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ABSTRACT

The chromitite pods of the Moa—Baracoa massif, in the eastern ophiolitic belt of Cuba, contain pre-existing gabbro sills. This
association is affected by two processes of hydrothermal alteration. The chromitites and the hosting dunites and harzburgites are
affected first by regional serpentinization; a second alteration, represented by chloritization accompanied with formation of
ferrian chromite, is mainly located in the pods and their immediate vicinity. The altered chromitite pods and enclosed gabbro sills
are cross cut by millimeter-wide veins. The vein filling consists of a sequence of clinochlore, uvarovite, chromian clinochlore,
rutile, titanite and calcite. Uvarovite also occurs in the vicinity of veins, Uvarovite is concentrically zoned, covering compositions
in the uvarovite—grossular solid solution series between Uva;7 and Uvag;s; the andradite component is very low. These composi-
tions suggest a complete miscibility along the grossular—uvarovite join at relatively low temperature. On the basis of the mineral
sequence and mineral chemistry (major and trace elements), the uvarovite crystals, as well as the vein assemblage, formed by a
low-temperature leaching, Ca probably from the gabbro sills, and Cr and Al from the chromite during the formation of ferrian
chromite. Cr and Al would have been mobile only at the scale of a pod during this process.
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SOMMAIRE

Les lentilles de chromitite du massif de Moa—Baracoa, dans la partie orientale de la ceinture ophiolitique de Cuba, contient
des filon-couches de gabbro. Cette association a subi les effets de deux stades d’altération hydrothermale. Les lentilles de
chromitite et 1a dunite et la harzburgite encaissantes ont d’abord subi I’influence d’une serpentinisation régionale. Une deuxiéme
altération a causé une chloritisation et la formation de chromite ferrique, surtout dans les lentilles et leurs environs. Les lentilles
de chromitite altérées et les filon-couches de gabbro sont recoupés par des veines millimétriques tapissées de clinochlore,
uvarovite, clinochlore chromifere, rutile, titanite et calcite. L’uvarovite se trouve aussi tout prés des veines. Les cristaux
d’uvarovite montrent une zonation concentrique, et les compositions s’étalent entre uvarovite Uvags et grossulaire Uvay;. La
teneur en andradite est tres faible. Ces compositions font penser qu’il y a une miscibilité complete entre grossulaire et uvarovite
a température relativement faible. A la lumiére de la séquence paragénétique et de la composition des minéraux (€1éments majeurs
ettraces), les cristaux d’uvarovite, ainsi que I’assemblage des veines, se sont formés par lessivage a faible température, le calcium
venant probablement des filon-couches de gabbro, et le Cr et Al contribués par la chromite lors de la formation de la chromite
ferrique. Le chrome et I’aluminium n’auraient été mobiles qu’a I’échelle d’une lentille pendant ce processus.

(Traduit par la Rédaction)

Mots-clés: uvarovite, zonation, altération hydrothermale, chromitite, ophiolite, massif de Moa—Baracoa, Cuba.

¥ E-mail address: joanc @natura.geo.ub.es



680
INTRODUCTION

The uvarovite end-member of the garnet group,
Ca3Cr(Si04)3, has not yet been found in nature. Natu-
ral uvarovitic garnet typically contains significant
amounts of both grossular and andradite components.
Such compositions have been recorded in diverse geo-
logical settings: chromitites associated with basic and
ultrabasic rocks (Chakraborty 1968, Jan ef al. 1984,
Graham et al. 1996, Proenza & Melgarejo 1996,
Melcher et al. 1997), rodingites (Mogessie &
Rammlmair 1994), skarns (von Knorring et al. 1986,
Pan & Fleet 1989), and kimberlites (Meyer & Boyd
1972, Sobolev ez al. 1973). The range of environments
in which it is found suggests a broad field of stability
(Kalamarides & Berg 1988).

Our aim in this paper is to provide new chemical and
structural data on this important garnet, and to describe
its mineral association and petrological significance in
the Mayari-Baracoa ophiolitic belt, Cuba.

GEOLOGICAL SETTING

The northern part of the island of Cuba is character-
ized by a 1000-km-long Upper Jurassic — Lower Creta-
ceous ophiolitic belt (Iturralde-Vinent 1996). The
eastern part, the Mayari-Baracoa ophiolitic belt (Fig. 1),
is 170 km long, 10 to 20 km wide, and comprises two
allochthonous massifs: Mayari—Cristal and Moa—
Baracoa. Both massifs contain abundant podiform de-
posits of chromitite (Thayer 1942, Guild 1947,
Murashko & Lavandero 1989, Proenza et al. 1997a,
1999, Proenza 1998). The Mayari—Cristal massif, the
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western part of the Mayari—Baracoa belt, is mainly com-
posed of serpentinized ultrabasic rocks (harzburgite and
interlayered harzburgite and dunite), with microgabbros
and a diabase dike complex overlying the unit (Iturralde-
Vinent 1996). Chromitite pods occur within the dunite;
the chromite is relatively Cr-rich, with Ct/(Cr + Al) =
0.75 (metallurgical grade).

The Moa—Baracoa massif is also mainly composed
of serpentinized ultrabasic rocks; harzburgite grades
upward to harzburgite and dunite. In the uppermost part
of the mantle section, sills and dikes of gabbro are com-
mon; this suite is covered by a crustal section compris-
ing, from bottom to top, banded gabbro, isotropic
gabbro, gabbro with diabase dikes and, finally, basalt
and chert. The chromitite pods, commonly with dunitic
envelopes, occur in the uppermost part of the mantle—
crust transition zone (MTZ). Many chromitites enclose
and replace the older gabbro sills parallel to the elonga-
tion of the pods (Fig. 2). This feature is typical of most
chromite deposits of the Moa—Baracoa district (Proenza
et al. 1997a, 1999), as well as of other districts in cen-
tral Cuba (Flint et al. 1948) and at Coto in the Zambales
ophiolite in Philippines (Leblanc & Violette 1983).
These chromitites are made up of Al-rich chromite or
chromian hercynite, with Cr/(Cr+Al) = 0.45 (refractory
grade).

Uvarovitic garnet related to chromitites has been
found only in the Moa-Baracoa massif (Guild 1947,
Kenarev 1966, Lewis et al. 1994, Proenza & Melgarejo
1996). Consequently, the Moa—Baracoa chromite ores
will be described with greater detail. However, their
absence in Mayari—Cristal massif has genetic implica-
tions as discussed later.
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FiG. 1. Geological sketch of the northwestern Caribbean ophiolites (modified from Wadge et al. 1984).




UVAROVITE IN PODIFORM CHROMITITE, CUBA

681

v oV v oY o v ¥

harzburgite

12m

FIG.2. Schematic sketch of the chromite bodies, showing the gabbro sills and the two sets

of veins.

THe CHROMITE ORES IN MoA-BARACOA
AND THE UVAROVITE OCCURRENCES

A first stage in the formation of the chromitite pods
involved the magmatic processes that produced the de-
posit. Primary mineralization is formed by chromite plus
interstitial olivine and, as small inclusions in chromite,
minor amounts of clinopyroxene, amphibole and pla-
gioclase. This association replaced the enclosed pre-
chromitite gabbro siils, as well as the hosting dunite and
harzburgite (Proenza et al. 1997a, 1999, Proenza 1998).

The texture of the chromitite is massive, grading in
some deposits to disseminated, and displays pull-apart
fractures. This type of fracture is very common in
podiform deposits of chromite, and it is visible in hand
samples as well as on the scale of the deposit (i.e.,
Leblanc & Nicolas 1992).

Subsolidus hydrothermal processes produced sec-
ondary minerals that widely replaced the above mineral
association. Two main stages of alteration can be dis-
tinguished. The first stage was regional, and affected
the chromitite pods and the host rocks (dunite and
harzburgite), replacing the olivine grains by an assem-
blage of serpentine plus magnetite. The second stage
took place largely in the chromitite pods and their vi-
cinity, and comprises chromite alteration into ferrian
chromite (“ferritchromit™), coupled with replacement of
serpentine by Cr-poor clinochlore (clinochlore-I,
Proenza et al. 1997b). This type of alteration is poorly
developed in harzburgite or dunite occurring far from
the pods, and is restricted to a millimeter scale in the
vicinity of the small grains of accessory chromian
spinel.

The chromitite bodies of the Moa—-Baracoa massif
are cross-cut by two sets of mineralized joints (Fig. 3).
Uvarovitic garnet appears only within the first set.

Uvarovite appears also in an alteration zone, up to sev-
eral centimeters in width, that replaces the hosting
chromitite along these fractures. In this case, the
chromite grains are partly corroded and replaced by
uvarovite, and the replacement of chromite progresses
along the grain boundaries and the pull-apart fractures.

FiG. 3.

Schematic cross-section of the garnet-bearing veins.
Symbols: 1) chromite, 2) ferrian chromite, 3) clinochlore-
1, 4) uvarovite, 5) clinochlore-II {chromian clinochlore),
6) titanite, 7) rutile, 8) calcite, and 9) clinochlore-III.
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In many cases, the uvarovite crystals from these zones
includes relics of chromite.

In contrast, the vein-type mineralization has a drusy
character, and represents a typical example of the fill-
ing of open spaces from a hydrothermal solution. The
vein mineralization can fill small joints up to 1 cm thick
(Fig. 4), or small zones of breccia. Both types of miner-
alization are limited to the interior of the chromitite
bodies. Despite the fact that the contacts of these frac-
tures with chromitite are sharp, the chromite of the walls
and of the breccia fragments also displays signs of re-
placement at a microscopic scale by the infilling miner-
als. The paragenetic sequence of these veins (Fig. 5)
begins with the crystallization of a first generation of
Cr-rich clinochlore (clinochlore II, in euhedral colum-
nar crystals, up to 200 wm in size) and zoned euhedral
crystals of uvarovite developed on the walls of the frac-
tures (Figs. 3, 6, 7). The uvarovitic garnet displays an
emerald-green color, with a vitreous luster. The crystals
are thombic dodecahedra {110}, and are generally be-
tween 0.1 and 0.7 mm in diameter. Zoning is visible
with the naked eye (variable hues of green, from emer-
ald green to pale grass green). Under the polarizing
microscope, zoning is also distinguished by changes in
birefringence (up to 0.006); complex sector twinning
also is present (Fig. 8). The pattern of zoning is similar
to the growth zoning of grossular-andradite garnet in
hydrothermal systems described by Jamtveit et al.
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FiG. 4. Detail of the uvarovite veins in hand sample. Massive
chromitite (black) is cut by millimetric veins of uvarovite
(dark green). Calcite crystals (white) occur in the central
part of these veins. The interstitial areas between chromite
grains are filled by clinochlore (grey).

(1995). In many cases, small inclusions of clinochlore
lie parallel to the zones in the garnet, and inclusions of
chromite (strongly corroded) may occur, especially
close to the contact with the chromitite.

Rutile appears simultaneously with uvarovite and
develops groups of euhedral columnar crystals, twinned
on {011} (sagenitic variety) vp to 500 wm long. It is
subsequently overgrown (and, in part, replaced) by
euhedral titanite (greenish, up to 4 mm long).
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F1G. 5. Sequence of crystallization in the

chromite pods and veins. Width of the bars

indicates the relative abundance of minerals in each episode. Solid bars are used where
the temporal extension of a given mineral can be well established; a dash is used in the

absence of definitive arguments.
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FI1G. 6. Photomicrograph of a uvarovite vein. The host pod of
chromitite is largely composed of chromite (black). The
original interstitial olivine grains were replaced by
clinochlore (clear). Euhedral, zoned, uvarovite crystals
grew on the wall of the vein, and calcite crystals fill the rest
of pore space in the vein. Plane-polarized light. Width of
photo 5.6 mm.

FiG. 7. Detail of the uvarovite veins. The garnet displays os-
cillatory zoning and is covered by euhedral crystals of
clinochlore and late calcite. Plane-polarized light, crossed
polars. Width of photo 2.8 mm.

Fic. 8.

Complex zoning and rhombic dodecahedral twinning
in uvarovite crystals from the veins. Plane-polarized light.
Crossed polars. Width of photo 1.4 mm.
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Fine-grained Cr-rich clinochlore II was formed later,
together with anhedral calcite. These minerals fill the
open space of the druses and replace the above miner-
als. A later generation of titanite plus radial aggregates
of clinochlore (both fine-grained) grew on the cleavage
planes of calcite.

A second generation of fractures (Figs. 2, 3, 5) cross-
cuts the earlier fractures at steep angles. The infilling
veins are less than 100 wm in width, and all the miner-
als (clinochlore and sagenitic rutile) are cryptocrystal-
line. This clinochlore (clinochlore III) is Cr-free. The
contact with the uvarovite veins is sharp, and there is no
evidence of replacement of the uvarovite assemblage.

ANALYTICAL METHODS

Minerals in thirty polished thin sections were ana-
lyzed using a four-channel CAMECA SX-50 electron
microprobe. The acceleration potential was 15 kV, the
sample current, 15 nA, and the beam diameter, 2 pm.
The duration of the counts was 10 s. Concentrations of
Mn and Cr were measured with a LiF crystal; those of
Si, Al and Mg were measured with a TAP crystal, and
Ca and Ti with a PET crystal. The Ko lines were used
in all cases. The following standards were used: ortho-
clase (Si and Al), rutile (Ti), Fe,O3 (Fe), rthodonite (Mn),
periclase (Mg), Cr,03 (Cr) and wollastonite (Ca). More
than 200 analyses of garnet were made.

The concentration of trace elements was measured
with a Perkin Elmer Elan 6000 inductively coupled
plasma — mass spectrometer (ICP-MS) using Rh as in-
ternal standard. One sample of uvarovitic garnet was
hand-picked from a vein cutting a sample of chromitite.
Special attention was made in order to select the most
homogeneous, transparent and inclusion-free volume of
garnet attainable. Microscopic and X-ray-diffraction
analyses do not show any impurities. The garnet was
crushed in a corundum mortar and desiccated for 12
hours at 110°C. About 100 mg of sample were weighed
and placed in Teflon vessels. A duplicate analysis and
four blanks were prepared. The samples were dissolved
in a hot mixture of 2 mL of HCIOy4 plus 10 mL of HF
until evaporation. This procedure was repeated three
times to ensure complete dissolution of the mineral. The
measured blanks were below 0.01 ppb in the final 1:250
dilution for Cs, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, Lu, Th and U, below 0.1 ppb for Co, Ga, Nb, and
Nd, between 0.1 and 0.2 ppb for Li, Rb and La, below 1
ppb for Sr, Sn, Hf and Ce, and between 1 and 5 ppb for
V, Ni, Cu, Ba and Pb.

An aliquot of the sample analyzed by ICP-MS was
used to determine the unit-cell parameter by powder X-
ray diffraction. The X-ray diffraction pattern was ob-
tained with a Siemens DX-500 diffractometer, in
step-scan mode between 10° and 150°260. The step size
was of 0.020°, and the counting time, 20 seconds, with
a total of 7000 measured points. No internal standard
was used because the zero-point also was refined. Cell
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parameters were determined using the Rietveld method
implemented in the FULLPROF program (Rodriguez-
Carvajal 1990). The pattern was refined in space group
Ia3d (Deer et al. 1992), but it is important to note that
other cubic space groups also are possible for garnet
compositions of this type (i.e., Pinet & Schmidt 1993).

MINERAL CHEMISTRY
Major elements

A representative set of microprobe results is given
in Table 1. Their compositions cover a large interval of
uvarovite-grossular solid solution, with a very low an-
dradite component (Fig. 9). Garnet present as intersti-
tial grains from the alteration zone of chromitite has the
same composition as garnet from the veins. The Fe con-
tent is low, and charge-balance considerations suggest
that all the iron is trivalent; nevertheless, it is difficult
to assign the correct charge to such small amounts of
Fe. The Ti was assigned to occupy octahedral positions.
The amounts of V, Mn and Mg are very low or below
the detection limit, and these garnet compositions can
therefore be represented essentially as solid solutions
of the binary series grossular—uvarovite, with 17 to 63
mol.% uvarovite.
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TABLE 1, REPRESENTATIVE RESULTS OF
ELECTRON-MICROPROBE ANALYSES OF UVAROVITIC GARNET,
MOA-BARACOA MASSIF, CUBA

Sample 1 2 3 4 5 6 il 8

Si0; (wt.%) 38.67 3860 3885 3781 3749 37,73 3764 38.03
TiO, 044 083 047 095 314 157 193 208
Al O, 15.90 1534 1346 1008 6.79 12.07 926 8.62
V,0, 013 026 018 023 072 019 038 037
Cr,05 7.28 887 1039 1501 16.87 11.78 1585 16.22
Fe,0; 069 020 042 038 075 037 034 030
CaO 3621 3605 3591 3566 34.60 3557 3506 34.91
Total 99.32 100.14 99.69 100.11 100.36 99.28 100.47 100.52

Structural formula based on 8 cations

Si (apfiz) 3.01 299 304 300 302 299 299 303

Ti 0.03 005 003 006 019 009 012 013
Al 1.46 140 124 094 064 1.13 087 081
A 001 002 00l 001 005 001 002 002
Cr 045 054 064 094 107 074 100 1.02
Fe 0.04 001 002 002 005 002 002 002
Ca 302 299 301 303 298 302 298 298
Uva 2292 2755 3346 49.01 59.33 38.85 5220 54.57
Grs 7459 71.05 64.64 49.07 35.59 5935 4547 4321
Adr 207 059 130 117 252 LI5 108 097
Go 042 081 060 076 255 065 126 125

1,2, 3, 4 and 5 fracture-filling uvarovite
6, 7 and 8 disseminated uvarovite grains close to the veins in chromitite
End-members molecules calculated after Rickwood (1968)

Uva

Adr

F1G. 9.  Plot of compositions of chromian garnet from the Moa—Baracoa Massif, Cuba, in
terms of mol.%, compared to literature data. 1) Reaume Township (Duke & Bonardi
1982), 2) Labrador (Kalamarides & Berg 1988), 3) White River (Pan & Fleet 1989), 4)
various localities in Canada (Dunn 1978), 5) Luikonlahti (von Knorring et al. 1986), 6)
Outukumpu (von Knorring ez al. 1986), 7) Jijal Complex, Pakistan (Jan ez al. 1984).
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Infrared-absorption and Raman analysis of the gar-
net was performed on two samples to check for the pres-
ence of structurally bound OH. The results were not
conclusive with IR, but the Raman spectra shows two
bands that may correspond to a very small amount of
H,0. On the other hand, the chemical compositions
obtained by electron microprobe agree with those ex-
pected of anhydrous garnet, because the tetrahedrally
coordinated position is nearly always completely filled
with Si.

The zoning is oscillatory, as is easily detected by
variations in hues of green. These variations in color
reflect variations in the Al:Cr ratio, i.e., the proportion
of uvarovite and grossular components (Fig. 10). This
kind of zoning is common in chromian garnet (Jan et al.
1984). The Cr-rich zones are also the richest in Ti and
V. A comparable Cr-Ti correlation has also been ob-
served in the chromian andradite from Reaume Town-
ship, Ontario (Duke & Bonardi 1982).

Some differences in Cr content exist among the three
generations of chlorite. The early-formed chlorite does
not contain Cr (Table 2). It can be classified as
clinochlore, after Hey (1954). The second generation of
chlorite, which overgrows uvarovite, has Cr contents
between 2.5 and 7.5 wit% Cr,03, and is classified as
chromian chlinoclore (Table 2). The third generation is
again Cr-free. In all three generations, Fe content is very
low, and nickel values are lower than 0.2 wt% NiO, with
an average as low as 0.05%. Rutile crystals are of end-
member composition (Table 2). Titanite contains 39%
TiO; and 10% Al,O3, with variable amounts of Cr, up
to 1.4% Cry0s.

TABLE 2. REPRESENTATIVE RESULTS OF
ELECTRON-MICROPROBE ANALYSES OF CLINOCHLORE,
CHROMIAN CLINOCHLORE, TITANITE AND RUTILE,
MOA-BARACOA MASSIF, CUBA

Sample 1 2 3 4 5 6 il 8

Si0, (wt.%) 3176 32.14 27.92 26.81 3140 3095 - =

TiO, 001 002 000 000 3913 3852 99.77 9942
Ta,05 = i - - - - 0.00 002
Nb,05 = % > = - - 0.07 0.00
AL O, 1832 17.96 2020 2050 0.82 063 011 0.16
Cr,05 006 007 578 705 034 138 008 003
MgO 3594 3588 31.13 3020 0.00 001 000 0.03

Ca0 001 003 000 000 28552816 003 000
MnO 0.00 002 000 000 000 000 000 007
FeO 059 080 178 181 000 000 - .
Fe,0s - - - - - - 0.00 0.06
NiO 009 001 022 019 - = = z
Na,0 002 000 003 003 - - = =
K,0 001 000 003 002 - - E =
H,0 12.87 12,88 1255 1242 - 5 . -
Total 99.68 99.81 99.64 99.02 10025 99.65 99.62 99.79
Si (apfu) 592 599 534 518 102 101 - -
YAl 208 201 266 282 - - - -
VAL 195 193 1.8 18 003 002 000 000
Ti 000 000 000 000 095 095 100 100
Ta s = = = = = 0.00  0.00
Nb - = = - = = 0.00  0.00
Cr 001 001 087 108 001 004 000 000
Mg 999 996 887 869 000 000 000 000
Ca 000 001 000 000 099 099 0.00 0.00
Mn 000 000 000 000 000 000 000 000
Fe* 009 012 028 029 000 000 - 5
Fe™* & = 5 - = - 0.00  0.00
Ni 001 000 003 003 - . - s
Na 001 000 001 001 - = - -
K 0.00 000 001 000 - = s =

T and 2: clinochlore (cations calculated on the basis of 28 O)

3 and 4: chromian clinochlore (cations calculated on the basis of 28 O)
5 and 6 titanite (cations calculated on the basis of 3 cat.)

7 and 8: rutile (cations calculated on the basis of 2 O)
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Fic. 10. a) Back-scattered-electron (BSE) image of oscillatory zoning in uvarovite. The line indicates the profile of the crystal
analyzed. b) Profile of electron-microprobe data along the line 1-19.
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Trace elements

One sample of garnet was analyzed for 31 trace ele-
ments by ICP-MS. As far as we know, quantitative data
of this type have not been published before. As shown
in Table 3, the Moa-Baracoa uvarovite has no detect-
able amounts of Pb and Ce, a few ppm of Li, Co, Cu,
Ga, Rb, Sr, Nb, Sn, Cs, Ba, Hf, Ta, Th and U, and 200
ppm of Ni. The V contents (1000 ppm) is similar to the
concentration obtained by electron microprobe. Lan-
thanide contents are relatively low, not far from being
chondritic (Fig. 11).

Compared with the semiquantitative data of Wan &
Yeh (1984), the levels of Ni, Cu, Nb, Sn, Ba and Pb are
of a similar order of magnitude, but levels of Co, Sr and
La are lower in the uvarovite from Moa. The lanthanum
content reported by Wan & Yeh (1984) is probably too
high because it implies a concentration of lanthanides
ten thousand times the chondritic values, which is ques-
tionable in such garnet.

DETERMINATION OF THE CELL PARAMETER

We obtained a cell parameter a of 11.922 A using
all reflections. This value is a weighed average of the
different values of the cell parameter in this slightly
zoned garnet. It can be compared to values given by
Deer et al. (1992) for the end-member garnets. If we

THE CANADIAN MINERALOGIST

assume a linear relationship between cell parameter and
composition in the solid solution uvarovite-grossular,
and neglect the small andradite component, the cell pa-
rameter obtained is equivalent to an average composi-
tion of Uvay;Grsss.

DiscussioN aAND CONCLUSIONS

The garnet-bearing veins are confined to the interior
of the chromitite bodies. These veins can be interpreted
to be the response to deformation of a rigid body (the
chromitites) enclosed by more ductile rocks (the
serpentinites). Their formation took place well after the
serpentinization process, as is suggested by Bamba
(1984) for some alpine podiform deposits of chromite
in Turkey.

The textures of the idiomorphic crystals, as well as
their position in the veins, indicate that they formed from
a hydrothermal fluid in an open space, along fractures.
The mineral association points to a formation by a low-
temperature hydrothermal process. The existence of a
pure Fe-poor clinochlore that cocrystallized with uvaro-
vite in the veins suggests the possibility to estimate the
temperatures of formation of this assemblage using
chlorite geothermometry. The first generation of
clinochlore yields a low temperature, about 180-190°C,
using the geothermometer of Hillier & Velde (1991),
and 230-240°C using the geothermometer of Kranidiotis

10.00 - -

Sample/Chondrite C!
E

0.10 L

* Uvarovite \
\—f3—  Sill of gabbro/

Fic. 11.

LaCe PrNd SmEuGdTbDyHo ErTmYbLu

Plot of the REE data normalized to chondrite for both uvarovite and gabbro sill.
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TABLE 3. TRACE-ELEMENT CONCENTRATIONS IN UVAROVITE
FROM THE MOA-BARACOA MASSIF, CUBA

51 Sn 03 La 0.451

Li
v 1060 Cs 011 Ce nd
Co 26 Ba 06 Pr 0.177
Ni 238 Hf 127 Nd 1.017
Cu 15 Ta 002 Sm 0.360
Ga 40 Pb nd Eu 0222
Rb 03 Th 0.09 Gd 0.468
St 1.0 U 04 Tb 0.093
Nb 0.1 Dy 0.677
Ho 0.172
Er 0.673
Tm 0.123
Yb 0.999
Lu 0.200

Analysis by ICP-MS. n.d.: not detected. All values are in ppm.

& MacLean (1987). The estimated temperatures for the
second generation of clinochlore (which is associated
with uvarovite) are 280-300°C using the first geother-
mometer. The second yield higher temperatures, about
340-370°C. Therefore, the significant increase in the Cr
content of the clinochlore of the second generation re-
sults in unrealistically higher temperatures than those
of the first generation. The temperatures obtained using
both geothermometers in the Cr-free clinochlore of the
first generation, however, are in the range of those ob-
tained by Christidis et al. (1998) for chlorite formation
in the Vourinos ophiolitic complex in Greece.

The complex zoning surfaces of the Moa—Baracoa
garnet do not seem to be linked to dissolution processes,
but rather to growth. Moreover, their formation at a very
low temperature prevents solid-state diffusion as an ef-
fective mechanism to explain this zoning (Shore &
Fowler 1996). As stated by Jamtveit ez al. (1995), in
ugrandite-type garnet in skarns, the compositions and
morphological properties of a hydrothermal mineral are
controlled by: a) bulk composition of fluid, b) local
transport processes near the fluid-solid interface, and
c) surface kinetics. Changes in the chemistry of the min-
eralizing solution are unlikely in this case, because the
veins are strictly related to the inner parts of the chromite
bodies. This fact suggests that the fluid phase precipi-
tated in an essentially closed system. The composition
of the fluid, therefore, must have been strongly con-
trolled by the composition of both chromitites and the
gabbro sills included in the chromitite pods. Conse-
quently, it is difficult to explain oscillatory zoning by
changes in the bulk composition of the fluid.

In the opinion of Jamtveit et al. (1995) and Ivanova
et al. (1998), covariation among major elements and
similarities among crystals suggest that zoning in gar-
net is controlled mainly by external forces (flow rates
or chemical changes), with only minor participation of
surface kinetics. Although the garnet in our suite dis-
plays the same type of correlations, we believe that a
self-organization process (e.g., Putnis ef al. 1992) is the
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most feasible explanation for the oscillatory zoning of
the Moa—Baracoa garnet.

A portion of the compositional field of uvarovitic
garnet published to date is plotted in Figure 9. Tt is sig-
nificant to note that the suite from the Moa—Baracoa
massif contains compositions not yet reported in the lit-
erature on natural examples of the solid solution uvaro-
vite—grossular, despite the fact that these compositions
have already been synthesized (Huckenholz & Khnittel
1975).

Kalamarides & Berg (1988) discussed in detail the
gaps in this series. On the basis of their own data, ex-
perimental work by Huckenholz (1975) and Huckenholz
& Kanittel (1975), and data supplied by Duke & Bonardi
(1982) and Jan er al. (1984), they concluded that
ugrandite garnet shows complete solid-solution at high
temperatures (800—1550°C) and variable pressures
(1 bar to 10 kbar). They concluded, also, that a compo-
sitional gap exists between uvarovite and grossular at
low temperatures. The paragenesis and hydrothermal
mode of occurrence at Moa—Baracoa indicate that the
garnet crystals formed at relatively low temperature and
low pressure. Our data suggest a complete miscibility
along the grossular-uvarovite join (i.e., very low level
of the andradite component) at low temperatures. The
potential of a miscibility gap at greater andradite com-
ponent cannot be discarded from the data presented.
Ganguly (1976) presented a model of the solid solution
in the system grossular — uvarovite — andradite. Its cal-
culated spinodal at 400°C does not intersect the uvaro-
vite~grossular join. Because the Moa—Baracoa suite was
very likely formed below this temperature, our data do
not conflict with this diagram.

These veins formed from a Ca- and Al-bearing hy-
drothermal fluid. The Al may have been extracted dur-
ing the replacement of chromite by ferrian chromite
(Proenza et al. 1997b, Proenza 1998), according to the
reaction:

aluminian chromite + ferroan antigorite — ferrian
chromite + chromian clinochlore

The activity of Ca in this fluid led to the develop-
ment of uvarovite, and the development of titanite
instead of rutile. The source of Ca-rich fluids in
ophiolites is controversial. Mittwede & Schandi (1992)
suggested liberation of Ca linked to the phenomenon of
serpentinization. In our case, the Ca-rich fluids entered
into the system much later than the serpentinization re-
action, during low-temperature hydrothermal alteration
that replaced serpentine by chlorite. Since the ultrabasic
rocks hosting the chromitite pods display a very limited
extent of chloritization, the composition of chlorite- and
uvarovite-producing fluids seems to be controlled by the
composition of the assemblage of chromitites plus the
enclosed gabbro sills. The enclosed gabbros could have
been an alternative source for Ca. These gabbros were
hydrothermally altered, and plagioclase crystals were
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converted to prehnite and epidote; clinopyroxene crys-
tals are replaced by fibrous tremolite.

As pointed out above, the uvarovitic garnet as well
as the chromitite pods occur in direct association with
gabbro sills in the Moa—-Baracoa massif (Proenza 1998,
Proenza et al. 1999). Likewise, the lanthanide patterns
(Fig. 11) of gabbros and garnet reflect a similarity in
their light rare-carth element contents, with a similar
positive Eu anomaly. The positive Eu anomaly in the
fresh gabbros is due to Eu?* enrichment in plagioclase
owing to the high partition coefficient ([p'agioclase/liquid)
of this element (Harnois ez al. 1990). As during the early
stages of vein infilling, it is uvarovite that is by far the
dominant calcium-bearing phase, Eu can also be ac-
commodated in the garnet structure, replacing calcium.
On the other hand, the heavy rare-earth enrichment in
the garnet is an expression of the general preference of
these elements for the garnet structure (i.e., Hanson
1980). The garnet thus seems to have inherited its lan-
thanide pattern from the gabbro sills during the leach-
ing process that affected both the chromitite bodies and
the cross-cutting sills of gabbro.

We conclude, therefore, that the Moa-Baracoa
uvarovite was formed by the leaching of Ca from the
gabbro sills, and Cr and Al from chromite. The process
is associated with low-temperature formation of chlo-
rite and ferrian chromite in the chromitite pods. Exten-
sive crystallization of chlorite and uvarovite is restricted
to the chromitite pods. This fact can be attributed to a
low mobility of Cr and Al during low-temperature hy-
drothermal processes operating on ophiolites. These re-
sults agree with the low mobility of Cr described in
many environments (i.e., Sdnchez-Vizcafno ef al. 1995,
and references therein), and explain the common occur-
rence of uvarovite in Moa-Baracoa massif. In contrast,
uvarovite is absent in Mayari—Cristal massif. Although
this massif underwent the same processes of
serpentinization and chloritization as at Moa—Baracoa,
gabbro sills or other Ca-rich rocks do not occur. Hence,
in the Mayari—Cristal massif, the supply of Ca to the
hydrothermal fluids was lower and, consequently,
uvarovite did not form.
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