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Abstract 

The Jurassic Mayari-Baracoa ophiolite belt and associated Cretaceous volcanic rocks form the 
Zaza zone of eastern Cuba. This zone has been traditionally considered allochthonous and overrides 
a passive continental margin, the Cuban foreland. The ophiolites consist of mantle tectonites and 
cumulates, overlain by a volcanic-arc sequence including porphyritic basalts and andesitic lavas. 
These are, in turn, overlain by a sequence of tuffs and epiclastic sedimentary rocks. There are two 
ophiolitic massifs in the belt, the Mayari-Cristal Massif (MCM) and the Moa-Baracoa Massif (MBM). 
The MCM consists of harzburgites and dunites with abundant high-Cr podiform chromitites and 
dikes of gabbro and pyroxenite. The MBM, on the other hand, is composed of harzburgites with 
abundant high-Al podiform chromitites, cut by troctolite dikes. The two ophiolitic massifs have dif­
ferent REE and PGE patterns and contents. The mantle sequence in the MCM is more depleted than 
that in the MBM. We suggest that the MCM formed beneath a volcanic island arc and the MBM 
beneath a nascent spreading center in a back-arc basin. The two massifs form a paired ophiolite belt. 

Introduct ion 

IN EASTERN CUBA, Mesozoic ophiolitic massifs con­
tain typical podiform chromite deposits of high-Cr 
and high-Al varieties (Thayer, 1942, 1969; Guild, 
1947; Kovacs et al., 1997; Proenza et al., 1997, 
1999a, 1999b). Thayer's early observations of these 
deposits have been the basis of many of the pres­
ently accep ted ideas on the origin of podiform 
chromitites. Among these deposits are the high-Cr 
(metallurgic) type in the Mayari-Cristal Massif 
(MCM) and the high-Al (refractory) type in the Moa-
Baracoa Massif (MBM) (Proenza et al., 1999b). Each 
massif has different petrological and geochemical 
f ea tu res . The ques t ion a r i ses : are the mant le 
sequences of the two massifs essentially parts of a 
continuous sequence, perhaps sampled at different 
depths, or completely separate and different mantles 
formed in distinct tectonic settings? Proenza et al. 

(1999b) proposed that both massifs represent the 
same mantle, and the formation of the chromite 
deposits was a consequence of mixing of various, 
hydrous melts at different places (depths) in the 
upper mantle. However, our study demonstrates that 
the mineralogical and bulk-rock chemical differ­
ences between the MCM and MBM reflect their for­
mation in distinct tectonic settings. In addition, we 
report an extremely PGE-rich high-Cr chromitite in 
the MCM. All available data support the view that 
both the MCM and MBM represent paired ophiolite 
belts formed in adjacent suprasubduc t ion-zone 
environments. 

Geolog ica l B a c k g r o u n d and P e t r o g r a p h y 

The Mayari-Baracoa ophiolite belt is part of the 
E-W-trending Cuban ophiolite belt that extends for 
more than 1000 km in the northern part of Cuba 
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FIG. 1. Geological map of the Mayari-Baracoa ophiolite belt, eastern Cuba (after Proenza et al., 1999b). 

(Fig. 1). The ophiolites are thought to be Late Juras­
sic-Early Cretaceous in age and have been tradi­
tionally considered allochthonous upon a passive 
continental margin sequence, the Cuban foreland 
(Iturralde-vinent, 1996; Cobiella-Reguera, 2000). 
In eastern Cuba, the ophiolite thrust sheet is up to 
1 km thick and rests subhorizontally on Cretaceous 
backarc volcaniclastics (Iturralde-vinent, 1996). 

The main features of the Mayari-Baracoa ophio­
lite belt and associated chromite deposits have been 
summarized by Proenza (1998, 1999). The ophiolite 
belt extends for 170 km, with a width of 10-20 km, 
and consists of two large allochthonous massifs— 
the MCM and MBM (Fig. 1). These massifs consist 
of ultramafic rocks and mafic cumulates, overlain by 
a volcanic-arc sequence of Cretaceous age, includ­
ing porphyritic and amygdaloidal basalts with inter­
calations of pyroclastics, tuffs, cherts, and 
limestones. These are, in turn, overlain by a 
sequence of tuffs and epiclastic sedimentary rocks 
of Tertiary age. 

The rocks of the MCM are mainly harzburgites 
with dunites and pyroxenite dikes. These are over-
thrust by microgabbros and diabase dikes. There are 
two large chromite deposits (Caledonia and Casimba) 
with more than 200,000 tons of metallogenic-grade 
ore, and at least 37 additional minor deposits. 
Chromite pods occur within dunites, and are subcon-

cordant with respect to the foliation in the host rocks. 
Chromitites are mainly nodular, disseminated, or 
massive. Serpentine, chlorite, and uvarovite are the 
main minerals in the matrix to the chromitites. 

In the MBM, mantle tectonites consist of partly 
serpentinized harzburgite grading upward to a tran­
sition zone of harzburgites, dunites, plagioclase-
peridotites, and gabbroic rocks. These rocks are cut 
by abundant dikes of troctolite and pegmatitic gab-
bro. The crustal sequence includes varitextured 
gabbros, microgabbros, dolerite, and diabase dikes, 
which are overlain by pillowed basalts and sedimen­
tary rocks. The MBM has more than 100 chromite 
deposits of refractory-grade ore. Most are of small 
size, the Mercedita mine being the largest, but total 
ore reserves are more than 100,000 tons. Chromite 
pods always occur within a transition zone of ser-
pentinites below a section of layered gabbro. The 
ultramafic rocks in the transition zone are mainly 
harzburgite and dunite, but there are also consider­
able amounts of plagioclase-bearing lithologies 
including plagioclase-dunite and harzburgite, and 
troctolites. The transition-zone ultramafic rocks are 
cut by numerous gabbroic dikes, many of which are 
pegmatic in nature, with plagioclase and clinopyrox-
ene grains up to to 0.5 meters in size. The dikes 
range in width from less than 1 cm to several meters, 
and are more abundant in chromitites than in the 
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FIG. 2. Cr# [100Cr/(Cr+Al)] versus Mg# [100Mg/ 
(Mg+Fe2+)] of chromites from the Mayari-Baracoa ophiolite 
belt, eastern Cuba. 

peridotites. The pegmatic gabbros form a matrix to 
the chromitite and may include large broken frag­
ments and crystals of chromite. Guild (1947) noted 
the occurrence of felspathic "layers" within the 
chromite ore deposits, producing a mineral assem­
blage of chromite-plagioclase-olivine. 

Analytical Methods 

Chemical compositions of both silicates and 
chromite were obtained using a JEOL JXA8800 
microprobe. Analytical conditions were: accelerating 
voltage 15 kV and beam current 2 nA. We made use 
of a range of natural and synthetic standards and the 
manufactuer's ZAF correlation program. The accu­
racy of major oxides is better than 1 to 2%, whereas 
that of trace elements is between 2 and 10%. 

Bulk-rock major oxides were analyzed with a 
Phillips PW2400 sequential X-ray fluorescence 
spectrometer using fused glass disks (analytical 
accuracy better than 5%). To determine trace ele­
ments (Ni, Cu, Zn, Co, and V), samples were put into 
solution following a Na2O2 sinter technique to cir­
cumvent potential problems associated with incom­
plete dissolution of chromite. The final solution was 
analyzed by AAS. The accuracy of these determina­
tions is between 5 and 10%. Trace elements also 

FIG. 3. Cr# [100Cr/(Cr+Al)] versus TiO2 of chromites from 
the Mayari-Baracoa ophiolite belt, eastern Cuba. 

were measured by XRF on pressed powder pellets, 
and there is good agreement between the results 
from these two methods. 

PGE and Au contents were obtained following 
Ni-sulfide fire-assay preconcentration. The precon-
centration used a combination of NiS fusion and Te 
coprecipitation. After preconcentration, the sample 
solutions were analyzed using a VG Elemental 
Plasma-quad 3 (PQ3) ICP-MS. This method is 
essentially the same as that described by Sun et al. 
(1993) and Zhou et al. (1998). Standard reference 
materials, WPR-1 and TDB-1, were analyzed a 
number of times during the analytical proceedure. 
Analytical precision is better than 15% for Ru and 
Rh, and 10% for Ir, Pd, and Pt. Os data are not 
reported in this study, as it is difficult to control the 
loss of the Os oxides during sample preparation. 

Results 

Mineral chemistry 
Representative compositions of chromite from 

the chromitites as determined by microprobe are 
presented in Table 1. As documented in Proenza et 
al. (1999b), chromites from the two massifs show 
different chemical compositions. Chromitites in the 
MCM contain chromite with higher Cr# than those of 
the MBM. In the Mg# versus Cr# plot (Fig. 2), 
chromitite in the MCM is typical of the high-Cr met-
allurgic variety, whereas the chromitite from the 
MBM is typical of the high-Al variety. The former 
chromites also have lower TiO2 contents than the 
latter (Fig. 3). Chromites from both chromitites con-
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TABLE 1. Chemical Compositions of Chromite from the Mayari-Baracoa Ophiolite Belt, Eastern Cuba1 

Sample no. 

Chromitite 
CMM7 

CMM8-1 

CMM10 

CMM11 

Harzburgite 
CMM20-1 

Chromitite 
Cmal 

Cma5 

TiO2 

0.50 
0.38 
0.37 
0.31 
0.45 
0.43 
0.54 
0.51 
0.52 
0.64 
0.27 
0.26 
0.19 
0.20 
0.27 
0.18 
0.20 
0.34 
0.28 

2.44 
2.86 

0.05 
0.16 
0.09 
0.15 
0.16 
0.14 
0.17 
0.17 
0.17 
0.15 
0.16 
0.16 
0.23 
0.16 
0.18 

Cr2O3 

39.01 
39.16 
39.24 
39.53 
42.51 
42.66 
42.76 
42.35 
43.06 
42.60 
39.54 
39.15 
39.01 
38.27 
38.42 
34.61 
44.40 
41.87 
44.42 

32.52 
23.00 

58.09 
58.63 
58.45 
58.32 
61.04 
61.40 
61.45 
61.08 
61.21 
60.78 
62.07 
61.61 
61.05 
61.43 
61.79 

Al2O3 

26.49 
26.29 
26.27 
26.14 
22.36 
22.59 
22.42 
22.42 
22.51 
22.48 
26.25 
26.62 
26.86 
27.49 
27.65 
30.26 
21.40 
24.36 
21.33 

12.10 
8.14 

12.66 
12.40 
12.60 
12.39 
9.82 
9.70 
9.65 
9.66 
9.77 
9.84 
9.69 
9.68 
9.91 
9.77 
10.03 

MgO 

17.87 
17.97 
18.23 
17.25 
15.29 
15.64 
15.44 
15.52 
15.76 
15.40 
17.97 
17.92 
18.11 
18.34 
18.37 
19.84 
13.76 
17.01 
12.94 

3.54 
1.59 

13.81 
13.97 
13.79 
14.13 
14.15 
14.36 
14.38 
13.94 
14.35 
14.62 
14.25 
14.38 
14.61 
14.76 
14.30 

FeO Fe2O3 CaO MnO 

Moa-Baracoa Massif 

13.47 
13.05 
13.19 
14.62 
16.52 
16.03 
16.32 
16.32 
15.98 
16.46 
13.55 
13.21 
13.20 
13.19 
13.05 
12.37 
17.19 
13.41 
18.42 

40.66 
50.57 

2.61 
2.56 
2.74 
2.62 
2.51 
2.48 
2.48 
2.59 
2.49 
2.52 
2.67 
2.50 
2.58 
2.68 
2.59 
3.19 
1.79 
2.15 
1.73 

7.31 
11.68 

0.00 
0.01 
0.00 
0.02 
0.00 
0.04 
0.03 
0.03 
0.02 
0.02 
0.01 
0.03 
0.02 
0.00 
0.02 
0.03 
0.01 
0.00 
0.00 

0.05 
0.12 

0.00 
0.12 
0.00 
0.00 
0.00 
0.04 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.08 
0.00 
0.00 
0.10 
0.00 
0.22 

0.24 
0.32 

Mayari-Cristal Massif 

13.57 
13.52 
13.57 
13.55 
13.14 
13.25 
12.98 
12.89 
12.91 
12.59 
12.98 
12.81 
13.07 
12.57 
12.79 

0.57 
0.62 
0.52 
0.77 
0.82 
0.94 
0.87 
0.65 
0.84 
0.94 
0.70 
0.79 
1.03 
0.93 
0.63 

0.02 
0.08 
0.06 
0.02 
0.05 
0.00 
0.00 
0.09 
0.04 
0.00 
0.03 
0.05 
0.00 
0.05 
0.02 

0.00 
0.05 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

NiO 

0.18 
0.20 
0.18 
0.13 
0.25 
0.27 
0.30 
0.20 
0.34 
0.12 
0.23 
0.37 
0.35 
0.25 
0.29 
0.28 
0.22 
0.33 
0.23 

0.35 
0.35 

0.18 
0.23 
0.18 
0.13 
0.15 
0.18 
0.25 
0.24 
0.18 
0.31 
0.20 
0.22 
0.22 
0.32 
0.07 

ZnO 

0.00 
0.18 
0.07 
0.03 
0.00 
0.11 
0.01 
0.13 
0.00 
0.00 
0.03 
0.03 
0.10 
0.04 
0.08 
0.05 
0.07 
0.03 
0.00 

0.25 
0.11 

0.00 
0.05 
0.04 
0.03 
0.00 
0.00 
0.05 
0.02 
0.05 
0.00 
0.03 
0.00 
0.00 
0.00 
0.09 

Total 

100.13 
99.92 

100.29 
100.65 
99.89 

100.30 
100.30 
100.07 
100.68 
100.23 
100.52 
100.09 
100.42 
100.54 
100.74 
100.81 
99.14 
99.50 
99.56 

99.46 
98.74 

98.95 
99.71 
99.29 
99.49 
99.32 
99.97 
99.81 
98.75 
99.52 
99.23 

100.11 
99.70 

100.12 
99.99 
99.90 

Cr# 

50 
50 
50 
50 
56 
56 
56 
56 
56 
56 
50 
50 
49 
48 
48 
43 
58 
54 
58 

64 
65 

75 
76 
76 
76 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 
81 

Mg# 

70 
71 
71 
68 
62 
64 
63 
63 
64 
63 
70 
71 
71 
71 
72 
74 
59 
69 
56 

13 
5.3 

65 
65 
64 
65 
66 
66 
66 
66 
67 
67 
66 
67 
67 
68 
67 

(table continues) 
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TABLE 1. Continued 

Sample No. 

Cma7 

Cma9 

Dunite 
Cmal2 

Harzburgite 
Cmal3 

Cmal5 

TiO2 

0.12 
0.10 

0.19 

0.13 

0.15 

0.16 
0.12 

0.13 

0.10 
0.06 

0.06 

0.07 
0.16 
0.10 

0.13 
0.09 
0.02 
0.07 

Cr2O3 

60.93 
60.81 

60.74 
61.04 

57.50 
58.48 
57.31 

57.71 
56.24 

57.12 

56.84 

57.21 

57.07 
57.28 

57.69 
53.02 

53.55 
55.08 

Al2O3 

9.65 
10.55 

10.58 
10.54 

10.64 
11.04 

10.95 

10.72 
9.82 

6.93 

6.15 

10.95 
11.53 
11.23 

11.14 
13.57 

13.28 
12.92 

MgO 

14.34 
14.93 

14.66 
14.99 

12.49 

12.68 
12.63 

12.65 

9.10 
6.73 

6.80 

10.01 
10.27 
10.10 
9.64 

9.72 
10.02 
10.42 

FeO 

12.66 
11.98 

12.25 
12.22 

16.31 

16.65 
16.39 

15.96 

21.67 

25.82 

25.82 

19.70 
19.44 
19.51 

20.45 

21.30 
20.43 
19.52 

Fe2O3 

0.83 
0.76 

0.70 

0.84 

1.23 
1.21 

1.29 

1.16 

1.38 

1.87 

2.13 

0.88 
0.83 
0.79 

0.79 

1.26 
1.14 
0.93 

CaO 

0.04 

0.07 

0.00 

0.03 
0.04 

0.00 

0.06 

0.04 

0.07 

0.03 

0.07 

0.06 
0.03 
0.06 

0.04 

0.05 
0.00 
0.05 

MnO 

0.00 
0.00 

0.00 

0.00 
0.02 

0.00 

0.02 

0.00 

0.00 
0.00 

0.05 

0.07 
0.12 
0.03 

0.06 
0.00 
0.00 

0.00 

NiO 

0.14 
0.29 

0.20 

0.13 

0.18 
0.19 

0.22 

0.08 

0.18 

0.20 

0.15 

0.18 

0.11 
0.11 
0.19 

0.25 
0.24 
0.18 

ZnO 

0.08 
0.02 

0.03 

0.10 

0.09 

0.00 
0.00 

0.07 

0.12 
0.21 

0.26 

0.10 
0.31 
0.24 

0.15 

0.01 
0.02 
0.21 

Total 

98.79 
99.52 

99.35 

100.01 

98.65 
100.41 

98.99 

98.52 

98.68 

98.98 

98.33 

99.23 

99.87 
99.45 

100.28 

99.28 
98.69 

99.37 

Cr# 

81 
79 

79 

80 

78 

78 
78 

78 

79 

85 

86 

78 

77 
77 

78 
72 
73 
74 

Mg# 

67 
69 

68 

69 

58 

58 
58 

59 

43 
32 

32 

48 

49 
48 

46 
45 
47 
49 

1Mg# = 100Mg2+/Mg2+ + Fe2+), Cr# = 100Cr/(Cr + Al). 

tain very small amounts of ZnO (<0.11 wt%) and 
similar amounts of NiO (about 0.2 wt%) (Table 1). 

In the MBM, accessory chromites in harzburgites 
have Cr# ranging from 64 to 65, whereas chromites 
in harzburgites from the MCM have higher Cr# (72-
86). Compositions of chromites in dunites are simi­
lar to those in chromitites in each massif, except that 
they have lower Mg# (Figs. 2 and 3). 

Compositions of the silicate minerals are given in 
Table 2. Olivines in chromitites have very high Fo 
contents and high NiO (0.40 wt%). Orthopyroxenes 
of harzburgites from the MCM massif have lower Al 
contents (Al2O3 0.77-0.95 wt%) than those of 
harzburgites from the MBM (Al2O3 1.93 wt%). Cli-
nopyroxenes in harzburgites from the MBM have 
Al2O3 contents of 2.7 to 3.27 wt% (Table 2). Plagio-
clases impregnated in a harzburgite (CMM20-1) of 
the MBM has compositions of CaO 13.3 wt% and 
Na2O 3.63 wt%—i.e., labradorite. 

Bulk-rock chemistry 
As expected from chemical compositions of 

chromite, chromitites from the MBM have higher 
Al2O3 but lower Cr2O3 contents than their equiva­
lents from the MCM at given SiO2 contents (Table 3). 
The chromitites from both massifs have similar Cu 
and Zn contents. V contents of chromitites in the two 
massifs are higher than the silicate rocks (Fig. 4). 

Chromitites from both the MBM and MCM have 
similar Ni, PGE, Au, and Cu patterns in mantle-nor­
malized plots (Fig. 5). Both have positive Ru and 
negative Pt anomalies. In the MCM, dunites have a 
slightly positive Ru anomaly and a negative Pt 
anomaly, whereas the harzburgites have relatively 
flat PGE patterns. In the MBM, both the dunites and 
harzburgites have similar PGE patterns, and do not 
show Ru and Pt anomalies (Fig. 5). Harzburgites 
from the MCM are depleted in Rh and Pt, compared 
to those from the MBM. 
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TABLE 2. Chemical Compositions of Silicate Minerals1 from the Mayari-Baracoa Ophiolite Belt, Eastern Cuba2 

Sample no. 

Moa-Baracoa massif 
Chromitite CMM1 

CMM8-1 

Harzburgite CMM20-1 

Mayari-Cristal massif 
Dunite Cmal2 

Harzburgite Cmal3 

Cmal5 

Moa-Baracoa massif 
Harzburgite CMM20-1 

Mayari-Crital massif 
Harzburgite Cmal5 

Moa-Baracoa massif 
Harzburgite CMM20-1 

SiO2 

40.86 
41.20 
40.65 
40.51 
40.25 
40.53 
41.03 
40.81 
40.76 
41.02 
41.42 
39.09 
39.02 
38.63 
38.79 
38.94 

40.% 
40.69 
40.57 
40.52 
40.66 
40.40 
40.78 
40.84 
56.71 
40.65 
42.14 

52.08 
51.52 

56.52 
56.50 
56.06 
56.70 
57.29 
56.76 

54.94 

TiO2 

0.02 
0.00 
0.02 
0.00 
0.04 
0.07 
0.01 
0.00 
0.06 
0.06 
0.00 
0.00 
0.02 
0.07 
0.02 
0.00 

0.00 
0.03 
0.00 
0.02 
0.02 
0.00 
0.01 
0.00 
0.00 
0.00 
0.06 

0.57 
0.61 

0.03 
0.00 
0.00 
0.00 
0.02 
0.00 

0.26 

Cr2O3 

0.06 
0.01 
0.06 
0.04 
0.00 
0.00 
0.02 
0.00 
0.01 
0.02 
0.03 
0.25 
0.02 
0.03 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.04 
0.02 
0.00 
0.00 
0.21 
0.00 
0.01 

0.76 
1.00 

0.59 
0.50 
0.33 
0.38 
0.51 
0.43 

0.46 

Al2O3 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.85 
0.00 
0.00 

2.70 
3.27 

0.86 
0.88 
0.79 
0.82 
0.95 
0.77 

1.93 

MgO FeO CaO 

Olivine 

49.31 
49.57 
49.58 
48.87 
49.09 
49.53 
49.86 
50.89 
51.12 
51.20 
51.41 
41.02 
41.68 
41.28 
41.75 
41.11 

50.41 
50.35 
50.34 
50.48 
49.70 
50.18 
49.83 
49.66 
33.94 
49.46 
47.94 

9.59 
8.40 
9.55 
9.23 
8.59 
8.13 
7.95 
5.80 
5.94 
5.87 
6.61 
18.80 
18.02 
18.28 
18.02 
18.62 

7.10 
7.23 
6.99 
7.18 
7.88 
8.15 
8.13 
8.69 
5.84 
8.92 
8.14 

0.00 
0.00 
0.02 
0.00 
0.00 
0.00 
0.00 
0.03 
0.06 
0.00 
0.05 
0.07 
0.05 
0.02 
0.03 
0.08 

0.05 
0.06 
0.03 
0.08 
0.02 
0.08 
0.08 
0.05 
0.81 
0.00 
0.09 

Clinopyroxene 

16.06 
16.61 

5.09 
5.95 

21.70 
19.69 

Orthopyroxene 

33.68 
33.87 
34.44 
33.49 
33.87 
33.64 

28.98 

5.65 
5.83 
6.20 
5.65 
5.61 
5.64 

11.44 

1.41 
0.93 
0.77 
1.38 
1.55 
1.18 

1.80 

Na2O 

0.00 
0.01 
0.01 
0.00 
0.04 
0.02 
0.01 
0.00 
0.06 
0.04 
0.02 
0.00 
0.04 
0.02 
0.02 
0.28 

0.01 
0.03 
0.00 
0.00 
0.00 
0.00 
0.00 
0.03 
0.00 
0.00 
0.02 

0.48 
0.24 

0.28 
0.15 
0.18 
0.25 
0.16 
0.21 

0.00 

K2O 

0.00 
0.00 
0.01 
0.00 
0.00 
0.01 
0.00 
0.02 
0.02 
0.00 
0.00 
0.05 
0.00 
0.01 
0.01 
0.00 

0.03 
0.02 
0.00 
0.00 
0.00 
0.04 
0.00 
0.00 
0.00 
0.00 
0.01 

0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

MnO 

0.09 
0.12 
0.09 
0.10 
0.13 
0.15 
0.15 
0.12 
0.11 
0.08 
0.05 
0.21 
0.26 
0.22 
0.31 
0.26 

0.15 
0.10 
0.12 
0.13 
0.14 
0.09 
0.12 
0.16 
0.13 
0.17 
0.13 

0.16 
0.23 

0.14 
0.14 
0.17 
0.18 
0.07 
0.07 

0.30 

NiO 

0.36 
0.36 
0.41 
0.35 
0.41 
0.27 
0.25 
0.47 
0.43 
0.42 
0.43 
0.41 
0.34 
0.20 
0.38 
0.40 

0.44 
0.46 
0.48 
0.46 
0.40 
0.32 
0.38 
0.56 
0.08 
0.45 
0.41 

0.08 
0.00 

0.06 
0.08 
0.07 
0.00 
0.05 
0.11 

0.05 

ZnO 

0.00 
0.00 
0.00 
0.00 
0.04 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.01 
0.00 
0.00 
0.02 
0.02 
0.00 
0.01 
0.03 
0.02 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 
0.01 
0.00 
0.00 
0.00 

0.00 

Total 

100.29 
99.67 
100.40 
99.10 
98.59 
98.71 
99.28 
98.14 
98.57 
98.71 
100.02 
99.90 
99.45 
98.76 
99.33 
99.69 

99.16 
98.97 
98.53 
98.89 
98.88 
99.28 
99.34 
100.02 
98.59 
99.65 
98.95 

99.68 
99.12 

99.22 
98.88 
99.02 
98.85 
100.08 
98.81 

100.16 

Fo 

90.2 
91.3 
90.2 
90.4 
91.1 
91.6 
91.8 
94.0 
93.9 
94.0 
93.3 
79.5 
80.5 
80.1 
80.5 
79.7 

92.7 
92.5 
92.8 
92.6 
91.8 
91.7 
91.6 
91.1 
91.2 
90.8 
91.3 

1Olivine, clinopyroxene, and orthopyroxene. 
2Fo = 100 Mg2+/(Mg2+ + Fe2+), and Fe2+ is calculated from total FeO. 
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FIG. 4. Mg# [MgO/(MgO+FeOT)] versus V, Zn, and Cu of chromitites and ultramafic rocks from the Mayari-Baracoa 
ophiolite belt, eastern Cuba. 

One massive chromitite (Cma2) from the MCM 
contains unusually high PGE contents reaching ore 
grade (total PGE content = 10 ppm, Ru = 5.6 ppm, 
and Ir = 2.0 ppm). Euhedral PGMs are abundant 
and enclosed in chromite grains in this sample, 
which, however, has a mantle-normalized PGE pat­
tern similar to other chromitites (Fig. 5). 

In both the MCM and MBM, Pt and Pd are gen­
erally positively correlated, whereas Pd and Ir are 
negatively correlated (Fig. 6). Chromitites have 
smaller Pd/Ir ratios than the silicate rocks. In Pd/Ir 
versus Ni/Cu plots, chromitites in the MCM have 

higher Ni/Cu and smaller Pd/Ir ratios than those of 
the MBM (Fig. 7). 

Discussion 

The MCM and MBM as a paired ophiolite belt 
It has been previously noted that the MCM and 

MBM differ in mineral chemistry and rock assem­
blages (Proenza et al., 1998,1999b). The major rock 
type of the two massifs, harzburgite, is considered to 
represent a residuum after various degrees of partial 
melting. Experimental work has shown that the com-
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FIG. 5. Mantle-normalized Ni, PGE, Au, and Cu patterns of the chromitites and ultramafic rocks from the Mayari-
Baracoa ophiolite belt, eastern Cuba. The normalization values are Ni 1950 ppm, Ir 4.4 ppb, Ru 5.6 ppb, Rh 1.6 ppb, Pt 
8.3 ppb, Pd 4.4 ppb, and Cu 28 ppm (Barnes et al., 1987). 

position of accessory chromite in this rock type 
changes and re-equilibrates with the associated oli­
vine and pyroxene as melting proceeds (e.g., Mysen 
and Kushiro, 1977). In addition, higher Al in 
pyroxenes of the MBM harzburgite suggests lower 
degrees of partial melting compared to the MCM 
harzburgite. This is consistent with a lower Cr# for 
chromites in the former and a higher Cr# of chromite 
in the latter peridotites. The various degrees of 
depletion of the mantle peridotites suggests that 
both massifs represent one mantle section sampled 
at different levels, or that they are samples of mantle 
from distinct tectonic settings. 

An upper mantle section is commonly thought to 
be stratified by progressive extraction of basaltic 
magmas, the most depleted residuum being the 
uppermost part (Nicolas, 1989). Comparing the 
ophiolite massifs to such a stratified section would 
suggest that the MCM represents the deeper por­
tions of the column and the MBM the shallower por­
tion, if they are part of the same mantle section as 
suggested by Proenza et al. (1999a). The high-Al 
chromitites are hosted in the MBM, which would 
have formed near the mantle-crust transition zone, 
and the high-Cr chromitites are hosted in the MCM, 
representing deeper mantle. However, the rock 
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FIG. 6. Plots of Pt versus Pd and Ir versus Pd of the chromitites and ultramafic rocks from the Mayari-Baracoa 
ophiolite belt, eastern Cuba. 

assemblages in both massifs do not support the con­
cept that they represent parts of the same, stratified 
mantle column. 

The MCM and MBM show different structural 
and geological features. There is considerably more 
dunite in the MCM, whereas in the MBM harzburg-
ite is the dominant ultramafic rock. Plagioclase-
bearing ultramafic rocks are a feature of the transi­
tion-zone rocks in the MBM, but the MCM does not 
have such lithologies. Gabbroic pegmatites cutting 
the chromitites and ultramafic rocks are abundant in 
the MCM, but are not found in the MBM. The MCM 
contains depleted harzburgites with high-Cr chromi­
tites and pyroxenite dikes, whereas the MBM has 
high-Al chromitites and gabbroic and troctolitic 
dikes. 

The pyroxenite dikes associated with the podi-
form chromitites might represent crystallization 
products of boninitic melts. Such boninitic melts 
most likely reflect hydrous mantle melting (Dick 
and Bullen, 1984) and formed by either high 
degrees of partial melting or by remelting of a pro­
gressively depleted source above a subduction zone 
(Crawford et al., 1989, and references therein). This 

suggests that the MCM podiform chromitites were 
formed in a suprasubduction-zone environment. 

Troctolite dikes are common in the mantle 
harzburgites of the East Pacific Rise, and have been 
interpreted as resulting from crystallization of 
MORB in the shallow mantle (Dick and Natland, 
1996; Edwards and Malpas, 1996). A likely envi­
ronment of formation for a rock assemblage of high-
Al chromitite and troctolite, as in the MBM, is a 
back-arc spreading center. 

The mineral compositions of chromitites are con­
trolled by the compositions of magmas from which 
they crystallized, and it is now clear that high-Cr 
chromitites formed from boninitic magmas, and 
high-Al chromitites formed from tholeiitic magmas 
(Zhou and Robinson, 1994). In the MCM, the Cr# of 
accessory chromites in the harzburgite and dunite 
are the same as that of chromite in the chromitites, 
although they have lower Mg#. The high Cr# of the 
segregated chromite in the MCM is comparable to 
an origin of crystallization from a boninitic magma. 
As Proenza et al. (1999b) pointed out, the high-Al 
chromitite in the MBM crystallized from a tholeiitc 
magma and may have formed at relatively shallower 
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FIG. 7. Plots of Pd/Ir versus Ni/Cu of the chromitites and 
ultramafic rocks from the Mayari-Baracoa ophiolite belt, east­
ern Cuba. 

depth. The higher Ti with higher Fe# of chromite of 
the MBM chromitites is probably controlled by the 
partial pressure of oxygen in the magmas, and must 
have formed at relatively shallow levels, i.e., at lev­
els higher in the mantle than those at which low-Ti 
chromite crystallizes. This, therefore, does not sup­
port the idea of the MBM being a deeper portion of 
the same mantle column beneath the MCM. It is also 
unlikely for boninitic melts to evolve to tholeiitic 
melts either through vertical or subhorizontal move­
ment, and thus to produce chromites of various com­
positions. 

The geology and tectonic evolution of the north­
ern Caribbean margin indicate that during the 
Upper Cretaceous, eastern Cuba was located above 
an intra-oceanic subduction zone (Lewis and 
Draper, 1990). The MCM and MBM may form a 
paired belt of mantle remnants beneath island-arc 

(Aptian-Albian Volcanic Arc) and back-arc environ­
ments (Fig. 8), a situation similar to the Zambales 
ophiolites of the Philippines (Hawkins et al., 1984; 
Yumul, 1989; Zhou et al., 2000). An alternative 
view is that both ophiolitic massifs were formed in a 
forearc setting, where asthenospheric mantle was 
intruded into a lithospheric mantle (Malpas et al., 
1997). 

In either case, adjacent suprasubduction-zone 
environments would allow the formation of both 
types of podiform chromite deposits under oxidizing 
conditions (Roberts, 1988; Zhou and Robinson, 
1997). In these sites, allochthonous magmas gener­
ated at different depths reacted with mantle perido-
tites, independently forming the two types of 
podiform bodies and associated rock types. 

PGE mineralization potential 
It has been noted that certain ophiolites may be 

PGE rich—for example, the Shetland ophiolite (Pri-
chard and Lord, 1993) and the Zambales ophiolite 
of the Philippines (Bacula et al., 1990). The PGE-
rich units in these ophiolites are either mafic cumu­
lates or podiform chromitites. Podiform chromitites 
are commonly enriched in iridium-subgroup PGE 
(IPGE, including Os, Ir, and Ru) relative to palla­
dium-subgroup PGE (PPGE, including Rh, Pt, and 
Pd) in mantle-normalized plots (Zhou et al., 1998), 
and contain IPGE-dominated mineral, such as lau-
rites and PGM alloys. 

This type of mineralization occurs in eastern 
Cuba (Munoz Gomez, 1995; Proenza et al., 2001). 
Podiform chromitites from the MCM and MBM are 
also enriched in IPGE, although the former have 
higher PGE contents than the latter (Fig. 5). The 
enrichment of IPGE is believed to be derived from 
boninitic magmas that are S-undersaturated and 
enriched in these metals. To produce PGE-enriched 
magmas it is likely that a high degree of partial melt­
ing is responsible, inasmuch as this enables the 
removal of the very refractory PGE from the mantle. 
Barnes et al. (1985) suggested 20% partial melting 
of the mantle is required to consume all the sulfides. 
The high degree of melting ensures that these mag­
mas are enriched in refractory elements such as Ni 
and Cr (Pearce et al., 1984), and maximizes the 
potential for the boninitic magma to be PGE 
enriched. Water derived from the downgoing slab 
not only promotes a high degree of partial melting 
required for the production of boninitic melts during 
the early stages of subduction, but it also facilitates 
the removal of PGE from the mantle. Boninitic mag-

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
C
o
l
o
r
a
d
o
,
 
B
o
u
l
d
e
r
 
c
a
m
p
u
s
]
 
A
t
:
 
2
2
:
5
8
 
1
2
 
J
u
n
e
 
2
0
1
1



MAYARI-BARACOA OPHIOLITE BELT 505 

FIG. 8. Schematic plate-tectonic setting of the Mayari-Baracoa and Mayari-Cristal paired ophiolite belt, eastern 
Cuba. 

mas provide the potential for PGE collection and 
concentration (e.g., Keays, 1995). For example, a 
PGE-rich boninitic magma provided a source for the 
PGE in the Bushveld layered igneous complex. 

A chromitite, Cma2, from the MCM contains 
extremely high PGE contents (total PGEs over 10 
ppm), and PGE minerals (alloys) are visible in indi­
vidual chromite grains in thin section. However, all 
other elements seem to be indistinguishable from 
those in the other chromitites (Table 3 and Fig. 5). 
For example, Cma2 has similar Ni and Cu contents 
to other chromitites. This similarity would suggest 
that the enrichment of Ir and Ru was mainly the 
result of the presence of laurites and Ir-Ru alloys in 
the sample. 

In addition to chromite, many metal alloys may 
also crystallize as early phases from a mafic magma. 
These phases are usually small in size and may not 
settle and concentrate on their own. The crystalliza­
tion and settling of chromite therefore are crucial to 
the concentration of these metals. As a result, high-
Cr chromitites are potentially important in the for­
mation of PGE-enriched deposits. This fractionation 
of PGEs from the primary melts would have resulted 
in a Ni-, Cr-, and PGE-depleted magma which, on 
erupt ion, produced Ni, Cr, and PGE-deple ted 
island-arc tholeiitic lavas. 

Conclus ions 

The Mayari-Cristal and Moa-Baracoa massifs in 
eastern Cuba have different rock associations and 
show dis t inct geochemical features, forming a 
paired ophiolite belt. The association of high-Al 

chromites and troctolite dikes in the MBM suggest 
that they formed at lower pressure in a backarc 
spreading center, whereas the high-Cr chromitites in 
the MCM are closely associated with pyroxenite 
dikes, suggesting formation at higher pressures 
beneath an island arc. This study supports the con­
cept that high-Cr chromitites crystallize from boni­
nitic magmas, whereas high-Al chromiti tes are 
derived from tholeiitic magmas. The MCM has the 
potential for PGE mineralization. 
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