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a b s t r a c t

The La Cocha ultramafic body, in the Sierra Chica of Córdoba (Sierras Pampeanas, Argentina), is formed by
serpentinized spinel harzburgites, with lenses of spinel pyroxenites and hornblendites. The associated
metamorphic rocks are garnet sillimanite gneisses, intercalated with tabular bodies of pyroxene
amphibolites and forsterite marbles.

Mineral chemistry of relict primary phases (olivine, orthopyroxene and spinel) from samples of the
spinel harzburgites and pyroxenites was determined, and several geothermometers were applied to
estimate the temperature conditions under which these rocks may have been equilibrated.

In the spinel harzburgites, the primary spinel is Alechromite [Cr# ¼ Cr/(Cr þ Al) ¼ 0.48e0.57], which
is replaced by ferrichromite and chlinoclore by metamorphism. Orthopyroxene is enstatite (En92) and
olivine is classified as forsterite (Fo92); this last one shows a homogeneous and constant composition
along the ultramafic body. Using geothermometric calibrations of the pair olivineespinel, the highest
temperature of 1157 �C would correspond to the primary conditions of formation of the harzburgites.

The spinel pyroxenites show a mineral composition defined by orthopyroxene (En85, enstatite), olivine
(Fo86, chrysolite), spinel (s. s.) and magnetite. Serpentine and clinochlore were produced by meta-
morphism. Spinel has high concentrations in Al and very low in Cr, and is classified as spinel sensu stricto;
magnetite replacement was produced by metamorphism. Orthopyroxene and olivine are depleted in
MgO regarding these minerals in the harzburgites. Temperatures of 785e734 �C calculated using geo-
thermometers with orthopyroxene are interpreted to be produced by metamorphism in amphibolite to
granulite facies conditions.

Cumular textures were not observed in outcrops and thin sections of the studied rocks. The narrow
composicional range and high forsterite content in olivine, the high Cr# in spinel, and the low
concentrations of Ni and Cr in whole rock analyses indicate a mantle residual origin for these peridotites,
which would exclude a cumular origin.

The association of peridotites with mafic bodies formed in an N-type MORB environment and a relict
mantle fabric showed by the elongated crystals/aggregates of olivine (preserved in pseudomorphic
replacements), indicating a high temperature flow, allow to interpret the La Cocha ultramafic body as
a slice of oceanic mantle, belonging to basal tectonites of an ophiolite complex. This body shows similar
petrological, geochemical and structural features than the other ultramafic bodies in the Sierras de
Córdoba, therefore the origin proposed here could be applied to the other bodies.
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r e s u m e n

El cuerpo ultramáfico de La Cocha, en la Sierra Chica de Córdoba (Sierras Pampeanas, Argentina), está
formado por harzburgitas espinélicas serpentinizadas, con lentes de piroxenitas espinélicas y horn-
blenditas. Las rocas metamórficas asociadas son gneises granatíferos sillimaníticos, intercalados con
cuerpos tabulares de anfibolitas piroxénicas y mármoles forsteríticos.

Se realizaron los primeros análisis de química mineral de muestras de las harzburgitas espinélicas, que
contienen las fases primarias de las peridotitas (olivino, ortopiroxeno y espinelo), y de las piroxenitas
espinélicas, y se aplicaron varios geotermómetros para estimar las condiciones de formación.

En las harzburgitas espinélicas, el espinelo primario es una cromita rica en Al [#Cr ¼ Cr/
(Cr þ Al) ¼ 0.48 e 0.57], que por metamorfismo es reemplazado por ferricromita y clinocloro. El orto-
piroxeno es enstatita (En92) y el olivino se clasifica como forsterita (Fo92), este último con una compo-
sición homogénea y constante a lo largo del cuerpo. Usando el par olivinoeespinelo como
geotermómetro, la temperatura más alta calculada de 1157 �C correspondería a las condiciones primarias
de formación de las harzburgitas.

Las piroxenitas espinélicas poseen una composición mineral definida por ortopiroxeno (En85, ensta-
tita), olivino (Fo86, crisolita), espinelo (s. s.) y magnetita. Serpentina y clinocloro son producto del met-
amorfismo. El espinelo tiene concentraciones altas de Al y muy bajas de Cr, y se clasifica como espinelo
sensu stricto; reemplazos por magnetita son producto del metamorfismo. El ortopiroxeno y el olivino
están empobrecidos en MgO en relación con las harzburgitas. Temperaturas de 785e734 �C calculadas
usando geotermómetros con ortopiroxeno son interpretadas como producto de metamorfismo en con-
diciones de facies de anfibolitas a granulitas.

No se observaron texturas cumulares en los afloramientos y secciones delgadas de las rocas estudiadas.
El estrecho rango composicional y la elevada concentración en forsterita que posee el olivino, el alto #Cr
del espinelo, y las bajas concentraciones de Ni y Cr en los análisis químicos de roca total serían indi-
cadores de un origen residual del manto para las peridotitas, que descartarían un origen cumular para
estas rocas.

La asociación de las peridotitas con cuerpos máficos formados en un ambiente tipo N-MORB y la
fábrica mantélica relíctica de los cristales/agregados de olivino (preservada en los reemplazos pseudo-
mórficos), indicando un flujo de alta temperatura, permiten interpretar al cuerpo ultramafico La Cocha
como una escama de manto oceánico, correspondiente a tectonitas basales de un complejo ofiolítico.
Dado que este cuerpo posee similares características petrológicas, geoquímicas y estructurales que los
otros cuerpos ultramáficos de las Sierras de Córdoba, el origen propuesto aquí podría aplicarse a los otros
cuerpos.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Mineral chemistry of ultramafic rocks can provide useful infor-
mation about the environment in which these rocks could be
originated. In spite of the high degree of serpentinization and
deformation, both by mantle flow and by orogenic processes, the
compositions of the relict primary minerals in the peridotites,
mainly spinel and olivine, are still preserved and provide important
information about the physical conditions of its origin and in some
cases of the tectonic environment (Dick and Bullen, 1984; Arai,
1994a; Roeder, 1994; Barnes and Roeder, 2001; Kamenetsky et al.,
2001; Metzger et al., 2002; Coish and Gardner, 2004; Ahmed
et al., 2005). Temperature conditions under which these rocks
may have been equilibrated can be established by means of the
application of a classic geothermometry, but they often lack pres-
sure index minerals.

Mineral chemistry of spinel is particularly important: it is the
most reliable petrogenetic indicator (Irvine, 1965, 1967) because in
most cases it survives metamorphism, which allows to preserve the
primary conditions. Mineral chemistry is sensitive to whole rock
composition, mineral association, and conditions of pressure,
temperature and oxygen fugacity (Irvine, 1965).

In upper mantle peridotites, the composition of spinel, mainly
the Cr-number [Cr# ¼ Cr/(Cr þ Al)], can indicate the degree of
partial melting and has been used as a guide to classify the peri-
dotites in terms of tectonic environments (Dick and Bullen, 1984;
Arai, 1994a). The degree of partial melting, including second-stage
melting (Duncan and Green, 1980), enhances the Cr# of spinel in
the peridotite restite (Dick and Bullen, 1984; Arai, 1994a). The
melting style of the upper mantle is possibly different from
a tectonic setting to another, with different degrees of melting in
peridotites from arcs, plumes and mid-ocean ridges (Dick and
Bullen, 1984; Arai, 1994a). Depleted peridotite with high Cr#
(>0.7) in spinel can be produced either at the mantle wedge
beneath arcs or at the plume-related within-plate mantle (Pearce
et al., 1984; Arai, 1994b; Ishiwatari et al., 2003). The TiO2 content
of spinel varies depending on the tectonic place of generation: it is
the lowest for the arc magmas, intermediate for MORB and the
highest for intraplate magmas (Arai, 1992). For these properties, Cr,
Fe and Ti are the main elements in the mineral chemistry of spinel
that are used in the tectonic discrimination diagrams for
peridotites.

Subsolidus equilibration during metamorphic or hydrothermal
processes can significantly modify the primary composition of
spinel (Abzalov, 1998; Mellini et al., 2005; Gervilla et al., 2012);
therefore, the use of their chemical composition as a petrogenetic
and geotectonic indicator needs a careful petrographic study.

The ultramafic rocks of the La Cocha body in the Sierra Chica of
Córdoba (Sierras Pampeanas, Argentina) preserve relics of the
original mineral assemblage, mainly spinel, olivine and orthopyr-
oxene. These rocks has been studied in their petrological andwhole
rock geochemical features (Pugliese, 1995; Escayola et al., 1996;
Pugliese and Villar, 2001, 2002, 2004; Anzil and Martino, 2009b),
however the results reported here are the first studies of mineral
chemistry and geothermometry using relict primary minerals
carried out in these rocks.

The objectives of this contribution are the following ones: (a) to
characterize the mineral chemistry of the La Cocha ultramafic rocks
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in the Sierra Chica of Córdoba, (b) to perform geothermometric
calculations in order to establish the temperature conditions of
formation of these rocks, (c) to interpret their origin and evolution,
and (d) to compare it with the thermotectonic evolution of the
associated metamorphic rocks in the Sierra Chica, established by
Martino et al. (2010), and representative of the Pampean orogen in
the Sierras de Córdoba at this latitude.

2. Geological setting

The Sierras de Córdoba (Fig. 1) is the easternmost group of the
Sierras Pampeanas of Argentina and encompasses a w500 km long
and w150 km wide area. They consist of several north-trending
ranges composed of a NeoproterozoiceEarly Paleozoic poly-
deformed metamorphic basement (Pampean Orogenic Cycle,
w530 Ma; Rapela et al., 1998; Siegesmund et al., 2010), imbricated
by contractional ductile shear zones of Middle to Late Paleozoic
ages (Martino, 2003), and intruded by Paleozoic granitoids
(Famatinian Orogenic Cycle; Rapela et al., 1998). These ranges are
limited by Tertiary west-vergent reverse faults and separated by
Mesozoic to Cenozoic intermontane sediments. The east-tilted
basement blocks were uplifted during the Andean Orogenic Cycle
and are surrounded by the Quaternary ChacoePampean plain.
Neogene trachyandesites and pyroclastic deposits partly cover the
basement rocks in the western side.

In the polydeformed metamorphic basement, a regional gran-
ulite facies thermal axis of Early Cambrianmigmatites is recognized
(Fig. 1; Martino et al., 1995, 1997, 1999). Minor outcrops of Neo-
proterozoic ultramafic rocks (647 � 77 Ma, SmeNd in ophiolite
remnants, Escayola et al., 2007) are recognized in the Sierra Grande
and the Sierra Chica (Villar, 1975; Escayola et al., 1996). These rocks
have been interpreted as forming part of possible sutures of
terranes accreted to the Gondwana margin during the
NeoproterozoiceEarly Paleozoic (Kraemer et al., 1995; Ramos et al.,
2000; Escayola and Kraemer, 2003). Based on local and regional
structural relationships, Martino et al. (2010) interpreted that the
Sierra Chica ultramafic bodies were emplaced as upper mantle
slices in an accretionary prism that was reworked during the
Cambrian Pampean orogeny.

3. The La Cocha ultramafic body

The studied area cover the La Cocha hill (31� 360 40ʺ LSe64� 320

40ʺ LO, 1250 m a.s.l., Fig. 2), located w10 km toward the northwest
of the Alta Gracia city, mainly in the Central Sierra Chica (Fig. 1). In
this place, an ultramafic body elongated toward the northeast,
w500 m long and w200 m wide, crops out.

The ultramafic body is associated with metamorphic rocks,
dominantly composed of garnet sillimanite gneisses, with inter-
calations of tabular bodies of two pyroxene amphibolites (Anzil and
Martino, 2012). In the core of the ultramafic body, tabular bodies
(<200 m long) of forsterite marbles and non-pyroxene amphibo-
lites are recognized. The metamorphic rocks develop a foliation
under high-grade conditions (Martino et al., 2010). On the whole,
all these rocks define a major low cylindricity recumbent fold, with
the axis plunging with high-angle to the north (N 20�/68�) and the
axial plane striking NNE and dipping with high-angle to the east (N
10�/85� E; Anzil, 2009; Anzil and Martino, 2009a; Martino et al.,
2010). This structure would be part of a large sheath fold, now
partially eroded. In the surroundings of the studied area, several
ultramafic bodies with similar petrographic and structural features
were recognized (Anzi,l 2009; Martino et al., 2010).

The La Cocha ultramafic body (Fig. 2) is essentially composed of
partially to totally serpentinized spinel harzburgites (serpentin-
ites). An internal foliation defined by a compositional layering
(Fig. 3a) is recognized in all the ultramafic body (Anzil and Martino,
2009a; Martino et al., 2010). In the core of the ultramafic body,
decametric lenses (<20 cm wide) of hornblendites and spinel
pyroxenites are recognized, the last associated with chromitite
layers (nowadays totally removed by mining), concordant with the
internal foliation of ultramafic rocks. The hornblendite layers also
occur in the contact of the ultramafic body with the amphibolites.
The dominant spinel harzburgites and the associated spinel
pyroxenites lenses are the main rocks studied in this work.

3.1. Spinel harzburgites

The spinel harzburgites were determined by modal classifica-
tions estimated from petrography of relict primary minerals and
pseudomorphic replacements (Anzil, 2009; Anzil and Martino,
2009a). The rocks are dark green, foliated, and with reddish len-
ses (<2 cmwide). A fine grained (<1 mm long) elongated granular
matrix is dominantly composed of serpentinized olivine (70e80%
of the rock). Reddish isolated crystals (<4 mm long) or aggre-
gates of orthopyroxene (20e30%), partially to completely basti-
tized, give a general porphyritic look to the rock. The accessory
phases (<2%) are minerals of the spinel group. Products of
replacement are minerals of the serpentine group, chlorite group,
Ca-amphiboles, calcite and Fe-oxides.

A compositional layering (<2 cmwide, Fig. 3a) is defined by the
elongation and irregular concentration of lens-like pyroxene layers
that alternate with more regular, elongated granular aggregates of
olivine layers. Intrafolial microfolds of bastitized pyroxene aggre-
gates were also identified. This internal foliation is interpreted as
a high temperature mantle foliation (Anzil, 2009; Anzil and
Martino, 2009a; Martino et al., 2010). This foliation is cut by an
axial plane foliation (Anzil, 2009; Anzil and Martino, 2009a;
Martino et al., 2010), filled by fibrous serpentine and tremolite
veins (amphibolitization; Anzil and Martino, 2009b).

Different replacement assemblages in the ultramafic rocks were
identified based on textural relationships, mineral chemistry and X-
ray diffraction in minerals of the serpentine group by Anzil (2009)
and Anzil and Martino (2009b). According to the degree of alter-
ation, three types of serpentinized rocks are distinguished: (a) with
presence of primary minerals of the peridotites, (b) totally ser-
pentinized, and (c) those affected by amphibolitization. The (a)
serpentinized spinel harzburgites with relics of primaryminerals as
olivine, orthopyroxene and reddish brown spinel are studied in this
work.

In thin section, mesh and bastitic textures suggest pseudomor-
phic replacements (Gervilla, 1997). Olivine (<1 mm long) is
partially to completely serpentinized (lizardite) from the edge to
the core, displaying typical mesh textures that leave olivine relicts;
when these relicts are also replaced, hourglass and window
textures occur (Deer et al., 1992). The latter texture is defined by
a single green yellow tabular serpentine crystal in the middle of the
replaced olivine crystal, oriented with (001) perpendicular to the
foliation. Magnetite rims mark the old crystal contours. Orthopyr-
oxene (<4 mm long) is pink to pale green, partially to totally
replaced by serpentine, forming centimeter-long bastites with
magnetite along fractures and edges; cleavage usually is parallel to
the foliation.

The main accessory phase is a reddish brown spinel (<0.5 mm
long, Fig. 3b) forming isolated grains or aggregates parallel to the
foliation, although scarce green spinel occurs in a few samples
without reddish brown spinel. Isolated grains of magnetite are also
recognized. Clinochlore occurs as scarce sheets disseminated in the
serpentine matrix and forming coronas around minerals of the
spinel group. Amphibole occurs as long crystals disseminated in the
serpentine matrix and also filling veins (tremolite).



Fig. 1. Geological map of the Sierras de Córdoba, including the studied area in the Sierra Chica.
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Fig. 2. Geological map of the La Cocha ultramafic body.
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Fibrous serpentine veins that cut the internal foliation are of non
asbestiform type, with columnar texture (Wicks and Whittaker,
1977) and the fibers oriented perpendicular to the wall. They are
classified as lizardite 1T by optic methods and X ray diffraction
(Anzil and Martino, 2009b).

3.2. Spinel pyroxenites lenses

The spinel pyroxenites are fine grained black rocks, with
abundant magnetic minerals (magnetite). Centimetric talc-rich
veins give a shiny look to the rock. In detail, millimetric lenses of
magnetite and green spinel (w35% of the rock) are distinguished
from a fine grained (<1 mm) reddish granular matrix (w65% of the
rock) composed of partially serpentinized pyroxene and olivine.
Orthopyroxene is pale pink and forms euhedral short prisms
(<0.5 mm long); in general, it is not altered. Olivine is colorless,
rounded (<1 mm) and, in general, strongly fractured and crossed
by serpentine veins. Spinel is green and euhedral (<0.5 mm,
Fig. 3c), with exsolution of an opaque mineral (probably magnetite)
in the core (Fig. 3d); in places, opaque grains are elongated and
arranged in thin strips. Very abundant magnetite forms isolated
grains (<2 mm) and coronas around green spinel (Fig. 3d). In more
altered rocks, clinochlore coronas were also developed around both
magnetite and green spinel. Secondary minerals are prismatic



Fig. 3. a. Tabular outcrops of the La Cocha ultramafic rocks controlled by a mantle foliation (marked by the pencil, length ¼ 14 cm). b. Photomicrograph under plane-polarized light
of the spinel harzburgites composed of olivine (Ol), orthopyroxene (Opx) and Alechromite (AleChr) with ferrichromite rims (Fchr), associated with clinochlore (Clc) in a serpentine
matrix (Srp); scale bar ¼ 1 mm c. Photomicrograph under plane-polarized light of the spinel pyroxenites composed of orthopyroxene, olivine, green spinel (Spl), magnetite (Mag)
and serpentine; scale bar ¼ 0.5 mm. d. Backscattered electron (BSE) image of the spinel pyroxenites showing magnetite rims around spinel s. s., which also contains tiny blebs of
magnetite exsolution; scale bar ¼ 100 mm. e. BSE image of the spinel harzburgites showing Alechromite grains, unaltered or only with thin magnetite rims, in a serpentine matrix;
scale bar ¼ 100 mm f. BSE image of the spinel harzburgites with relicts of olivine, orthopyroxene and Alechromite in a serpentine matrix; scale bar ¼ 100 mm. g. BSE image of the
spinel harzburgites showing chemical zonation by alteration of an Alechromite grain with a ferrichromite zone (with exsolutions of magnetite, see detail) and thin magnetite rims,
associated with clinochlore in a serpentine matrix; the black circles are the analyzed points; scale bar ¼ 10 mm. h. Compositional profiles of the analyzed points in the zoned Ale
chromite grain marked in g.
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tremolite in the matrix of the rock, and serpentine (lizardite) and
talc in veins that cross all the minerals, mainly olivine.

4. Mineral chemistry

Compositional data of mineral phases of petrogenetic interest
were obtained by electron probe microanalysis using a JEOL
Superprobe JXA-8200 at the Departamento de Geología at the
Universidad de Huelva (Spain) and a JEOL Superprobe JXA-8230 at
the Laboratorio de Microscopía Electrónica y Análisis por Rayos X
(LAMARX) at the Universidad Nacional de Córdoba (Argentina).
Operating conditions for spot analyses were 15 kV and 20 nA; spot
sizes were 2e10 mm depending on the analyzed phase. Natural
minerals and synthetic oxides were used as standards: wollastonite
for Si and Ca, rutile for Ti, magnetite for Fe in spinel, fayalite for Fe in
olivine and pyroxene, periclase for Mg in spinel, forsterite for Mg in
olivine and pyroxene, jadeite for Al and Na, orthoclase for K,
rodonite for Mn and Zn, chromium oxide for Cr, skutterudite for Ni
and vanadinite for V. Data were calculated using the Pouchou and
Pichoir Method (1985). The ferric and ferrous irons of spinel were
calculated assuming spinel stoichiometry.

After a careful petrographic study of 21 samples from the La
Cocha ultramafic rocks, four representative samples were selected
for microprobe analyses: two samples of the spinel harzburgites
with relics of primary minerals (Co-127 and Co-127a) and one
almost totally serpentinized (Co-118), and one sample of the spinel
pyroxenites (Co-112). The analyzed phases were minerals of the
spinel group, olivine and orthopyroxene. Representative micro-
probe analyses are listed in Tables 1e3.

4.1. Minerals of the spinel group

4.1.1. In the spinel harzburgites
The main accessory mineral (<2%) of the spinel group analyzed

in these rocks (Table 1) is a euhedral to subhedral reddish brown
grain (<0.5 mm long; Fig. 3b), with high contents of Cr2O3 (34e
39%), FeO (28e33%) and Al2O3 (19e24%), and low values of MgO
(7e10%). The TiO2 content is very low (<0.2%). The Cr# varies
between 0.48 and 0.57 and the Mg# between 0.31 and 0.47. This
spinel is classified as Alechromite [Fe2þ(Cr, Al)2O4]. Individual
grains are homogeneous down to the resolution of the electron
microprobe. The grains are unaltered or only show a very thin
magnetite rim (<1 mm wide) in a serpentine matrix (Fig. 3e,f). The
compositions of the different minerals of the spinel group are
showed in the triangle CreAleFeþ3 (Fig. 4).

Another phase occurs as coronas (<50 mmwide, Fig. 3b,g) around
some grains of Alechromite in the samples Co-127 andCo-127a or as
isolate irregular opaque grains (<0.5 mm long) in the serpentine
matrix in themore altered sample Co-118. The chemical composition
is characterized by high contents of Cr2O3 (32e40%), Fe2O3 (23e31%)
and FeO (24e29%), and very low of Al2O3 (2e4%) and MgO (2e4%).
The Cr# varies between 0.82 and 0.90. This phase is classified as
ferrichromite [Feþ2(Cr, Feþ3)2O4], the type of chromite alteration
found inmany ultramafic rocks (Spangenberg,1943; Evans andFrost,
1975). It is a submicroscopic intergrowth of oxide phases, usually
enriched in FeO and Fe2O3, and depleted in Al2O3 and MgO. A range
of Fe-number (Fe# ¼ Fe2þ/(Mg þ Fe2þ) > 0.1 and Mg-number
(Mg# ¼ Mg/(Mg þ Fe2þ) < 0.4 is defined for ferrichromite (Bliss
and MacLean, 1975; Barra et al., 1998). It is commonly accompa-
nied by chlinoclore. Ferrichromite usually forms along chromite rims
and cracks in lower grade rocks and as homogeneous grains in high-
grade metamorphic rocks (Loferski and Lipin, 1983).

Alechromite replacement extent is variable from sample to
sample, increasing in sample Co-118. In samples Co-127 and
Co-127a, most Alechromite grains are unaltered or only show thin
magnetite rims (<1 mm wide, Fig. 3e,f), but some grains record
ferrichromite alteration in the form of textural and chemical zoning
(Fig. 3g). In these composite grains, Alechromite cores have
rounded shapes and sharp contacts with ferrichromite zones
(<50 mmwide), and are associated with clinochlore in a serpentine
matrix. In backscattered electron images (Fig. 3g), Alechromite is
dark gray (low average atomic number); ferrichromite is light gray
(medium average atomic number) and, in some places, shows
exsolutions of a Fe-rich phase (white, high average atomic number),
probably tiny blebs of magnetite (see detail in Fig. 3g), which also
forms thin ragged rims along some edges. A sharp increase in the
Fe2O3 and FeO contents and a decrease in the Al2O3 and MgO
contents towards the rim are clearly recognized (Fig. 3h). The Cr2O3
contents remains constant or show a slight decrease from Ale
chromite to ferrichromite. The ZnO contents show a continuous
decrease towards the rim. The MnO, V2O3, TiO2 and NiO contents
show a slight increase from Alechromite to ferrichromite.

4.1.2. In the spinel pyroxenites
Two types of minerals of the spinel group were distinguished in

these rocks. The first type is a green spinel (Fig. 3c) that appears as
aggregates of subhedral grains (<2 mm long) in an interstitial
phase and as inclusion in orthopyroxene. It contains small blebs of
an opaque mineral (probably magnetite) exsolved within the grain
and/or in the rims as coronas (Fig. 3d). The exsolution of magnetite
in spinel suggests an early stabilization of a solid solution of Fe-rich
spinel during the cooling (Loferski and Lipin, 1983). A weak zona-
tion is recognized in some spinel grains, with higher concentration
of the exsolution in the core. The interstitial grains show sharp
edges, with contacts defining triple points and fractures filled by
magnetite. The chemical composition of the green spinel shows
high contents of Al2O3 (63.4e64.4%) and MgO (18.4e19.1%), low in
FeO (15.3e16.3%) and very low in Cr2O3 (1.2e1.6%). This mineral is
classified as spinel sensu stricto (MgAl2O4), with Mg# between
0.64 and 0.72 (Table 1).

The second type of mineral of the spinel group is an opaque
mineral (Fig. 3b) that commonly appear as anhedral to subhedral
grains (<1 mm long). It also forms exsolutions within spinel (s. s.),
and fills fractures and forms rims around it and olivine. The
chemical composition is characterized by high contents of FeO total
(91e95%) and low of Cr2O3 (<2.3%), MgO (<0.6%) and Al2O3
(<0.5%). The contents of TiO2 (<0.9%), NiO (<0.8%) and V2O3
(<0.5%) are low. This composition allows to classify the analyzed
opaque mineral as magnetite (Fe2þFe3þ2O4). The magnetite rims
around spinel s. s. show higher contents of Al2O3 (2e4%) and up to
1% of MnO. The discrete grains of magnetite are associated with
rounded grains of ilmenite (with 4e8% of MgO and 1e3% of MnO),
which also occur as exsolution rods in magnetite.

4.2. Olivine

The olivine grains in the La Cocha spinel harzburgites are
partially to totally serpentinized along edges and fractures, but
unaltered relict cores are preserved (Fig. 3f). They show intragrain
and intergrain chemical homogeneity of MgO (50.9e51.6%) and FeO
(7.3e7.9; Table 2) contents and no significant variation within
samples. The MnO content is very low (0.06e0.14%) and the NiO
content is low (0.36e0.48%). Based on the Mg/(Feþ2 þMg) content,
olivine is classified as forsterite (Fo92).

Olivine in the spinel pyroxenites (sample Co-112), on the other
hand, shows lower contents of MgO (46.5e47.1%) and FeO (12.7e
13.4; Table 2) than in the spinel harzburgites, also without signif-
icant intragrain variation. The MnO (0.21e0.29%) and the NiO
(0.11e0.22%) contents are low. Olivine in the spinel pyroxenites is
classified as chrysolite (Fo86).



Table 1
Representative chemical analyses (wt% oxides) of minerals of the spinel group from the La Cocha ultramafic rocks.

Sample CO-127 CO-127 CO-127 CO-127a CO-127a CO-127a CO-127a CO-127a CO-127 CO-127a CO-127a CO-118

Point 1 3 Rim_5 Core-2a Core-2b Core-1b 6 Core-36 2 Rim-1c Rim-1b Core-2

Mineral Crhom Crhom Crhom Crhom Crhom Crhom Crhom Crhom Ferrichr Ferrichr Ferrichr Ferrichr

Total number of spinel analyses n ¼ 70
SiO2 0.004 0.01 0.003 0.004 0.001
TiO2 0.083 0.045 0.056 0.062 0.045 0.067 0.097 0.133 0.171 0.177
Al2O3 22.265 19.175 20.772 21.196 24.408 23.291 19.669 22.249 10.266 8.541 4.22 3.123
Fe2O3 10.533 11.785 8.228 10.283 9.458 10.588 10.606 10.395 11.399 24.040 31.401 28.514
FeO 21.792 22.337 24.511 20.744 19.753 19.947 22.741 20.278 24.860 24.741 25.953 27.338
MnO 0.434 0.468 0.405 0.505 0.327 0.487 0.149 0.45 0.591 0.696 0.831 0.328
MgO 9.099 8.418 6.984 8.827 9.945 9.625 7.967 9.466 5.66 4.796 3.637 3.471
CaO 0.006 0.007 0.018
ZnO 0.484 0.709 0.959 1.599 1.531 1.612 1.035 1.199 0.728 0.85 0.647 0.346
Cr2O3 35.717 36.308 37.113 36.054 33.897 34.718 36.735 35.322 45.484 34.121 31.365 36.384
NiO 0.099 0.179 0.183 0.021 0.014 0.069 0.037 0.167 0.135 0.083 0.301
V2O3 0.285 0.255 0.313 0.385 0.17 0.286 0.279 0.292 0.198
Total 100.71 99.47 99.20 99.54 99.72 100.71 99.21 99.68 99.25 98.34 98.60 100.18

Number of cations on the basis of 4O
Si 0.000 0.000 0.000 0.000 0.000
Ti 0.002 0.001 0.001 0.001 0.001 0.002 0.003 0.004 0.005 0.005
Al 0.824 0.729 0.796 0.798 0.899 0.856 0.751 0.829 0.415 0.351 0.177 0.130
Fe3þ 0.250 0.291 0.195 0.248 0.220 0.250 0.260 0.248 0.298 0.675 0.910 0.818
Fe2þ 0.578 0.609 0.673 0.560 0.521 0.526 0.623 0.542 0.720 0.728 0.780 0.816
Mn 0.012 0.013 0.011 0.014 0.009 0.013 0.004 0.012 0.017 0.021 0.025 0.010
Mg 0.430 0.409 0.342 0.425 0.468 0.452 0.389 0.451 0.292 0.252 0.195 0.185
Ca 0.000 0.000 0.001
Zn 0.011 0.017 0.023 0.038 0.036 0.038 0.025 0.028 0.019 0.022 0.017 0.009
Cr 0.887 0.926 0.954 0.911 0.838 0.856 0.941 0.883 1.233 0.940 0.882 1.016
Ni 0.003 0.005 0.005 0.001 0.000 0.002 0.001 0.005 0.004 0.002 0.009
V 0.006 0.005 0.007 0.008 0.004 0.006 0.006 0.006 0.004
Total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Mg/Mg þ Fe2 0.43 0.40 0.34 0.43 0.47 0.46 0.38 0.45 0.29 0.26 0.20 0.18
Cr/(Cr þ Al) 0.52 0.56 0.55 0.53 0.48 0.50 0.56 0.52 0.75 0.73 0.83 0.89

Sample CO-112 CO-112 CO-112 CO-112 CO-112 CO-112 CO-112 CO-112 CO-112 CO-112 CO-112 CO-112

Point Spl-1e Spl-3b Incl-Opx 22 25 34 36 Mag-2 Mag-5 Mag-8 Rim-1 Rim-4

Mineral Spinel Spinel Spinel Spinel Spinel Spinel Spinel Mag Mag Mag Mag Mag

SiO2 0.027 0.029 0.012 0.036 0.014 0.051 0.009 0.015 0.015
TiO2 0.052 0.003 0 0.016 0.021 0.020 0.152 0.353 0.405
Al2O3 62.265 63.644 59.919 63.977 63.590 63.684 63.437 0.473 0.564 0.570 3.389 3.389
Fe2O3 1.938 2.670 3.096 2.079 2.846 63.670 64.169 64.004 61.292 61.292
FeO 17.485 15.021 15.795 13.958 13.087 13.507 13.242 30.756 30.789 31.520 31.447 31.447
MnO 0.188 0.18 0.072 0.135 0.187 0.148 0.144 0.048 0.077 0.091 1.066 1.066
MgO 17.086 17.5 17.964 18.438 18.876 18.511 18.676 0.541 0.639 0.562 0.318 0.318
CaO 0.014 0.004 0.000 0.005 0.017 0.014 0.023 0.003
ZnO 0.222 0.348 0.338 0.049 0.146 0.088 0.313 0.313
Cr2O3 2.403 2.183 4.411 1.150 1.360 1.481 1.438 2.328 1.696 1.751 1.783 1.783
NiO 0.232 0.217 0.106 0.245 0.230 0.202 0.277 0.227 0.079 0.037 0.040 0.040
V2O3 0.000 0.059 0.065 0.010 0.056 0.496 0.574 0.356 0.092 0.092
Total 99.97 99.13 100.56 100.70 100.59 99.72 100.19 0.77 99.09 99.38 99.76 99.76

Number of cations on the basis of 4O
Si 0.001 0.001 0.000 0.001 0.001 0.001 0.001
Ti 0.001 0.000 0.000 0.004 0.010 0.011
Al 1.891 1.924 1.832 1.919 1.908 1.924 1.911 0.020 0.024 0.024 0.142 0.142
Fe3þ 0.018 0.051 0.059 0.040 0.055 1.918 1.925 1.913 1.804 1.804
Fe2þ 0.381 0.325 0.346 0.297 0.279 0.290 0.283 0.943 0.940 0.959 0.943 0.943
Mn 0.004 0.004 0.002 0.003 0.004 0.003 0.003 0.001 0.002 0.003 0.032 0.032
Mg 0.663 0.676 0.702 0.700 0.716 0.707 0.712 0.030 0.035 0.030 0.017 0.017
Ca 0.000 0.000 0.000 0.001 0.000
Zn 0.004 0.007 0.007 0.001 0.004 0.002 0.008 0.008
Cr 0.049 0.044 0.090 0.023 0.027 0.030 0.029 0.067 0.048 0.050 0.050 0.050
Ni 0.005 0.005 0.002 0.005 0.005 0.004 0.006 0.007 0.002 0.001 0.001 0.001
V 0.000 0.001 0.001 0.000 0.001 0.008 0.009 0.006 0.002 0.002
Total 2.999 2.985 3.000 3.001 3.001 3.001 3.002 3.000 3.000 3.000 3.000 3.000
Mg/(Mg þ Fe2þ) 0.64 0.68 0.67 0.70 0.72 0.71 0.72 0.03 0.04 0.03 0.02 0.02
Cr/(Cr þ Al) 0.03 0.02 0.05 0.01 0.01 0.02 0.01 0.77 0.67 0.67 0.26 0.26

Detection limits (ppm): Si ¼ 96, Ti ¼ 125, Mn ¼ 217, Ca ¼ 78, Zn ¼ 450, Ni ¼ 159, V ¼ 249.
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Table 2
Representative chemical analyses (wt% oxides) of olivine from the La Cocha ultramafic rocks.

Sample CO-127a CO-127a CO-127a CO-127a CO-127 CO-127 CO-118 CO-118 CO-118 CO-112 CO-112 CO-112

Point 9 10 39 40 14 18 4 5 8 1 2 18

Total number of olivine analyses n ¼ 39
SiO2 40.358 40.456 40.382 40.239 40.706 40.488 40.735 40.763 40.539 39.547 39.753 39.612
TiO2 0.006 0.007 0.003 0.02 0.003 0.018 0.014 0.012 0.002
Al2O3 0.039 0.03 0.007 0.018 0.001 0.014 0.01
FeO 7.393 7.333 7.31 7.415 7.823 7.943 7.374 7.518 7.321 13.038 13.194 13.361
MnO 0.12 0.099 0.106 0.111 0.127 0.111 0.104 0.111 0.07 0.293 0.221 0.233
MgO 50.59 50.091 50.496 51.001 51.359 51.523 51.704 51.772 51.559 47.128 46.713 46.945
CaO 0.034 0.014 0.003 0.023 0.004 0.005 0.032 0.036 0.01 0.023 0.014
Cr2O3 0.233 0.061 0.065 0.003 0.19
NiO 0.389 0.447 0.465 0.459 0.459 0.392 0.368 0.484 0.487 0.163 0.137 0.181
V2O3 0.044 0.016 0.019 0.026 0.015 0.034
Total 99.12 98.59 98.85 99.30 100.50 100.51 100.32 100.87 100.07 100.18 100.10 100.36

Number of cations on the basis of 4O
Si 0.990 0.996 0.993 0.986 0.987 0.982 0.987 0.984 0.985 0.985 0.990 0.986
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.001 0.001 0.000 0.001 0.000 0.000 0.000
Fe2þ 0.152 0.151 0.150 0.152 0.159 0.161 0.149 0.152 0.149 0.271 0.275 0.278
Mn 0.002 0.002 0.002 0.002 0.003 0.002 0.002 0.002 0.001 0.006 0.005 0.005
Mg 1.850 1.839 1.850 1.863 1.856 1.863 1.867 1.863 1.868 1.749 1.734 1.741
Ca 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.000
Cr2O3 0.004 0.001 0.001 0.000 0.004
Ni 0.008 0.009 0.009 0.009 0.009 0.008 0.007 0.009 0.010 0.003 0.003 0.004
V 0.001 0.001 0.001 0.001 0.000 0.001
Total 3.008 3.002 3.006 3.013 3.013 3.017 3.013 3.014 3.015 3.015 3.009 3.014
Fo 92.33 92.33 92.41 92.36 91.97 91.95 92.52 92.37 92.57 86.33 86.10 86.02

Detection limits (ppm): Ti ¼ 213, Al ¼ 101, Mn ¼ 162, Ca ¼ 76, Cr ¼ 1411, Ni ¼ 264, V ¼ 206.

Table 3
Representative chemical analyses (wt% oxides) of orthopyroxene from the La Cocha ultramafic rocks.

Sample CO 127a CO 127a CO 127a CO 127a CO 127 CO 127 CO 127 CO 127 CO 118 CO 118 CO 112 CO 112

Point 4 36 43 47 1 2 7 9 17 21 27 38

Total number of orthopyroxene analyses n ¼ 40
SiO2 56.032 55.799 56.261 56.340 56.896 56.796 56.503 56.852 56.248 57.497 53.534 54.292
TiO2 0.014 0.021 0.022 0.022 0.010 0.032 0.056 0.041
Al2O3 1.158 0.926 1.096 0.987 0.845 1.047 1.125 0.907 1.486 0.489 3.412 3.173
FeO 5.374 5.498 5.476 5.491 5.591 5.523 5.777 5.843 5.572 5.192 9.634 9.871
MnO 0.133 0.097 0.151 0.148 0.135 0.130 0.167 0.162 0.138 0.094 0.240 0.233
MgO 35.036 35.336 35.208 35.313 36.225 36.008 36.013 36.079 36.023 36.108 31.922 32.297
CaO 0.087 0.075 0.095 0.089 0.137 0.141 0.230 0.112 0.148 0.135 0.122 0.120
Na2O 0.028 0.001 0.036 0.001 0.007 0.023 0.018 0.001 0.011 0.002 0.001 0.023
K2O 0.007 0.010 0.010 0.010 0.002 0.003 0.006 0.009 0.028 0.004
Cr2O3 0.324 0.348 0.119 0.146 0.152 0.152 0.164 0.100 0.216 0.216 0.160
NiO 0.041 0.057 0.129 0.068 0.077 0.085 0.133 0.085 0.039 0.070 0.035
V2O3 0.007 0.007 0.023 0.028 0.035 0.010 0.035 0.032
Total 98.23 98.154 98.604 98.64 100.12 99.93 100.17 100.19 99.89 99.68 99.18 100.21

Number of cations on the basis of 6O
TSi 1.954 1.947 1.955 1.957 1.944 1.944 1.931 1.944 1.925 1.973 1.882 1.889
TAl 0.046 0.038 0.045 0.040 0.034 0.042 0.045 0.037 0.060 0.020 0.118 0.111
TFe3 0.015 0.003 0.022 0.013 0.023 0.020 0.015 0.008
M1Al 0.002 0.023 0.019
M1Ti 0.001 0.001 0.001 0.001 0.001 0.001
M1Fe3 0.037 0.044 0.045 0.039 0.051 0.052 0.065 0.053 0.070 0.027 0.086 0.086
M1Fe2
M1Cr 0.009 0.010 0.003 0.004 0.004 0.004 0.004 0.003 0.006 0.006 0.004
M1Mg 0.951 0.945 0.948 0.955 0.942 0.941 0.927 0.942 0.923 0.970 0.883 0.889
M1Ni 0.001 0.002 0.004 0.002 0.002 0.002 0.004 0.002 0.001 0.002 0.001
M2Mg 0.871 0.893 0.875 0.874 0.903 0.897 0.908 0.897 0.915 0.877 0.790 0.786
M2Fe2 0.120 0.101 0.114 0.118 0.087 0.093 0.077 0.094 0.075 0.114 0.198 0.201
M2Mn 0.004 0.003 0.004 0.004 0.004 0.004 0.005 0.005 0.004 0.003 0.007 0.007
M2Ca 0.003 0.003 0.004 0.003 0.005 0.005 0.008 0.004 0.005 0.005 0.005 0.004
M2Na 0.002 0.002 0.002 0.001 0.001 0.002
M2K 0.001
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 0.399 4.000 4.000
En 91.744 91.712 91.606 91.624 91.624 91.667 91.140 91.271 91.583 92.180 85.011 84.874

Detection limits (ppm): Ti ¼ 205, Al ¼ 106, Mn ¼ 161, Ca ¼ 75, Na ¼ 123, K ¼ 64, Cr ¼ 1407, Ni ¼ 259, V ¼ 206.
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Fig. 4. Spinel compositions from the La Cocha ultramafic rocks based on the trivalent cations Fe3þeCreAl. Compositional fields from different metamorphic facies after Evans and
Frost (1975) and Suita and Streider (1996). The cut line is the solvus curve for different metamorphic chromo-spinel phases (Purvis et al., 1972; Evans and Frost, 1975; Suita and
Strieder, 1996).
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4.3. Orthopyroxene

The orthopyroxene in the La Cocha spinel harzburgites has
concentrations of 5.1e5.8% of FeO, 34.7e36.1% of MgO, 55.2e56.2%
of SiO2 and 0.8e1.1% of Al2O3 (Table 3), with a homogeneous
behavior in the analyzed grains, as much from edge to core
(intragrain) as in relationship with other grains (intergrain). In
some grains, Al2O3 content decreases toward the edge (1.5e0.5%;
sample Co-118), the same occurs in CaO (0.08e0.12%; samples Co-
127 and Co-127a), while MgO can show a light enrichment
toward the edge. The analyzed orthopyroxene is plotted in the
enstatite field (En92) in the diagram WoeEneFs for pyroxene
classification of Morimoto et al. (1988).

The enstatite component shows a decrease from the spinel
harzburgites (En92) to the spinel pyroxenites (En85). In the last ones
(sample Co-112), orthopyroxene shows enrichment in FeO (9.60e
9.87%) and Al2O3 (2.87e3.46%), depletion in SiO2 (53.42e54.29%)
and MgO (31.49e32.36%), with similar concentrations of the
other elements, in relationship with the spinel harzburgites.

5. Reactions textures in the minerals of the spinel group

Most Alechromite grains in the La Cocha spinel harzburgites
are unaltered or only show very thin magnetite rims (Fig. 3e,f)
produced during the serpentinization of olivine and orthopyr-
oxene. Although, some Alechromite grains record replacement by
ferrichromite (Fig. 3g,h) from grain boundaries or fractures
toward the interior of the grains, giving rise to zoned grains
consisting of mostly unaltered Alechromite cores irregularly
enveloped by variably thick, ferrichromite rims (Gervilla et al.,
2012).
Chromite tends to lose content in Al, relative to Cr, during
metamorphism and reaction with silicates and metamorphic fluids
to form chlorite or amphibole, increasing the Cr# (Barnes and
Roeder, 2001). In the La Cocha spinel harzburgites, loss of Al in
spinel generated the transformation of some chromite grains (Al-
rich) to ferrichromite (Al-poor), raising the Cr# up to values
between 0.83 and 0.94. As a consequence of this process, the
compositions of ferrichromite are plotted along the CreFeþ3 join in
the CreAleFeþ3 diagram (Fig. 4) and at the top right of the Cr#e
Mg# diagram (Fig. 5a). The Al2O3eTiO2 diagram (Fig. 6) shows
the decrease of Al2O3 contents in spinel by alteration to ferrichro-
mite. The effect of metamorphism in the serpentinized ultramafic
rocks is thus mirrored by themineral chemistry of spinel (arrows in
Fig. 5a and Fig. 6).

The Fe3þ enrichment in the alteration rim of ferrichromite
suggests an oxidative state during metamorphism. Relatively high
oxidative conditions favor the reaction of spinel (or the spinel
component of chromite) with serpentine to produce chlorite and
a Fe-rich, Cr-spinel intermediate between chromite and magnetite
(Mellini et al., 2005; González-Jiménez et al., 2009):

�
Fe2þ;Mg

�
ðCr;AlÞ2O4 þ 1:5 Mg3Si2O5ðOHÞ4 þ H2Oþ 0:083O2

¼ MgAlSi3O10ðOHÞ8 þ 0:167ðFe;CrÞ3O4

Al� chromiteþ serpentineþH2Oþ O2

¼ chloriteþ ferrichromite:

Metamorphism stopped serpentinization of pyroxene and
olivine (Frost, 1985; Bach et al., 2006), favoring an oxidizing envi-
ronment. According to Fig. 4, this alteration event should have



Fig. 5. a. Cr-number [Cr# ¼ Cr/(Cr þ Al)] versus Mg-number [#Mg ¼ Mg/(Mg þ Fe2þ)]
in spinel. b. Cr# (in spinel) versus Fo content (in olivine) from the La Cocha spinel
harzburgites. The arrow indicates the effect of metamorphism. OSMA: olivine spinel
mantle array. Also shown are fields of abyssal or ocean floor peridotites (1) after Dick
and Bullen (1984) and Arai (1994b), and forearc peridotites (2) after Bloomer and
Hawkins (1983), Bloomer and Fisher (1987), Ishii et al. (1992) and Parkinson and
Pearce (1998).
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taken place during lower temperature amphibolite facies meta-
morphism (Purvis et al., 1972; Evans and Frost, 1975; Suita and
Streider, 1996). In the studied area, these conditions were reached
during the M3 retrograde event recorded in the associated meta-
morphic rocks (Martino et al., 2010).

The lack of evidence of alteration in Alechromite during the
early stages of the main regional metamorphism recorded in the
Fig. 6. Discrimination between volcanic and mantle spinel using TiO2 versus Al2O3

from the La Cocha spinel harzburgites. Fields for supra-subduction zone (SSZ) peri-
dotite sand mid-ocean ridge basalts (MORB) peridotites after Kamenetsky et al. (2001).
The arrow indicates the effect of metamorphism. Note that TiO2 is in logarithmic scale.
studied area (M2eD2 metamorphic event, upper amphibolite to
granulite facies, Martino et al., 2010) shows either that it was not
affected by this metamorphic event or that it was completely
obliterated by the subsequent oxidizing M3 event (González-
Jiménez et al., 2009). One reason is that the metamorphic modifi-
cations of Cr-spinel are controlled by the fluid phases (Candia and
Gaspar, 1997; Proenza et al., 2004), so a high-grade metamorphic
event with PH2O < Ptotal as occurs in the studied area could have
preserve primary compositions.

In the La Cocha spinel pyroxenites, green spinel shows exsolu-
tion textures of magnetite blebs and rims (Fig. 3d). In the CreAle
Feþ3 triangle (Fig. 4), the spinel (s. s.) compositions plot in the Al-
rich corner. According to Evans and Frost (1975) and Barnes and
Roeder (2001), spinels of these compositions are formed by
metamorphic reaction at upper amphibolite to granulite facies
conditions. The development of magnetite blebs and rims around
spinel (s. s.) imply loss of Al and enrichment in Fe, common in many
metamorphized ultramafic rocks (see for ex.: Onyeagocha, 1974;
Bliss and MacLean, 1975; Abzalov, 1998; Barnes, 2000). In these
rocks, the spinel and the magnetite rims delineate two different
trains in the CreAleFeþ3 triangle (Fig. 4). The scarce green spinel in
the harzburgites (in samples that do not contain Alechromite) are
also interpreted as produced by metamorphic reaction.

Based on textural analysis, only the cores of unaltered Ale
chromite grains with high MgO and low Fe2O3 contents have
been considered in the interpretation of the primary phases, and
used as petrogenetic indicators.

6. Geothermometry

The geothermometer calibrations of Fàbries (1979), Roeder et al.
(1979), Ballhaus et al. (1991), Berger and Vannier (1978), Povdin
(1988), Brey and Köhler (1990) and Witt-Eickschen and Seck
(1991) were used for the calculation of temperature conditions.
The main results obtained using the different geothermometers
and their references are listed in Table 4.

To estimate the temperature conditions under which the La
Cocha spinel harzburgites may have been equilibrated, geo-
thermometers that include the primary mineral association olivine
(Fo92) þ orthopyroxene (En91e92) þ spinel (Alechromite) were
used. The cores of unaltered grains of olivine, orthopyroxene and
Alechromite are interpreted to represent this primary association.
Pressures were not determined; however, spinel-facies peridotites
indicate intermediate pressures (10e15 kb). Upper mantle mineral
assemblages are usually equilibrated at a pressure of 15 kb (Fabries,
1979) and therefore this value is assumed for temperature
Table 4
Results of the different geothermometers applied to the La Cocha ultramafic rocks.

Spinel harzburgites Sample T (�C) Sample T (�C)

Ol-Spl 1 (P ¼ 15 kb) Co127a 1157 Co127 1090
2 (P ¼ 15 kb) 903 823
3 (P ¼ 15 kb) 994 939

Opx-Ol 4 Co127a 921
5 796e1053

Opx 6 (�26 �C) Co127a 682 Co127 653
7 726 680
6 Co127a 618 Co127 682
7 771 695

Spinel pyroxenites
Opx 6 (�26 �C) Co112 785

7 734

References: 1 e Fàbries (1979); 2e Roeder et al. (1979); 3e Ballhaus et al. (1991); 4
e Berger and Vannier (1978); 5 e Povdin 1988; 6 e Brey and Köhler (1990); 7 e

WitteEickschen and Seck (1991).
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calculations that require it; calculations at 10 kb show only minor
variations (�10 �C).

In the spinel harzburgites, the higher temperatures were deter-
mined using calibrations developed for the pairs olivineespinel
(823e1157 �C) and orthopyroxeneeolivine (796e1053 �C), while
lower temperatures were calculated using geothermometers with
orthopyroxene (618e771 �C).

Because of ionic diffusion mechanisms and transfer reactions
associated with metamorphic processes can alter the chemical
compositions of the minerals used in the experimental tempera-
ture calibrations, the highest value obtained of 1157 �C could be
considered as valid to estimate the primary conditions in the spinel
harzburgites (Esteban et al., 2004). Lower temperature values
would be related to subsolidus re-equilibration between some of
the mineral phases produced by metamorphism.

In the spinel pyroxenites, temperatures of 785e734 �C were
calculated using geothermometers with orthopyroxene. These
values are interpreted to be related to metamorphism in amphib-
olite to granulite facies conditions.

7. Interpretation

The high forsterite content (Fo92) in olivine from the La Cocha
spinel harzburgites is consistent with values from harzburgites of
the mantle (Deer et al., 1992). The olivine and Alechromite
compositions fall within the mantle array (OSMA, Fig. 5b), which
could be interpreted as evidence of the residual origin of these
peridotites (Arai, 1994b). These compositions show that olivine did
not suffer important modifications and could represent conditions
previous to serpentinization and regional metamorphism. The low
concentrations of Ni (900e1590 ppm) and Cr (1400e2270 ppm) in
whole rock analyses (Anzil, 2009; Anzil and Martino, 2009b) also
support the residual origin for these peridotites.

Cumular textures were not observed in outcrops and thin
sections of the studied rocks. The narrow and high Fo range (Fig. 5b)
is also typical of residual peridotites, particularly harzburgites and
Fig. 7. Variation diagrams of NiO (a) and MnO (b) versus Fo content in olivine from the L
Compositional fields from Vance and Dungan (1977), modified from Hartmann and Chema
dunites, and unlike cumulate rocks which tend to show lower Fo
contents (Arai, 1994b; Coish and Gardner, 2004). Pugliese (1995)
proposed a cumular origin for the La Cocha peridotites but, in
this case, the Fo range should be wider and lower. Besides, on the
variation diagram NiO versus Fo content (Fig. 7a), olivine in the La
Cocha harzburgites is represented in the ‘ophiolites’ and ‘chromi-
tites’ fields, away from the ‘cumulates from ophiolites’ field. On the
variation diagram MnO versus Fo content (Fig. 7b), olivine is also
represented in the ‘ophiolites’ fields, away from the ‘cumulates
from ophiolites’ field, although some points, possibly affected by
metamorphism, plot in the ‘tremolite-talc’ field.

Fig. 7a,b is not conclusive with regard to the origin of the spinel
pyroxenites (sample Co-112), in which olivine is plotted among the
fields of ‘cumulates from ophiolites’, ‘ophiolites’ and ‘tremolite-
talc’. A possible origin for the La Cocha pyroxenite lenses is attrib-
uted to the circulation of mafic flows that reacted with the host
harzburgites, which could explain the compositional variations of
olivine and orthopyroxene in both rocks. The hornblendites layers
that occur in the contact between the amphibolites and the ultra-
mafic body could be interpreted as product of the reaction between
a fluid phase and the associated rocks.

Another feature supporting the primary origin of olivine is the
elongated shape of the crystals/aggregates (preserved in pseudo-
morphic replacements; Anzil, 2009; Martino et al., 2010), inter-
preted as evidence of ductile flow and recrystallization under high
temperature conditions in the mantle (Carter and Avé Lallemant,
1970; Schneider et al., 2008).

In the Al2O3eTiO2 diagram (Fig. 6), Alechromite plots within the
typical mantle spinel fields (Kamenetsky et al., 2001), but the
tectonic environment of the peridotites is ambiguous. The Cr2O3
and TiO2 contents in spinel are a function of the degree of partial
melting suffered by the peridotite (Dick and Bullen, 1984; Arai,
1994b). In the analyzed Alechromite, the Cr# is lower to 0.6 in all
the samples (<0.57, Fig. 5a), which suggest that the rocks suffered
partial melting, but not in the degree of highly refractory perido-
tites with Cr# up to 0.7 (Dick and Bullen, 1984; Arai, 1994b). The
a Cocha spinel harzburgites (black symbols) and spinel pyroxenites (white symbols).
le (2003), shown for comparison.



Fig. 9. Diagram TiO2eCr# in spinel from the La Cocha spinel harzburgites. Fields of
refractory abyssal peridotites and Atlantic MORB after Kelemen et al. (1997). Refer-
ences: 1 e plagioclase peridotites; 2 e replacive spinel dunites; 3 e replacive spinel
harzburgites; 4 e reactive spinel peridotites.
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TiO2eCr2O3 diagram (Fig. 8) for chromitites worldwide confirms
this origin for Alechromite in the La Cocha harzburgites, which fall
within the field of depleted oceanic peridotites (tectonites). In the
TiO2eCr# in spinel diagram (Fig. 9), they fall within the refractory
abyssal peridotites field defined by Kelemen et al. (1997).

Aluminum contents in pyroxene are also known to be sensitive
to the degree of mantle melting, decreasing systematically with
increasing depletion of peridotites (Zhou et al., 2005). The low
Al2O3 contents of orthopyroxene in the La Cocha spinel harzbur-
gites (0.8e1.2%) are typical of depleted peridotites. The slight
compositional variations towards the edge would be produced by
metamorphism.

Ahmed et al. (2005) suggest that the production of highly
depleted peridotites and related rocks, i.e. the high degree of partial
melting, was much more prevalent in the Precambrian time than in
the Phanerozoic time.

The high Al content of chromite in the La Cocha harzburgites
could indicate that they belong to transition areas between crust
and mantle (Zhou and Robinson, 1997; Proenza et al., 1999), while
the Cr-rich chromite belong to deeper areas of themantle sequence.

The association of the La Cocha ultramafic rocks with mafic
bodies (amphibolites, Fig. 2) would also support an origin as an
oceanic mantle slice: Anzil (2009) and Anzil and Martino (2012)
classified the two pyroxene amphibolites as belonging to the
tholeiitic series and rare earth elements diagrams suggest
a parental magma with an N-type MORB signature. Also, the non-
pyroxene amphibolites could belong to an N-type MORB environ-
ment, with low contents of light rare earth elements, suggesting
that their parental melt has originated from a depleted mantle.

8. Metamorphic evolution of the ultramafic rocks

The thermotectonic evolution of the metamorphic rocks in the
studied area was established by Martino et al. (2010) based on the
petrography, geothermobarometry and structure of high grade
gneisses associated with the ultramafic bodies in the Sierra Chica of
Córdoba. The paragenesis of the ultramafic rocks were established
by Anzil (2009) and the serpentine replacements by Anzil and
Martino (2009b).

The ultramafic rocks recorded high-temperature mantle events
developed during a precontinental stage, preserving primary relics
of olivine, orthopyroxene and Alechromite, and a mantle foliation.
Pseudomorphic replacements of olivine and orthopyroxene by
lizardite þ magnetite, without Alechromite alteration, were asso-
ciated with ocean-floor metamorphism. This event was previous to
the Pampean orogenic cycle (Prepampean), constrained by Sm/Nd
Fig. 8. Diagram Cr2O3eTiO2 in spinel from the La Cocha spinel harzburgites. Fields of
ultramafic rocks after Herbert (1982), Jan and Windley (1990), Zhou and Kerrich
(1992). Note that TiO2 is in logarithmic scale.
ages (647 � 77 Ma; Escayola et al., 2007) from ultramafic bodies in
the Sierra Grande of Córdoba.

After the tectonic emplacement of the ultramafic bodies, during
a continental stage (Pampean Cycle, w530 Ma; Rapela et al., 1998;
Siegesmund et al., 2010), the mainM2eD2 regional metamorphism
(Martino et al., 1995, 1997, 1999, 2010) under high amphibolite to
granulite facies conditions occurred. In the ultramafic rocks, it was
recorded by the development of disseminated amphibole and cli-
nochlore (�ferrichromite) in the serpentine matrix. Chrysotile
occurs in non-pseudomorphic textures and diffuse bastites. The
breakdown of spinel could begin in this event. A previous M1eD1
event is only recorded by relict textures in the associated high-
grade gneisses.

A strong D3 constrictional deformation in a simple shear regime
under high-temperature conditions affected the ultramafic bodies
forming tubular sheath folds. Later, a M3 retrograde meta-
morphism, under amphibolite facies conditions, took place. In the
ultramafic rocks, corona textures composed of ferrichromite,
magnetite and a new clinochlore around some Alechromite grains
were developed. Serpentinized (lizardite) edges in the previously
formed amphibole and clinochlore also occur. Veins of lizardite and
tremolite (�clinochlore) developed along an axial plane foliation.
During a last M4 event, veins that cut all the minerals, composed of
calcite, clinochlore, chrysotile or talc, were produced by low-
temperature fluids in the ultramafic rocks.

Based on local and regional structural relationships, Martino
et al. (2010) interpreted that the Sierra Chica ultramafic bodies
were emplaced as upper mantle slices in an accretionary prism that
was reworked during the Pampean orogeny, preserving its primary
mineral phases as relics, and that the same outcrop-pattern can
also be recognized in the other ultramafic bodies of the Sierras de
Córdoba. The La Cocha ultramafic body shows similar petrological,
geochemical and structural features than the other ultramafic
bodies in the Sierras de Córdoba (Martino et al., 2010, and refer-
ences therein), therefore the origin as an oceanic mantle slice
proposed here could be considered to interpret the other ultramafic
bodies in the Sierras de Córdoba.

9. Conclusions

In the La Cocha spinel harzburgites, the primary spinel is Ale
chromite (Cr# ¼ 0.48e0.57), which was replaced by ferrichromite
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and chlinoclore by metamorphism. Orthopyroxene is enstatite
(En92) and olivine is classified as forsterite (Fo92), this last one with
a homogeneous and constant composition along the body. Geo-
thermometric calculations using the pair olivineespinel gave
temperatures of 1157 �C, which would correspond to the primary
conditions of formation of the harzburgites.

The spinel pyroxenites show a mineral composition defined by
orthopyroxene (En85, enstatite), olivine (Fo86, chrysolite), spinel (s.
s.) and magnetite. Serpentine and clinochlore were products of
metamorphism. Spinel has high concentrations in Al and very low
in Cr, and is classified as spinel sensu stricto; blebs and rims of
magnetite were produced by metamorphism. Orthopyroxene and
olivine are depleted in MgO regarding these minerals in the harz-
burgites. Temperatures of 785e734 �C calculated using geo-
thermometers with orthopyroxene are interpreted to be produced
by metamorphism in amphibolite to granulite facies conditions.

The narrow composicional range and high forsterite content in
olivine, the high Cr content in spinel, and the low concentrations of
Ni and Cr in whole rock analyses indicate a mantle residual origin
for the studied peridotites, which would exclude a cumular origin
for these rocks.

The association of the peridotites with mafic bodies formed in
an N-type MORB environment and the relict mantle fabric showed
by the crystals/aggregates of olivine, indicating a high temperature
flow, allow to interpret the La Cocha ultramafic body as a slice of
oceanic mantle, belonging to basal tectonites of an ophiolite
complex.

The La Cocha ultramafic body shows similar petrological,
geochemical and structural features than the other ultramafic
bodies in the Sierras de Córdoba, therefore the origin as an oceanic
mantle slice proposed here could probably be applied to the other
ultramafic bodies in the Sierras de Córdoba.
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