, dans I’épidote, 5.09% dans la muscovite phengitique, 1.37%
dans la paragonite, 2.19% dans la chlorite, 2.24% dans I"amphibole, 1.15% dans le grenat, 0.72% dans la titanite, et
1.30% dans le rutile. La distribution du Cr dans les échantillons est trés irrégulisre, méme 2 1'échelle d’un cristal unique. Dans
tous les silicates, le Cr occupe les sites 2 coordinence octaédrique, remplagant YIAL Dans I’épidote, le Cr occupe surtout le site
M1, et dans la plupart des échantillons, c’est I’épidote qui est I’hdte préféré du Cr. De rares inclusions de spinelle chromifére,
de taille minuscule et ayant des teneurs élevées de Zn (usqu’a 15.14% ZnO), se trouvent dans certains des minéraux silicatés.
A notre avis, le spinelle chromifere serait 1a source du Cr dans ces unités métasédimentaires, autrefois des alluvions littoraux.
La conservation de I'hétérogénéité originelle dans la distribution du Cr du précurseur sédimentaire, de méme que la zonation
de I’épidote en Cr, font penser que le Cr est trds peu mobile pendant le métamorphisme. La teneur élevée du Zn dans les
micro-inclusions de spinelle chromifere résulterait d’un enrichissement passif.

(Traduit par la Rédaction)

Mots-clés: minéraux chromifdres, chromite détritique, environnement de déposition littoral, métacarbonates, mobilité limitée
du Cr, Cordilléres Bétiques, Espagne.
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INTRODUCTION

Chromian minerals have been known to occur in
metacarbonate rocks from the Nevado—Fildbride
Complezx, in the Betic Cordilleras of Spain. Martin
Ramos & Rodriguez Gallego (1982) and Puga et al.
(1992) described chromian mica in marble, and
interpreted it as the result of metasomatism induced by
the occurrence of ultramafic rocks in contact with
marble.

In general, the incorporation of Cr in metamorphic
silicate phases can be attributed to two processes:
either Cr was transported from serpentinites and other
ultramafic rocks by hydrothermal fluids (Cortesogno
et al. 1981, Martin Ramos er al. 1979, Max et al.
1983, Pan & Fleet 1989, Grundmann & Morteani
1989), or new metamorphic minerals replaced pre-
vious minerals (usually chromite) and incorporated Cr
in their structure (Ward 1984, Kerrich et al. 1987,
Bertolani ef al. 1991, Gil Ibarguchi ez al. 1991, Pan &
Fleet 1991).

The concentration of Cr in sediments is possible by
adsorption on or incorporation in crystals of clay
minerals derived from weathering of mafic and ultra-
mafic rocks (Garver & Royce 1993, Treloar 1987a) or
from organic matter (Ottaway et al. 1994); these
minerals were then transformed into other silicate
minerals during metamorphism. Alternatively, Cr can
be concentrated as detrital chromite, as previously
described by Winkler & Bernoulli (1986), Bernoulli &
Winkler (1990), Garver & Royce (1993), and Utter
(1978). Such a concentration can be preserved in
metasediments as layers of very chromium-rich
minerals.

In the rocks studied, crystals of chromium-rich sili-
cates are concentrated in well-defined layers within
the metasedimentary sequence, and they commonly
contain small inclusions of chromian spinel. In addi-
tion, the distribution of chromium is controlled by the
location of the spinel inclusions. These textural and
chemical features indicate that the most likely source
of the Cr is chromite present as detrital grains, most
likely from beaches, where this type of concentration
in thin layers or beds is a common feature, produced
by hydraulic sorting (Wilson 1975). This interpreta-
tion is consistent with a shallow marine environment,
as proposed for the uppermost Nevado—Fildbride
metasedimentary sequence by Gémez-Pugnaire
(1981), Gémez-Pugnaire & Cémara (1990), and de
Jong & Bakker (1991).

We have attempted to resolve certain questions
regarding the crystal-chemical behavior of Cr in some
silicate minerals and the limited mobility of this ele-
ment during metamorphism. We also present evidence
for a passive enrichment of Zn in chromian spinel, i.e.,
by decreasing the modal amount of spinel by mineral
reactions, where Zn is not incorporated into the reac-
tion products.

GEOLOGICAL SETTING

The Betic Cordilleras (Fig. l1a) are made up of
several tectonic domains, among which are the
Internal Zones (Fig. 1b), which consist of three com-
plexes (in ascending order): the Nevado—Fildbride, the
Alpujérride, and the Maldguide (Egeler & Simon
1969). The Cr-bearing minerals appear within the
metacarbonate rocks, which form the upper part of
the Mulhacén nappe of the Nevado-Fildbride
Complex (Fig. 1c). This nappe is a complicated litho-
logical sequence consisting of several minor tectonic
units. The lowest zone is made of graphitic micaschist
with dark intercalations of marble and quartzite, and
local intrusions of granite of variable thickness. The
age of this zone is not precisely established, as fossils
and radiometric dates are very scarce. A Paleozoic
(Lafuste & Pavillon 1976, Priem et al. 1966) or
Precambrian age (Gémez-Pugnaire et al. 1982) has
been attributed to the lowest graphitic lithologies. The
upper part of the Mulhacén nappe is comprised of a
very thick pelitic-psammitic formation (Tahal Schists,
Nijhuis 1964), with metacarbonate layers, meta-
evaporites, and metabasites toward the top. The high-
est part contains marble, calc-schist, amphibolite,
micaschist, and serpentinized ultramafic rocks. The
contact between the Paleozoic (or older) metasedi-
ments and the Tahal Schists is of sedimentary origin
(G6mez-Pugnaire et al. 1981) and, as a consequence,
the Tahal Schists must be younger than the underlying
rocks, but beyond this their age is unconstrained. The
stratigraphic correlation with other, less strongly meta-
morphosed Betic complexes allows us to attribute a
Permo-Triassic age to the Tahal Schists, and
a Triassic or younger age for the Cr-bearing meta-
carbonates at the top of the Mulhacén nappe.

Although the depositional environment of the Tahal
Schists and the overlying metasediments is especially
relevant for the geodynamic interpretation of the
Nevado-Filsbride Complex, there is no clear evidence
indicating the origin of the sequence. G6mez-Pugnaire
(1981) and de Jong & Bakker (1991) proposed a conti-
nental or transitional continental — shallow-marine
environment for the deposition of the Tahal Schists.
The metapelites directly above the Tahal Schists con-
tain pseudomorphs after gypsum and scapolite porphy-
roblasts with anhydrite, barite, sylvite, and halite
inclusions that reflect an original chemical composi-
tion typical of evaporitic sediments (G6mez-Pugnaire
& Camara 1990, Gémez-Pugnaire et al. 1994). The
marbles and calc-schists from the top of the sequence
have been interpreted as reefs in the border of a
lagoon, where anoxic and hypersaline conditions
caused the deposition of bituminous muds, evaporites
and dolostones (de Jong & Bakker 1991). The sedi-
mentary conditions we have deduced in this paper
from the Cr-bearing metacarbonates also indicate a
shallow-marine environment for the marble from the
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FiG. 1. a) Major tectonic units of the Western Mediterranean (southern Spain and northern Africa). b) Teétonic units of the
Internal Zones of the Betic Cordilleras. c) Stratigraphic column of the Mulhacén nappe of the Nevado-Fildbride Complex
in the C6bdar-Chercos area. The chromium-rich layers are indicated by dots. ’

highest part of the Mulhacén nappe sequence.

The metamorphic evolution of the Nevado—
Fildbride Complex rocks is not simple; it reveals the
superposition of Alpine and pre-Alpine events (proba-
bly related to the Hercynian orogeny). The metamor-
phic and tectonic effects of both events have only been
identified in the Paleozoic units. The assemblages of
Cr minerals in the area studied appear in the Triassic
series that have been affected only by Alpine meta-
morphism. This metamorphism developed in three
stages; the first one took place under high pressure
(~20 kbar) and at temperatures near 600°C, producing
eclogites and blueschists in metabasites and kyanite +
phengite + talc in metapelites (Cdmara & G6émez-
Pugnaire 1993). It was followed by a medium-pressure

(6.5 kbar) event at similar temperatures (Gémez-
Pugnaire 1979). The final stage of metamorphism
occurred under low pressure and temperature (Nijhuis
1964, Puga & Diaz de Federico 1978, Gémez-
Pugnaire & Ferndndez Soler 1987).

OCCURRENCE OF Cr-BEARING MINERALS

The chromian minerals described appear in the
marble and calc-schist sequence studied by Voet
(1967), in the C6ébdar—Chercos area (Sierra de los
Filabres, Betic Cordilleras, Fig. 2). This sequence
overlies a thick unit of marble (Cébdar marble, Voet
1967) separating it from the Tahal Schists. The marble
and calc-schist sequence, commonly rich in amphibole
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FiG. 2. Geological sketch-map of the Cébdar-Chercos area (modified from Voet 1967). Chromian minerals occur in small

folded layers of calc-schists and marbles.

and garnet, consists of layers of pure marble of vari-
able thickness, of pelitic rocks with and without
graphite, and of garnet-rich quartzite.

Chromian minerals are present in only some of the
metacarbonate layers from this sequence, most com-
monly in calc-schists. They are particularly abundant
in the rocks near or directly in contact with quartz- and
garnet-rich dark micaschists. These minerals are com-
monly concentrated in very thin layers, some only a
few millimeters thick, where emerald-green muscovite
(“fuchsite) is especially conspicuous (Fig. 3). These
thin layers occur in beds a few meters thick, which can
be followed laterally for several kilometers and which
are interbedded with metapelite and metacarbonate
devoid of Cr. In many places where the foliation is
lost, the rocks acquire a more granoblastic appearance,
and the Cr-rich minerals are coarsened.

Most of the marble is calcitic and has a uniform
granoblastic texture. In metacarbonate rocks with Cr-
minerals, texture and composition are more variable.
Although a granoblastic texture is still predominant,

evidence of deformation, such as sutured grain-bound-
aries, preferred orientation of grains, mortar texture,
and deformation twins, also is common. Calcite is the
most common carbonate phase, but dolomite, with a
variable Fe content, is commonly associated with the
Cr-rich silicate minerals. Limonitization has widely
affected calc-schists and intercalated layers of marble.
Quartz is present in variable amounts in most of the
samples studied, and is usually concentrated in layers
or irregular aggregates. Table 1 shows the mineral
assemblages developed during the successive meta-
morphic stages.

Epidote-group minerals are very common in calc-
schist and impure marble. We have identified both Cr-
poor and Cr-rich varieties. Chromian epidote crystals
commonly attain up to 3 mm in length, but in a few
outcrops intense green zoisite may attain up to 2 cm.
The grains are tabular, almost acicular, or skeletal.
With the exception of green, Fe-poor zoisite, chromian
epidote is strongly pleochroic pale or greenish yellow
to strong yellow. Crystals of chromium-poor epidote



THE BEHAVIOR OF Cr DURING METAMORPHISM OF CARBONATES 89

Fic. 3. Photograph of a hand specimen of white calcite marble (cc) with a small folded
layer of chromian phengite and other Cr-rich minerals (cm).

are usually small, rounded or subhedral, and appear as
aggregates or in veins cross-cutting the main meta-
morphic assemblages. Both Cr-rich and Cr-poor grains
may occur together in the same thin section.

Epidote and actinolitic or hornblendic amphibole
coexist in most of the samples. They may have reacted
to chlorite, calcite and quartz, or appear as inclusions
within each other. Grains of chromian epidote also

TABLE 1. MINERAL ASSEMBLAGES DEVELOPED
AT BACH METAMORPHIC STAGE

FIRST
METAMORPHIC
STAGE

(20 kisar, 600°C)

SECOND
METAMORPHIC
STAGE

(87 kbar, 650°C)

THIRD
METAMORPHIC
STAGE

(3.5 kbar, 300-380°C)

MINERALS

Amphibole

Calcite
Chiorite
Dolomite
Epldote
Garmet
imenite
Magnetito
M [,

Paragonite

Rutile
Spinel
Titanite

may contain many inclusions of dolomite (generally
idioblastic), titanite, pyrite, chalcopyrite, ilmenite, and
small, irregular grains of chromian spinel (Figs. 4, 5).
More rarely, very small, acicular inclusions of amphi-
bole may appear. They show a strong preferred
orientation or form relict folds within the grains of
chromian epidote, thus indicating a relict phase of an
older metamorphism, possibly the first Alpine high-
pressure stage. Inclusions of chromian epidote within
sodic plagioclase blasts are very rare. However, Cr-
free epidote occurring as inclusions in plagioclase is
widespread in many metacarbonate rocks from the
Nevado-Fildbride Complex.

Phengitic muscovite is the most common, and in
many instances the only silicate mineral in these
rocks. There are no textural differences between
Cr-poor and Cr-rich (“fuchsite”) coexisting mus-
covites, except in the strong greenish and bluish
pleochroism. As in the case of epidote, small inclu-
sions of chromian spinel may be found in some grains
of Cr-rich phengite.

Paragonite is much scarcer than phengitic mus-
covite. It appears as fine-grained crystals that form
aggregates, and are usually in contact with phengite.
Chromian paragonite is rare and displays weak
greenish pleochroism.

Chromian chiorite is an abundant phase in most of
the samples studied. It commonly appears as large
radiating aggregates with no preferred orientation. In
some cases, it is texturally evident that it was pro-
duced by a reaction between amphibole and epidote.
The presence of small inclusions of chromian spinel in
a few grains suggests, however, that chlorite also grew
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FiG. 4. Microphotograph of chromian epidote (ep) with inclusions (dark spots in the
central part of the epidote grain: cr) of chromite, ilmenite and magnetite (cc: calcite;
plane-polarized light; sample number 1013-3).

earlier, together with the other chromian silicates. In a
few samples, intense later chloritization took place,
corroding epidote and mica grains.

Amphibole, with high contents of Cr, is a very
common phase coexisting with other chromian sili-
cates. It is intensely green, which makes the rocks
very dark. The amphibole crystals are concentrated in
layers, with a good preferred orientation, or have

developed in radiating aggregates, with crystals up to
2 cm long. In thin section, amphibole displays strong
green-to-blue pleochroism and is associated with other
chromian silicates, especially epidote and chlorite.
Garnet is very scarce in rocks containing chromian
minerals, but is common in most of the Cr-free calc-
schists from the area. Chromian garnet is rounded and
commeonly corroded along its rim by chlorite. In some

FiG. 5. Microphotograph of an inclusion of skeletal chromite (cr) in chromian epidote
(ep). Other small white inclusions are ilmenite (ilm) (cc: calcite, am: amphibole,
reflected light; sample number 1013-3).



THE BEHAVIOR OF Cr DURING METAMORPHISM OF CARBONATES 91

grains, inclusions of yellow epidote and amphibole
have been found, but no inclusions of chromian spinel
could be detected.

Chromian spinel occurs as rare, small, round or
skeletal, brown inclusions in chromian silicates, espe-
cially epidote (Figs. 4, 5). They occur together with
elongate grains of ilmenite and round grains of
magnetite. Chromian spinel has not yet been found as
isolated grains within the carbonate matrix of the
rocks.

Titanite and rutile (isolated or in aggregates) are
present in small amounts in most of the samples.
Titanite appears as grains with variable size and shape
(subidioblastic to skeletal) in the carbonate matrix and
also as common inclusions within epidote, amphibole,
and phengitic muscovite. In some samples, titanite is
partially replaced by rutile, calcite, and quartz.

MINERAL CHEMISTRY

Minerals were analyzed with an automated
Camebax electron microprobe (wavelength-dispersion
systemn) with natural minerals and synthetic materials
as standards (Na: albite, K: orthoclase, Ca and Si:

08

| (3 = error bars

064 4 ©
] Og

0.4

0.2+

o)

& error bars

0.2 03

Cr (M4)

0.1

04

TABLE 2, CHEMICAL COMPOSITION
OF EPIDOTE-GROUP MINERALS, PHENGITE AND PARAGONITE
1 2 3 4 5 6 7 8
S le 1 1 3 013 b
S8i02 3797 3835 3915 37.36 4909 4943 49.16 46.94
Til 003 013 014 008 030 O 010 0.06
Ci203 091 239 574 1008 115 509 162 137
AO3 2153 2786 2576 2457 2988 2615 2685 38.51
Fe203 1444 431 315 385 - - - -
FeO - - . . 1.16 113 433 0.00
MnO 0.16 0.30 0.12 0.06 0.03 0.00 0.00 0.02
MgO 000 008 003 013 307 299 252 043
Ca0 23,19 2374 2395 2323 005 014 000 043
NazO 002 000 009 002 103 0630 059 5§
K20 000 000 000 003 909 963 880 263
TOTAL 9825 97.16 9813 9941 9485 9533 9397 95736
Si 3034 3.003 3053 2926 6536 6643 6700 6016
VAl - - - 0074 1464 1357 1300 1984
VIAL 2028 2571 2367 2120 3224 2784 3013 3.834
Fe3+ 0.868 0254 0.185 0.227 - - - -
Fe2+ - - - - 0.129 0127 0494 0.000
Cr 0057 0.48 0354 0624 0121 0541 0175 0.140
Ti 0002 0008 0008 0005 0030 0027 0010 0.006
Mn 0011 0.020 0008 0001 0003 0000 0000 0002
Mg 0000 0009 0003 0007 0609 0599 0512 0082
Oct 2966 3.010 2926 2984 4.117 4078 4203 4064
Ca 1985 1991 2001 1949 0007 0020 0000 0.060
Na 0003 0000 0014 0003 0266 0130 0156 1328
K 0000 0000 0000 0003 1544 1651 1530 0430
1,2, 3 and 4: epidote minerals (cations calculated on the basis of 12.5 O)
5, 6 and 7: phengite (cations calculated on the basis of 22 O)
8 ite (cations d on the basis of 22 O); electron-microprobe data.

] <+ orror bars

1l.0 1I.2 14 16 1.8
(Al-1)

2.0

FiG. 6. Correlation of Cr, Fe** and Al (in terms of atoms
per formula unit, apfu) in epidote-group minerals.
a) Cr versus Fe3t, b) Fe** versus (Al-1), c) all Cr
(placed in M1) versus calculated Al in M1.
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wollastonite, Al: Al,0,;, Mg: MgO, Fe: FeO, Mn: Mn,
Ti: TiO,, Cr: chromite, Zn: hercynite) at 15 kV,
20 nA, using the PAP correction at ZELMI (Technical
University of Berlin). Counting times were 10 s for
Na, Mg, Si, Al, and K, and 20 s for Fe, Cr, Zn, Mn and
Ca. Additional data were obtained at the electron-
microprobe laboratories of Granada, Padua and Ziirich
under similar conditions. Analytical precision is
1.25% for elements present at levels greater than
10 wt.%, 2% for elements between 1 and 10 wt.%, and
2.5% for elements amounting to less than 1.0 wt.%.

Epidote-group minerals

The dominant epidote-group mineral is monoclinic,
as suggested by its oblique extinction. This is con-
sistent with its high Fe,0, content (Table 2) (Franz &
Selverstone 1992). Aggregates of orthorhombic zoisite
have values lower than ~1.0 wt.% Fe,O, The chemi-
cal composition of clinozoisite is characterized by
high Cr contents (up to 5.74 wt.% Cr,05). More typi-
cal concentrations of Cr,05 are about 2 wt.%. Values
for Ti, Mn, Mg, Na, and K are very low. Significant
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FIG. 7. Pattern of zoning in epidote (sample number 1013-3). a) Drawing from back-scattered electron (BSE) image showing a
part of a large crystal of epidote in white mica and calcite. Note that the variation in grey shading in BSE images in epidote
is due to a combined effect of Cr- and Fe-content, but in this example it is strongly dominated by Cr. The chromium
content in epidote is given in wt.% Cr,0;, and was measured in spot analyses. In the inset, the pattern of the rim area is
shown in more detail. b) Labeled photograph covering the area in a).

values for rare-earth elements (La and Ce) were
detected in the core of some Cr-free grains, indicating
solid solutions with allanite.

The structural formulas, like those obtained by
other authors (Grapes 1981, Treloar 1987b, Pan &
Fleet 1989), also show small deviations from the theo-
retical values for Si and total octahedrally coordinated
cations. The meaning of these anomalies and their
possible relationship with Cr content is not clear. For
Si values, anomalies could be related to the small
SiKo + CaKo, combined peak that overlaps the CrKo

peak, as described by Treloar (1987a).
Location of Cr in octahedral sites in epidote

Epidote and the hypothetical end-member
Ca,CrAl,Si;0,,(OH) (tawmawite) form a solid-
solution series. There are uncertainties about the exact
distribution of the cations Al, Fe3* and Cr among the
three different octahedral sites M1, M2, and M3,
which occur in equal proportions in the epidote struc-
ture. There is general agreement about the complete
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occupancy of the M2 site by Al, but whether Fe3*
substitutes for Al in M1 or in M3, and the position of
Cr?*, are not well known. Grapes (1981) proposed that
both Cr and Fe?* substitutions take place in the M3
site, as they are crystallochemically similar. On the
other hand, Treloar (1987b), as well as Burns & Strens
(1967), suggested that Cr has a strong preference for
the M1 site, whereas Fe>* occupies the M3 site.
Mossbauer spectroscopy data confirm that for compo-
sitions with less than 0.8 Fe3* per formula unit, no
Fe3* is detected in the M1 site (Dollase 1973, Gabe
et al. 1973).

We have drawn different correlation diagrams to
clarify the relation between Cr3* and the other octa-
hedrally coordinated cations Al and Fe?*. Figure 6a
shows no correlation of Cr with Fe3*, but there is a
very good negative correlation between (Al-1) and
(Fe*t + Cr) (Fig. 6b). We used “(Al-1)” because we
assume that the M2 position is completely filled with
Al. The inverse correlation confirms, in agreement
with other authors (Dollase 1971, Burns & Burns
1975), that Fe3* and Cr substitute for Al in octa-
hedrally coordinated sites (the presence of VAl can be
disregarded: Deer et al. 1986).

Cation distributions in octahedrally coordinated
sites for our epidote compositions, assuming that the
hypothesis of Burns & Strens (1967) and Treloar
(1987b) is correct, indicate that Cr is in the M1 (Cr;,)
site, and Fe** plus the rest of the minor octahedrally
coordinated cations occupy the M3 site (Toty;). The
Al content for both M1 and M3 sites (Aly,; and Alys,
respectively) were calculated by assuming that the M2
site is completely filled with Al, and by distributing
the remaining Al between the M1 and M3 sites:

Alyyy = (1-Cryp)(AI-1)/(1-Cryy HH(1-Toty3)
Al = (1-Toty)(AL-1)/(1-Cryyp)+(1-Toty3);

where the octahedrally coordinated positions are not
completely filled, the Al distribution was made pro-
portionally to the actual total content of octahedrally
coordinated cations in each case. The results show an
excellent correlation between Cr,,, and Al (Fig. 6c),
and also between Tot,; and Aly, (not shown). These
correlations confirm that the calculated number of
cations per formula unit can be distributed ideally
according to the hypothesis of Burns & Strens (1967).

Zoning in Cr content in epidote

A comparison of compositions of epidote from
seven different samples shows a very irregular dis-
tribution of Cr on a small scale. Chromium-rich and
Cr-poor or Cr-free epidote grains may coexist in the
same thin section. The greatest and smallest differ-
ences in Cr content in one thin section are 5.61 wt.%
Cr,05 and 0.51 wt.% Cr,0; respectively. For individ-
nal grains, the differences in contents reach 2.96 wt.%

Cr,0; and important differences invariably occur in
grains with relict inclusions of chromian spinel. Zinc-
rich spinel commonly leads to a higher Cr content in
the surrounding epidote than a Zn-poor type. Large
grains of epidote are invariably much more composi-
tionally heterogeneous than the smaller ones. Figure 7
shows an example of this zoning. In this case, the rim
is enriched in Cr (> 7 wt.% Cr,0,) compared to the
central part of the crystal (46 wt.% Cr,0;), though
there are also many areas with higher Cr-concentra-
tions in the central part. They occur in the vicinity of
chromite inclusions, and we observe an increase in Cr
content of the epidote toward chromite (see inset in
Fig. 7, an enlarged part of the rim area). However,
there are also intergrowths of chromite with epidote of
low Cr-content (see central part of the crystal near
large grain of chromite).

Phengite

Phengite has a variable Cr content (Table 2), with a
high value of 5.09 wt.% Cr,0;. The distribution of Cr
is irregular on a thin section scale, but individual
grains are usually more homogeneous than epidote,
even if they contain chromite inclusions. The compo-
sition can be described by the coupled substitution:
Si + (Mg + Fe) = VAl + (YAl + Cr + Ti) (Pan & Fleet
1991).

Figure 8a shows important overall variation in both
Xyo [= Mg/(Mg + Fe?*, ), all Fe calculated as Fe?*]
and Si. Although no textural differences are evident
among grains of different composition, the important
variation in Si within each sample and its strong posi-
tive correlation with Xy, suggest that the phengite
grew in several metamorphic episodes along the
decompression path of the rocks (Massonne &
Schreyer 1987). Preservation of these trends may be
due to a low rate of re-equilibration for muscovite.
The wide vatiation of X, among individual samples
also reflects the influence of local bulk composition
(Lépez Sénchez-Vizcaino 1994). The Cr occupies an
octahedrally coordinated position, as the negative
correlation between Cr and YAl suggests (Fig. 8b).
The negative correlation observed between Si and Xy,
[= Na/(Na + K + Ca)] (not shown) is the result of the
increase in Na content in mica with decreasing pres-
sure and with the final growth of paragonite. This
behavior is similar to that in phengite found in the
alternating metapelites and metabasites that show
several other lines of textural and chemical evidence
for polyphase metamorphism (L6pez Sdnchez-
Vizcaino 1994).

Paragonite
The Cr content of paragonite (up to 1.37 wt.%

Cr,05) is lower than that of phengite. Given the good
negative correlation between YAl and Cr (Fig. 8b), it
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is clear that Cr must occupy an octahedrally coor-
dinated position. The high K contents of paragonite
(Table 2) and the continuity between paragonite and
phengite in the Na/(Na + K + Ca) versus Si diagram
(not shown) may indicate an intergrowth with mus-
covitic mica below the resolution of the beam size of
the electron microprobe. Alternatively, these minerals
may have crystallized under conditions near the crest
of the solvus between paragonite and phengite.

Chlorite

Both green clinochlore and green chamosite (Bailey
1988) are present. Clinochlore is much more abun-
dant, and the two only coexist in one of twelve
samples analyzed. There is a wide variation of Xy, and
Cr (up to 2.19 wt.% Cr,0,), related to the local bulk
composition of the rock and to the composition of the
reactant minerals that produced chlorite (cf. Laird
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1988). Cr occupies an octahedrally coordinated
position according to the coupled substitution: Si +
(Mg + Fe) = VAL + (YAl + Cr + Ti) (Table 3, Fig. 8c).

Amphibole

Table 3 and Figure 9 indicate a wide compositional
range among tremolite, pargasite, glaucophane, and

tschermakite end-members, as well as in terms of
Fe?*-Mg. Fe?* and Fe* were calculated using the
method of Papike et al. (1974); we selected the
average values between the maximum and mini-
mum. Figure 9b [Si versus (Na + K),] shows the
tschermakite (Al,Mg_;Si_;) and edenite (NaAlSi_;)
substitution in the calcic amphiboles, as well as the
distribution of Mg/(Mg-+Fe?*) isopleths. Note the posi-



THE BEHAVIOR OF Cr DURING METAMORPHISM OF CARBONATES 97

TABLE 3. CHEMICAL COMPOSITION
CHLORITE

"ABLE 4, CHEMICAL COMPOSITION

OF AMPHIBOLE AND OFGARNEI‘,TIT@ESPINE.ANDRUTH‘E
1 2 3 4 5 6 7 8 1 23 4 5 6 d
Sample 1013-84 1013-3 1013-6 FEP10 FEP10 1013-16 1013-123 FEP10 Sample 1013-84 1013-84 1013-15 __ Sample 1013-6 1013-6 1013-166 1013-166
Si02 4298 5075 5597 4181 4495 2797 2835 2491  Si02 3719 3708 3086  Si02 117 L4 005 00
TiOp 033 008 000 016 008 001 004 008 TiOz 013 001 3698  TiOz 008 114 9757  99.00

Cr203 224 041 014 091 079 219 0.19 040

AlbO03 1272 603 187 1534 1376 20.88 2133 2148
Fe203 741 490 189 605 622 - - -
FeO 1187 943 421 1324 1126 1257 11.89 2597

MnQ 051 019 025 003 015 007 005 004
MgO 7.82 2016 671 816 2458
Ca0 862 963 1278 825 773 007 001 001
Na20 349 210 039 383 365 002 001 0.00
K20 054 022 002 056 045 000 001 005

TOTAL 9853 9685 97.60 9689 9720 8836 8604 8695
si 638 7370 7782 6286 6622 5485 5641 5321
Var 162 0630 0218 1714 1378 2515 2350 2679
VIAL 0605 0400 0088 1004 1011 2311 2643 2730
Fo3* 0828 0540 0198 0684 0690 - - -
Fe2+ 1473 1150 0490 1665 1387 2062 1978 4640
cr 0263 0050 0015 0108 0092 0340 0030 0.068
Ti 0037 0010 0000 0018 0009 0001 0006 0013
Mn 0064 0020 0020 0004 0019 0012 0008 0.007
Mg 1730 2840 4179 1504 1792 7186 7.166 4462
Ca 1372 1500 1904 1320 1220 0015 0002 0002
Na 0628 0500 0096 0671 0780 0008 0004 0.000
Na 0376 0090 0009 0445 0263 - - -

K 0103 0040 0004 0107 0085 0000 0003 0014
1,2,3,4and 5: 13 cations - and balan

6 7 8 Clonti Caons oaleuised on the basis 57 T8 O3 clachomamoreprobe

.

tive correlation between Fe substitution for Mg and
(Na + K),. These amphibole compositions are similar
to those described by Castelli (1991) in high-pressure
marbles, and are much more complex than those
reported in other regionally metamorphosed carbonate
rocks (Ferry 1976, Hoschek 1980, Franz & Spear
1983).

Chromium content (<2.24 wt.% Cr,0O 3 but usually
<1 wi.%) is relatively low compared to YAl and Fe?*
(Fig. 9¢). There are no Cr — Fe3*, Cr — VIAL or YAl -
Fe* correlations, but an excellent negative correlation
can be observed between (Fe’t, Cr, VIAl) and (Mg,
Fe?*), as well as a positive one between (Fe3*, Cr,
VIAl) and the VAl content. All data suggest that the
presence of Cr in these amphiboles can be explained
by the Tschermak substitution (Mg, Fe?*) + Si =
(Fe?t, Cr, VIAD + VAL

Garnet

Garnet is chemically homogeneous (Table 4), with
up to 66.4 mol.% almandine, 10.7% pyrope, 10%
spessartine, 18.2% grossular, and 2.3% uvarovite. The
garnet contains between 0.46 and 1.15 wt.% Cr,0,,
the highest values coming from grains in contact with
chromian epidote. The distribution of Cr and Al in the
garnet shows a negative correlation (Fig. 8d).

Chromian spinel

The composition of chromian spinel (Table 4)

3954 130 013

Cr03 115 046 072 C03

Alz03 2020 2076 133 A203 8.14 20.89 0.00 0.00
Fe203 - - 0.76 Fe203 437 000 034 0:386
FeO 2084 2852 FeO 292 1796 -

MO 324 461 004
Mg0 126 144 0.00

MnO 050 049 0.00 000
MgO 089 099 0.03 0.00

Ca0 863 830 29.07 Ca0 087 146 0.62 0.02
Na2O 000 000 002 NiO 000 000 - -
K20 001 000 001 ZnO 160 1514 - -
TOTAL 10166 101.19 99.79 TOTAL 9586 9875 9991 100.03
Si 5932 3925 1000 Si X 0.040 0000 0000
VAL 0068 0075 - Al 0350 0.840 0000 0000
VIAL 3728 3.833 0051 Fe3+ 0.120 0000 0003 0009
Fet - - 0.019 Fe2+ 0900 0.510 - -
Fe2+ 3.980 3.810 - Cr 1430 1070 0014  0.001
Cr 0.145 0058 0.018 Ti 0000 0030 0982 0992
Ti 0016 0002 0901 Mn 0020 0010 0000 0000
Mn 0438 0.624 0001 Mg 0050 0050 0000 0000
Mg 0299 0344 0.000 Ca 0030 0050 0009 0000

1475 1420 1009 Ni 0000 0.000 - -
Na 0000 0.001 0©.001 Zn 0.040 0.380 - -
K 0002 0.000 0.000

1 and 2: garnet (cations calculated on the basis of 24 O
3 umniﬁe(eanonscalcnlawdafmquz&Spwl

4 and 5: spinel (3 cations and charge balance)

6 and 7: rutile (cations calculated on the basis of 2 O); electron-microprobe data.

varies between 39.54 and 49.03 wt.% Cr,0;, between
17.96 and 29.94 wt.% FeO, and between 8.14
and 20.89 wt.% Al,O,. Titanium (1.14 wt.% TiO,),
Mn (0.56 wt.% MnO), and Mg (0.99 wt.% MgO) con-
tents are much lower. Zinc varies between 1.79 and
15.14 wt.% ZnO. The spinel compositions can be
defined in terms of the components chromite, her-
cynite, magnetite, franklinite, gahnite, and ZnCr,0,,
represented by a modified spinel prism in which Mg
(very scarce in our samples) has been replaced by Zn
(Fig. 10a). Values of the ratio 2Fe3*/(2Fe** + Al + Cr)
vary between 0 and 0.27. Projected data-points on the
base of the prism show a solid solution between
chromite and hercynite, with minor quantities of
gahnite (Fig. 10b). Several crystals with a high content
of gahnite were found, but only two were large enough
for reliable quantitative analysis. The Cr content of
spinel inclusions and their host minerals is in some
cases inversely related. Spinel rich in Zn and poor in
Cr is included in epidote that is very rich in Cr.

Titanite and rutile

The composition of titanite (Table 4) is character-
ized by Al contents of up to 2.35 wt.% Al,0s, signi-
ficant Cr contents between 0.27 and 0.72 wt.% Cr,0Os,
and minor quantities of Fe** (all Fe assumed as Fe*)
substituting for Ti, as shown by a good correlation of Ti
versus (Cr + Al + Fe3*), Rutile shows a high variabili-
ty in Cr content (between 0.13 and 1.30 wt.% Cr,05)
in grains found close together in the same thin section.
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Fic. 10. Compositional variation of spinel inclusions in epi-
dote. a) Spinel prism with the possible combination of
(Zn, Fe**) and (Al, Cr, Fe?*) end members, the concentra-
tion of Mg being low in these samples. b) Projection from
ZnFe,0, and FeFe,0, (Chr: chromite, Mt: magnetite,
Frk: franklinite, He: hercynite, Gah: gahnite).

DiscussioN
Partitioning of Cr among coexisting phases

In order to obtain information on the behavior of Cr
during metamorphism, we shall compare the Cr con-
tents of different minerals. Epidote was selected as a
reference mineral, because it is abundant in these
rocks and it generally contains the highest amount of
Cr. We do not compare the data of maximum Cr
content in each phase, because this is controlled by the
level of Cr saturation of the rock, as noted by Ward
(1984) and Gil Ibarguchi et al. (1991). The saturation
of Cr in respect to silicates is given if a chromian
oxide is present as a phase. The presence of inclusions
of chromian spinel and the increased Cr-content of
associated silicates suggest that Cr-saturation might

have been reached only in contact with the inclusions.
Instead, we compare data of coexisting silicates
(Fig. 11). The data points in this figure pertain to
minerals in contact, where the microprobe beam was
placed 10 to 30 um away from the grain boundary,
and not in the vicinity of chromite inclusions. Care
was taken to avoid grain boundaries with indications
of a retrograde overprint.

The distribution of Cr can be defined as the Nernst
partition coefficient [K, = concentration of Cr in epi-
dote (ppm) / concentration of Cr in other minerals
(ppm)] (e.g., Wood & Fraser 1977), assuming that this
K, is valid in a concentration range above the trace-
element level (see McKay 1989, p. 54, for a discussion
of this problem). This is the generally adopted proce-
dure in geochemical investigations. In epidote—chlorite
and epidote—amphibole pairs (Fig. 11a), Cr preferen-
tially enters epidote, though not in all cases (0.84 < K},
< 2.46). In the epidote—muscovite pairs (Fig. 11b),
K, varies between 0.56 and 2, with a roughly equal
number of points plotting above and below the K, = 1
line. For the few epidote—garnet pairs, K, is invariably
between 1 and 2.

The distribution of Cr between epidote and coexist-
ing chlorite, muscovite, amphibole and garnet can also
be expressed on the basis of cation-exchange reactions
and their corresponding equilibrium-constant (e.g.,
Spear 1993). This allows one to describe the partition-
ing of Cr in relation to other cations. In order to distin-
guish it from the Nernst distribution coefficient, we
call it Kg,. These reactions involve the exchange of Al
and Cr; Kg, depends on the formulation of the inter-
crystalline exchange-reactions and is generally defined
as:

K= (X0 X /(X PP+ X, 1),

It also depends on the intracrystalline exchange on dif-
ferent sites, as will be discussed below. Two groups of
minerals incorporate Cr: for amphibole and chlorite,
the additive component (Thompson 1982) for the
Cr-Al exchange is an Fe-Mg phase with small
amounts of Al, whereas for garnet and muscovite, the
additive component is an Al mineral with no Fe-Mg
on the Al site (garnet) or small amounts only (phen-
gite).

For chlorite, there are two possibilities to formulate
the exchange reaction, depending whether Cr substi-
tution takes place in the sheet of octahedra of the
interlayer (reaction la; exchange component is
interlayerCyinterlayerA] ), or in the sheet of octahedra that
is sandwiched between the sheets of tetrahedra
(reaction 1b; exchange component isYICrinterlayerpfo
VIpg  interlayerA] (), The two varieties of chlorite
can be distinguished by their macroscopic color:
Bailey (1988) described the color of the former as
purple, that of the latter as green. The exchange
reactions are:
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Fia. 11. Distribution of Cr between epidote and coexisting muscovite, garnet, amphibole, and chlorite. a) Cr in epidote versus
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other minerals). For both mineral pairs, most of the points concentrate in the epidote field or they plot very close to the line
K;, =1, but a greater dispersion can be observed in epidote-amphibole pairs. b) Cr in epidote versus Cr in muscovite and
versus Cr in garnet (in ppm). In the first case, Cr does not enter preferentially in epidote, nor in muscovite. In the
epidote—garnet pairs, all the points plot below the K;, = 1 line. ¢) and d) Cr distribution in terms of cation-exchange
reactions; for definition of X, see text. Cr is preferentially incorporated in epidote, but this strongly depends on the
formulation of X Lines represent partition coefficients K, (see text).

If the Tschermak substitution is restricted to one

Ca,CrAl,Si;0,,(0H) + Mg;S8i;A10,4(0H),Mg,Al(OH), =
chromian epidote clinochlore
Ca,AlALS{;0,,(0OH) + Mg,Si;Al0,(OH),Mg,Cr(OH),
epidote purple chromian clinochlore  (la)
Ca,CrAl,Si;0,,(0H) + Mg;Si;AlO, ((OH),Mg,Al(OH); =
chromian epidote clinochlore
Ca,AlALSi;0,,(0H) + Mg,CrSi;Al0,((OH),Mg,(OH)4

epidote green chromian clinochlore (1b)

Al (or Cr) per formula unit, and if it is clear that
the substitution takes place either according to
reaction (la) or (1b), X, in chlorite could be defined

as:
(1a)
(1b)

= Cr/(Cr + interlayer Mg . 2)
or
X$l= Cr/(Cr + VMg - 2)
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The chromian chlorite of the Cébdar area is green, and
the dominant substitution would seem to be (1b).
However, there can also always be a certain amount of
substitution in the interlayer (1a). Since this intracrys-
talline distribution of cations and also the possible
extent of Al-Tschermaks substitution are unknown, we
must use as X&! the ratio of Cr to the sum of all octa-
hedrally coordinated cations, and the same for X& in
Figure 1lc. This figure shows an enrichment of Cr
in epidote because of the large number of octahedrally
coordinated positions in chlorite (and amphibole, see
below) compared to epidote. If we use as X, simply
the ratio of Cr/(Cr + YIAl) (not shown), both amphi-
bole and chlorite are strongly enriched in Cr compared
to epidote.

A simple Cr exchange in amphibole is not possible
in tremolite—actinolite, and it must be combined with,
for example, an Al exchange on the tetrahedrally coor-
dinated site (Tschermak substitution) or with Na in M4
(glaucophane). Possible exchange-reactions with
amphibole and epidote are therefore:

2 Ca,CrAl,Si;0,,(0OH) + Ca,Mg;AlSigAl 0,,(OH), =
chromian epidote Tschermakite
2 Ca,AlAlLSi;0,,(0H) + Ca,Mg,Cr,SigAl,0,,(OH),

epidote chromian Tschermakite (2a)
2 Ca,CrAl,Si;0,,(0H) + Na,Mg;Al1,Sig0,,(OH), =
chromian epidote glaucophane
2 Ca,yAlALLSi;0,,(0OH) + Na,Mg;Cr,Sig0,,(0OH),
epidote chromian glaucophane (2b)

Complete ordering of Y'Al in amphiboles into the M2
sites, and of Cr in epidote into M, sites, is possible,
but as in chlorite, this intracrystalline cation-exchange
is not well known. We therefore used the same X, =
Cr/(Cr + Oct) for epidote and amphibole (Fig. 11c).

In garnet and muscovite, the octahedrally coor-
dinated sites are ideally occupied by two Al per
formula unit, but there is no essential difference
between YIAl sites in these minerals, and no preferen-
tial incorporation of Cr and Al on one of these sites
has been reported. The exchange reactions are:

2 Ca,CrALSi;0,,(OH) + KALSi,AlO, (OH), =

chromian epidote muscovite
2 Ca,AlAlLSi;0,,(0H) + KCr,Si;AlO,o(OH),
epidote chromian muscovite 3)
and

2 Ca,CrAl,Si;0,,(0H) + (Mg,Fe,Ca,Mn);AL,Si;0;, =
chromian epidote garnet
2 Ca,AlALSi;0,,(0H) + (Mg,Fe,Ca,Mn);Cr,Si;0;,
epidote chromian garnet )

In contrast to garnet and muscovite, the Cr — Al
substitution in epidote probably occurs in only one of
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the three octahedral sites, M, as discussed above. It is
therefore possible to compare the Cr/(Cr + VIAD value
in garnet and muscovite, respectively, with the Cr/
(Cr +Al,,) value in epidote (Fig. 11d). In this case, we
see a preferred partitioning of Cr into epidote. If
we were to use as X, the same value as in Figure 11c
(i.e., not distinguishing between the different sites), all
points would move near the line for Kg, = 1.

We interpret the scatter of the data for distribution
of Cr as a sign of disequilibrium, i.e., the minerals
crystallized over a range of P-T conditions, or the
minerals did not achieve their complete chemical equi-
librium because of the low mobility of Cr. It is impos-
sible to distinguish between these two possibilities,
and probably both are responsible. Texturally, no
strong evidence of disequilibrium exists, though phen-
gite (Fig. 7) probably crystallized over a range of P-T
conditions, and chlorite shows reaction textures with
epidote and amphibole. This large scatter of the data
does not allow us to derive values for the distribution
coefficient Ki,. However, they indicate that among the
investigated silicate minerals, epidote generally shows
an enrichment in Cr. The enrichment is rather marked
compared to that in chlorite and amphibole, less so
compared to that in garnet, and similar to that in
muscovite. The order of Cr enrichment (epidote =
muscovite > garnet, chlorite, amphibole) is not the
same as the one predicted by Burns (1970) on the
basis of crystal-field stabilization energy (chlorite >
garnet > epidote > tremolite > mica), but we empha-
size that this question of “preferred enrichment”
strongly depends on the formulation of the distribution
coefficient.

Mobility of chromium during metamorphism

In the Nevado-Fildbride metacarbonates, the
original distribution of detrital grains of chromite is
reflected in the concentration of chromian minerals in
well-defined layers and an irregular distribution within
these. The preservation of this sedimentary pattern
suggests limited mobility of Cr during later meta-
morphic processes. During metamorphic recrystalliza-
tion, Cr transport was limited to very short distances
(< 1 mm) between chromite and crystallizing silicate
phases, as reflected by heterogeneous distribution of
Cr in large grains of epidote.

Treloar (1987a) also considered Cr immobility dur-
ing metamorphism to be the reason for the Cr content
and distribution of chromian minerals in the
Outokumpu metasediments. In a study of the mineral-
ization processes of metamorphic chromian beryl
(emerald), Grundmann & Morteani (1989) also
described the relatively low mobility of Cr (compared
to Fe, Mg and Mn), even in the presence of a fluid
phase. Tracy (1991), however, described chromian
muscovite in veins and in the matrix of a
calcite-dolomite marble, and related it to a fluid trans-
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porting Cr from an unknown source. The higher
mobility of Cr in this case is probably due to the large
amount of fluid present and to its chemical composi-
tion. We agree with Treloar (1987a), who made a
clear distinction between Cr immobility during meta-
morphism and its high mobility in later hydrothermal
fluids. This is further supported by the study of
Ottaway et al. (1994) on the hydrothermal formation
of emerald from Colombia. They documented the
mobility of Cr in H,S-bearing fluids at low tempera-
tures, approximately 300°C.

Interpretation of the high Zn content in
chromian spinel inclusions

Zn-rich chromite is relatively scarce in nature and
thus has received considerable attention in minera-
logical literature (Bernier 1990, Béziat & Monchoux
1991, Mogessie et al. 1988, Pan & Fleet 1991). Some
authors explain Zn enrichment as a primary magmatic
feature of spinel (e.g., Lamberg & Peltonen 1991,
Wagner & Velde 1985), whereas in other cases meta-
somatic and hydrothermal processes are suggested
(e.g., Treloar 1987a, Wylie et al. 1987).

Some of the spinel inclusions in the Cr-rich
minerals studied are very rich in Zn; we attribute this
to the progressive removal of Cr, Fe, and Al from the
original grains during metamorphism, and their simul-
taneous passive enrichment in Zn. This mechanism is
easily understandable if one takes into account that
silicate phases containing chromite inclusions (epi-
dote, muscovite, amphibole, and chlorite) can easily
accept Cr, Fe, and Al into their crystallographic
structure. In contrast, Zn does not enter any of these
minerals because of its different crystallochemical
behavior. Zn?* shows a strong preference for those
minerals where tetrahedrally coordinated sites are
occupied by divalent cations (Stoddard 1979) and
especially for spinel (Marshall & Dollase 1984,
Bruckmann-Bencke ef al. 1988). Therefore both distri-
bution coefficients for spinel and a variety of silicates
(Kp and Ky,) for Zn are >> 1 (see Table 2 in Johnson
1994). In epidote, chlorite, muscovite, and amphibole,
the tetrahedrally coordinated sites are occupied by Si**
and AI** only, and Zn content is below the detection
limit. This results in the passive relative enrichment of
Zn in spinel compared to other cations. Since Mg also
is accepted by all chromian minerals except epidote
(which has only trace amounts of Mg: see Table 2),
the low Mg content in inclusions of spinel in the epi-
dote would seem to be a primary feature and not the
result of metamorphism. An analogous process was
reported by Gil Ibarguchi ez al. (1991) to explain the
enrichment of Cr in primary chromian spinel, trans-
formed into chromite during metamorphism. No refer-
ences exist on passive enrichment of Zn in chromite;
nevertheless, Mogessie et al. (1988) described
premetamorphic inclusions of chromite (with up to

101

2.52 wt.% ZnO) in uvarovitic garnet, and Zn-free
chromite with the same origin in the matrix of a
metacarbonate rock, which, in our opinion, can be
interpreted in the same manner.
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