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ABSTRACT
Valuable informationis retrieved from the integrated investigation of the field relationships, microstructure and
mineral compositions of harzburgites from the Neoproterozoic Cerro Mantiqueiras Ophiolite. This important
tectonic marker of the geological evolution of southernmost Brazilian Shield was thoroughly serpentinized
during progressive metamorphism, because the oldest mineral assemblabeim& + orthopyroxene +
tremolite + chlorite+ chromite. This M; was stabilized in mid amphibolite facies — 550-8Qas calculated
from mineral equilibria. No microstructural (e.g. ductile deformation of olivine or chromite) or compositional
(e.g. mantle spinel) remnant of mantle history was identified. A metamorphic eyeot®drred in the low
amphibolite facies along 100 m-wide shear zones, followed by intense serpentinizagjan@harrow 1-3
m-wide shear zones (M containing asbestos.
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INTRODUCTION mineral assemblages and mineral compositions for

The uncommon presence of ophiolites in the Neo_the unraveling of the processes involved in the em-

proterozoic geological record of the continentsplacement and deformation of the ophiolite.

. Neoproterozoic ophiolites occur along exten-
makes these mantle-oceanic crust fragments most ) ) - ]
. . . sive sutures in the Arabian-Nubian Shield (Gass et
significant for the understanding of geotectonic pro-

cesses active at the end of the Precambrian. Th%l' 1984, Berhe 1990, Stern 1994) and these have

intense alteration of the ophiolites involves defor- been investigated in much more detail than the co-

mation in the mantle and in the crust through Suc_eval ophiolites in the Brazilian Shield. Overall,

cessive episodes of recrystallization. The result inthese ophiolites - are remnants of Neoprotero-

. . . ., ...zoic ocean basins destroyed during Supercontinent
many cases is an association containing peridotité

L . . . Gondwana amalgamation. All known ophiolites of
and amphibolite without remnant, direct evidence ) - ]
. . - this age were identified on the basis of the nature of
of mantle deformation such as strained olivine or ) . ) )
. . . . the associated juvenile continental crust, because no
chromite. This complex interplay of sequential de- " ) ,
. o o direct evidence of mantle deformation has been pre-
formation and recrystallization of the ophiolite re- , ) ) ,
. . . . S served in the contained minerals. Large gravimet-
quires detailed microstructural investigation of the ™, ) )
ric anomalies suggest the presence of sutures in the
Correspondence to: Léo A. Hartmann Arabian-Nubian Shield (Gass et al. 1984). Brazil-

E-mail: leo.hartmann@uirgs.br o ian ophiolites are few and small (Suita and Strieder
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1996) and have been as intensely deformed and atenalites, which formed during the Uruguayan Cy-
tered as their Arabian-Nubian correlatives (Berhecle — 3.45-3.00 Ga. It also has rocks formed dur-
1990). Similarly to northeast Africa, the Brazilian ing the other orogenic cycles — Jequié Cycle, 2.95-
ophiolites occur in the juvenile terranes identified in2.66 Ga; Trans-Amazonian Cycle, 2.25-2.00 Ga;
the Neoproterozoic Brasiliano Cycle orogenic belts,and Brasiliano Cycle, 1.0-0.55 Ga, all active dur-
the Goids magmatic arc in Central Brazil (Pimenteling the episodic formation of the Brazilian Shield.
and Fuck 1992) and the Vila Nova belt (Figs. 1 andGrenville-type orogenies — Sunséas Orogeny, 1.2-0.9
2) in southern Brazil (Babinski etal. 1996). Smaller Ga, occur in southwestern Amazon Craton (e.g.,
gravimetric anomalies (<30 mgal; Haralyi and Ha- Sadowski and Bettencourt 1996) but have not been
sui 1982) indicate that the sutures were not activedentified in the southern Brazilian Shield. The
near the exposed ophiolites in the Brazilian Shield.Brazilian Shield was cratonized at the end of the

The 9-km long, harzburgite-amphibolite Cerro Brasiliano Cycle — at about 550 Ma, but younger
Mantiqueiras Ophiolite is a key geotectonic unit for orogenic deformation continued over 2000 km to
the understanding of the southern Brazilian Shieldthe west to build the Andes.
evolution during the Neoproterozoic (Figs. 3 and The episodic orogenic deformation occurred at
4). The goal of this investigation is to determine thethe active margins or within major Precambrian su-
geological evolution of the ophiolite based on field percontinents (Hartmann 2002). The tectonic sta-
and microstructural relationships integrated with de-bility that followed the Trans-Amazonian Cycle is
tailed, extensive electron-microprobe analyses ofelated to the existence of Supercontinent Atlantica
the minerals preserved from the sequential deforma— 2.00-1.00 Ga. Remnants of this supercontinent
tion of the basalts and peridotites. are known in the southern Brazilian Shield as the
Rio de la Plata Craton. The intense deformation of
the Neoproterozoic Brasiliano Cycle — 1.00-0.55 Ga
formed the Supercontinent Gondwana, causing ex-
Knowledge of the geological relationships in the tensive crustal reworking of the Supercontinent At-
southern Brazilian Shield (Fig. 1) has beenimprovedantica and juvenile accretion of TTG and ophiolites
by systematic investigations over the last fifty such as the Cerro Mantiqueiras Ophiolite.
years, following the founding of the first undergrad- This extended — 3.41-0.55 Ga, and polycyclic
uate courses in Geology in Brazilian universities in— four orogenic cycles, evolution of the continental
1957. Intense geological mapping by the Braziliancrust left a complex imprint on the geological re-
Geological Survey improved the understanding oflationships in the southern Brazilian Shield. Ultra-
many of the basic problems (Ramgrab et al. 1997mafic rocks are known from orogenic belts formed
Porcher and Lopes 2000). Studies by staff and stuin all four orogenic cycles, but these are small (<500
dents from several Brazilian universities further ex-m) and intensely deformed; although some are asso-
panded the knowledge of the geological relation-ciated with mafic rocks, it has not been possible to
ships (e.g., Gofii 1962, Machado et al. 1987, Fercharacterize them as part of ophiolites. On the con-
nandes et al. 1992, Leite et al. 1998, Hartmann andrary, they are more likely deformed komatiite lavas
Remus 2000, Hartmann et al. 1999a, b, 2000a, bfrom these Archean and Paleoproterozoic belts (e.g.,
Remus et al. 2000). Hartmann et al. 2000b).

We now know that the southern Brazilian The search for ophiolites in this southwestern
Shield (Hartmann et al. 2000a) had an evolutionborder of Gondwana has been concentrated in the
comparable to the entire shield (Hartmann and DelVila Nova terrane (Fig. 2), a Neoproterozoic ju-
gado 2001), because it contains some of the oldvenile association of TTG (tonalite-trondhjemite-
est granitic rocks — 3.41 Ga, La China Complexgranodiorite)-andesite-harzburgite. The Vila Nova

REGIONAL GEOLOGY

An Acad Bras Cienc (2003)75 (1)



METAMORPHISM OF CERRO MANTIQUEIRAS HARZBURGITE 111

Ribeira
Belt

[ J
@liitiba

Paranagua
Batholith

Luis Alves
Craton

Itajai Basin

Brusque Belt
BRAZIL 5

Tandilia
Belt

Floriandpolis
Batholith

Porongos
, Camaqua Belt
Ezg?:a / Chaco Basin Pelotas
Sdo Gaprie Batholith
Block -
R
URUGUAY  (Taguarembo (iR
Block)
Rio de La Plata
Craton + younger
terranes Atlantic
Ocean
N
y 100 km

\Montevideo I 8

Fig. 1 — Geotectonic units of the southern Brazilian Shield (modified from Hartmann et al. 2000a) The Cerro Mantiqueiras Ophiolite

is part of the S&o Gabriel Block. Location of Figure 2 indicated.

belt seems comparable to the Neoproterozoic jutectonic unit present in the western portion of the
venile Arabian-Nubian Shield, and it may contain Brazilian Shield in the state of Rio Grande do Sul,
ophiolite fragments as well. The juvenile Vila Nova because the geological, magmatic and metamorphic
belt is part of the Sdo Gabriel Block, which was relationships of the block are not comparable to the
described by Jost and Hartmann (1984) as the geceastern portion, known as the Dom Feliciano Belt
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Fig. 2 — Geological map of the S&o Gabriel Block (modified from Hartmann et al. 1999a). Location of
Cerro Mantiqueiras Ophiolite and Figure 3 indicated.

(Fragoso Cesar et al. 1986, Hartmann et al. 2000aare common in the block but form small massifs

This concept has been consolidated by recent inves- 100-500 m-long. Magnesian schists, commonly
tigations in the southern Brazilian Shield, becausecontaining talc-tremolite-chlorite, occur inthe Passo
only the S&o Gabriel Block contains (1) a major Feio, Bossoroca and Cambaizinho belts and also in
Archean/Paleoproterozoic granulitic unit—the Santahe Cambai Complex (Fig. 2).

Maria Chico Complex (Hartmann et al. 1999a) and

(2) a Neoproterozoic juvenile granitic/volcanic belt GEOLOGY OF THE CERRO

(Babinski et al. 1996). A Neoproterozoic shoshon- MANTIQUEIRAS OPHIOLITE

itic to alkaline volcanic association (Lima and Nardi . o .
The Cerro Mantiqueiras Ophiolite displays some

1998) is also distinctive in the S&o Gabriel Block, , . )
. chtstandlng geological features (Figs. 3 and 4),
although it extends over the basement to the eas .
such as: (1) structural and metamorphic concor-

into the foreland Camaqua Basin. This basin cov—d betw 9k 0.5 km bodv of harzb
ers the contact of the block with the Dom Feliciano iatmcerim?n :es nr1n>r;ib. it mwi(t)h ytr? E:ZI u|rn
Belt (Fragoso Cesar et al. 1986), a geotectonic unipre” ed by amphibolite, € enclosing

. . TTG association; (2) amphibolite of volcanic ori-
formed by crustal reworking of the Paleoproterozoic in as seen in stronalv deformed pillow lavas: (3
Rio de la Plata Craton (e.g., Babinski et al. 1997,gl ! gy pillow lavas; (3)

Frantz and Botelho 2000). presence of metachert; (4) presence of a few 0.5

. m-long massive chromiti ; monominer-
The S&o Gabriel Block has the largest volume ong massive chromitite pods; (5) monomine

. . . . . . alic talc, chlorite and tremolite rocks along con-
of ultramafic rocks in the shield, including the inves- 9

tigated ophiolite. Metamorphosed ultramafic rockstactS of .harzburg|te with gr’fmltlc rocks; (6)_ 'a few
meter-sized, metassomatic blocks of albitite; (7)
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Fig. 3 — Regional geological map of Cerro Mantiqueiras Ophiolite (modified from
R. Pinheiro Machado 1995, unpubl. and Leite 1997). Location of five samples dated
by zircon U-Pb SHRIMP (Leite et al. 1998) indicated.

a one hundred-meter thick, talc-chlorite-tremolite-orthoyroxene-rich harzburgite bands up to 2 cm
anthophyllite shear zone; (8) extensive serpentinizathick alternating with olivine-rich harzburgite bands.

tion of the harzburgite, including some asbestos+ine grained rocks have mylonitic texture in which

bearing, 1 m-thick shear zones. Detailed gravimetporphyroclastic relics of orthopyroxene and olivine

ric studies (J.A.D. Leite and F. Magro 1997, unpub-lie in a fine grained mass of serpentine. Massive
lished data) integrated with geological mapping atrocks are coarse grained, with grain size of olivine
the 1:5000 scale show that the Cerro Mantiqueirasnd orthopyroxene varying between 1 and 15 cm.
Ophiolite — harzburgite + serpentinite + magnesianThe texture is coarse granular xenoblastic with or-
schist + amphibolite, extends for 10 ksn0.5 km  thopyroxene and olivine showing interfingering con-
to a depth of 11 km dipping PQo the south. tacts.

The harzburgites occur as elongated massesand Serpentinites occur in two different settings.
pods with variable lengths — 5-350 m, surrounded byThey form diffuse masses associated with the harz-
the mylonitic magnesian schists. The pods are anburgites and are grey to yellowish green, fine to
gulose blocks and boulders less than 20-30 m longvery fine grained. Or else, the serpentinites occur
A thin grey to light red alteration film covers blocks in narrow 1-5 m-wide subvertical shear zones con-
and boulders; orthopyroxene is light grey and olivinetaining asbestos and cutting the harzburgite masses.
is light red. In these zones, harzburgite blocks are immersed in

Harzburgites are well foliated to massive. Foli- a fine grained and well-foliated serpentinite matrix.
ated rocks are medium to fine grained. The mediunThese mylonitic serpentinites are black in fresh sam-
grained rocks have crystals from 0.5 to 2.0 cm, andbles and greenish grey in altered samples. The re-
the rocks are banded and show thin discontinuousnarkable geological relationships indicate a com-

An Acad Bras Cienc (2003)75 (1)



114 LEO A. HARTMANN and FARID CHEMALE-JUNIOR

745-715 Ma
; Volcanogenic sedimentary rocks
Seival P - ) )
Asl\slociation 7///1 Marica Formation now hornfelses 1 km
Cambai Complex
Vila Nova Sequence / Fault zone

g Vacacai Granitic rocks TTG association, including diorites,

S| Arc dominant tonalites, granodiorites, variably 7 Transcurrent shear

) deformed 7 Zone

§ Cerro Mantiqueiras Sequence

R Mid amphibolite facies metabasalts; —  Main transcurrent shear

2 [ | Amphibolite intensely deformed pillows locally S zone in the ophiolite

Is) present

% Cerro e . Talc-chlorite-tremolite-anthophyllite X Altitude on top of hill

= Mantiqueiras Z Mar?‘mta?lan| ite) schist; formed during transcurrent 345

@ | Ophiolite schist (mylonité)  shear zone deformation of & :

@ harzburgite 258 Altitude on creek
Mid amphibolite facies forsterite- 745. O  Zircon U-Pb SHRIMP

[ Harzburgite, enstatite-tremolite-chlorite 715 Ma age
serpentinite schist; enstatite displays ductile ] o

deformation lamellae; accessory —y—  Atitude of ophiolite from
metamorphic chromite 70 gravimetric survey

Fig. 4—Geological map of the Cerro Mantiqueiras Opbhiolite (after Leite 1997). Transcurrent shear zones located from aerophotographs,
field mapping and gravimetric anomalies.

plex succession of events in the formation of theregistered in the harzburgites:
ophiolite, and these can be observed with optical

M1 olivine + orthopyroxene + tremolite
petrography.

+ chlorite + chromite

The olivine crystals are tabular, 1-100 mm large in
general but some crystals reach 150 mm, strongly
serpentinized and show no evidence of ductile de-
The TTG rocks show evidence of recrystallization formation. Although length: width ratios of olivine
in the amphibolite facies, such as ductile deforma-crystals are near 1, some are elongated 2:1 and show
tion of feldspars, followed by greenschist facies, par-negative optical elongation sign, a typical property
tial retrogressive alteration to chlorite and sericite.of metamorphic olivine because its growth during
The amphibolites are plagioclase-hornblende rocksnetamorphism occurs along thecrystallographic
and show some retrogression to chlorite and actinoaxis (e.g., Evans and Trommsdorf 1974). The or-
lite. But the highly reactive, massive harzburgitesthopyroxene crystals are 1-80 mm across but may
display the most informative sequence of mineralreach 150 mm, and form radiating bundles. Small,
assemblages for the understanding of metamorphif.5-mm crystals of olivine occur as inclusions in or-
conditions attained during the evolution of the ophi-thopyroxene and vice-versa, particularly near crys-
olite. tal rims. Orthopyroxene shows ductile deformation
The dominant mineral assemblage (Fig. 5) wadeatures such as ondulatory extinction, deformation
formed during the highest grade of metamorphismlamellae and sub-grain formation. Tremolite and

PETROGRAPHY
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Fig. 5—Photograph of hand sample of a harzburgite from the Cerro Mantiqueiras
Ophiolite. Serpentinized forsterite is dark, enstatite is light grey. Serpentinization

originated diffuse contacts between the two minerals. Radiating fractures around
forsterite are due to expansion during serpentinization.

chlorite are not abundant, but occur as 1-10 mnultramafic rocks (e.g., Evans and Frost 1975, Irvine
crystals, in textural equilibrium with olivine and or- 1967, Dick and Bullen 1984, Sack and Ghiorso
thopyroxene. Chromite occurs as 1-5 mm large in-1991, Suita and Strieder 1996, Candia and Gaspar
clusions in olivine and orthopyroxene. 1996, Candiaetal. 1999). Inthe Cerro Mantiqueiras
The following retrogressive mineral assem- Ophiolite, two types of spinels occur in the ultra-
blage is dominant in the shear zone and occurs dismafic rocks, Cr-magnetite and chromite, and both
seminated in the harzburgite: occur either disseminated in the ultramafic rocks or
massive in 20-30 cm-long pods. Spinel crystals are
anhedral to subhedral, about 0.1-4.0 mm in size and
(£anthophyllite) + Cr-magnetite commonly have thin 0.01 mm rims of Cr-magnetite.

These rocks are schistose and the grain size is aboitX Massive Cr-magnetite and chromite pods have
0.5-1.0 mm been identified in the ophiolite. The disseminated

Another assemblage occurs in small amountsspinels are commonly included in olivine and or-
in massive rocks: thopyroxene but also occur in intercrystalline po-
sitions and are very fine grained — 0.01-0.25 mm.
My olivine + talc + Cr-magnetite Cr-magnetite also occurs as fine to very fine grained
crystals, and forms clouds in the silicates, widely
The generalized serpentinization of the harz-gigyinted in the harzburgites. In short, two types
burgite formed the assemblage: of spinel occur in terms of grain size; the very fine
to fine grained crystals are Cr-magnetite, whereas
the fine to coarse grained crystals may be either
Cr-magnetite or Fe-chromite. The largest Cr-spinel
Spinel phases usually yield significant informa- crystals are slightly richer in @Dz and are partly
tion regarding the origin and evolution of the host corroded by chlorite.

Moy talc + chlorite + tremolite

M3 serpentine + Cr-magnetite
+ chlorite + talc + tremolite

An Acad Bras Cienc (2003)75 (1)
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TABLE |
Selected chemical analyses (wt% oxides) of olivinesfrom
Cerro Mantiqueiras Ophiolite har zbur gites by electron microprobe.

Al>O3 not detected. Total number of olivine analyses n = 157.

Analysis 1 2 3 4 5

SiO, 39.22| 40.84 | 40.59 | 40.16| 41.16
TiO, 0.00 | 0.00 0.00 | 0.02 | 0.00
Cr,03 0.00 | 0.00 0.05 | 0.00 | 0.00
FeO 12.45| 9.84 9.28 | 8.62 | 7.53
NiO 0.29 | 042 0.33 | 0.31 | 0.23

MnO 0.12 | 0.16 0.16 | 0.09 | 0.12
MgO 47.40| 49.41 | 49.80 | 49.88| 51.62
CaO 0.01 | 0.00 0.00 | 0.01 | 0.00
Total 99.51| 100.70| 100.26| 99.13| 100.69
Structural formulae on the basis of 40

Si 0.98 | 0.99 0.99 | 098 | 0.99
Ti 0.00 | 0.00 0.00 | 0.00 | 0.00
Cr 0.00 | 0.00 0.00 | 0.00 | 0.00
Fe 0.26 | 0.20 0.18 | 0.17 | 0.15
Ni 0.00 | 0.00 0.00 | 0.00 | 0.00
Mn 0.00 | 0.00 0.00 | 0.00 | 0.00
Mg 176 | 1.79 181 | 1.83 | 185
Ca 0.00 | 0.00 0.00 | 0.00 | 0.00
Fo 87.06| 89.90 | 90.38 | 91.08| 92.32
ELECTRON MICROPROBE RESULTS ilar to mantle or high grade, crustal metamorphic

olivine. The field for mantle compositions is indi-

The extensive chemical investigation — 495 analy-Cated in Fig. 6, and the field for high grade meta-
ses, of the harzburgite minerals — olivine, Or»[hopy_morphic olivine can be estimated by extending the
roxene, tremolite, chlorite and spinel, by electroncompositions from the low metamorphic grade field
microprobe led to the detailed description and to arffough the tremolite-talc field into higher NiO (Fig.
advanced understanding of the metamorphic Ioro§5a) or lower MnO and higher Fo contents of olivine
cesses involved. Full tables containing the resultdFig- 6b). Some analyses are similar to olivines
of electron microprobe analyses of minerals can bdrom low-amphibolite facies (tremolite-talc field),
obtained from the authors; only representative analProbably as a result of retrogressive alteration dur-
yses are published here. The 157 analyses of olivint'd M2 metamorphism.

(Table I) show that the composition varies between ~ Orthopyroxene (n = 143 analyses) has a com-
Fos7.1 and Fey 3 (Fig. 6). The crystals are unzoned positional variation (Table Il) between gy—Enyz g
and show little chemical variation between grainsa”d little variation when different samples are com-
from the same sample or even when crystals fronfared. Strained orthpyroxene has similar composi-

different samples are compared. tion as the other orthopyroxene crystals. No signif-
The trace element contents (NiO and MnO) oficant zoning of individual crystals is observed.
M forsterite (Fig. 6) indicate compositions sim- The 123 spinel analyses (Table Iil) from the

An Acad Bras Cienc (2003)75 (1)
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Fig. 6 — Selected chemical analyses of forsterite by electron microprobe from the Cerro
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comparison. Recrystallization of forsterite in amphibolite facies is indicated, although
some compositions plot in the mantle or ophiolite compositional fields.

Cerro Mantiqueiras harzburgites and pods show thabrigin for the orthopyroxene and included spinel has
the compositions are rather variable. Cr-magnetitenot been demonstrated, therefore.
is the dominant disseminated spinel present, as seen The investigation of five spinel crystals from
from the chemical analyses (wt%) —2&)3;, 0.01- two massive pods included chemical analyses along
1.3; TiO,, 0.00-0.20; C4O3, 0.06-24.73; FgO3,  1000um-long profiles, individual analyses spaced
41-67; MgO, 0.1-4.5; FeO, 22-30. This is also in-50um. The cores of the crystals are Fe-chromite
dicated by F&/Mg = 6.9-300.0, Cr/Al = 0.1-17.0, and Cr-magnetite and the rims are Cr-magnetite.
#Mg =0.02-0.16, #Cr =0.85-0.94, #Fe = 0.83-0.99.The massive spinels have the following chemical
The chemical compositions of the analyzed dissemeompositions (wt%) in the profiles analyzed 8%,
inated spinels are different from massive podiform4.16-5.80; TiQ, 0.01-0.07; CfOs, 27-50; FgOs,
and stratiform chromites from other regions (Fig. 14-35; MgO, 4.5-6.8; FeO, 21-23. Some of the ra-
7), and more comparable to compositions of uppetios between cations are: #Mg = 0.16-0.24; #Cr =
greenschist and amphibolite facies spinels. 0.82-0.91; #Fe =0.75-0.77; Cr/Al =6.6-11.2. Some
One sample of harzburgite was investigated inof the chemical analyses made on many spinel crys-
more detail, because it contains spinel inclusions irtals show some minor differences in the profiles.
plastically deformed orthopyroxene. If the orthopy- In general, the highest AD; and CpO3; contents
roxene were a relict mantle phase, then the chemare in the center of the spinel crystals. Chemical
ical composition of the spinel would probably ap- discrimination diagrams indicate that these massive
proximate to mantle spinels. The chemical analyse&e-chromites and Cr-magnetites are different from
of these spinel inclusions show that their composi-massive stratiform or ophiolite podiform spinels and
tions are identical within error with the other Cr- more comparable to low to medium grade metamor-
magnetites from the harzburgites (Fig. 7). A mantlephic spinels (Fig. 7). These discrimination dia-
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TABLE Il

Selected chemical analyses (wt% oxides) of orthopyroxenes
from Cerro Mantiqueiras Ophiolite harzburgites by electron
microprobe. NapO and NiO undetected. Total number of or-
thopyroxene analysesn = 143.

Analysis 6 7 8 9 10
Sio, 57.12 | 56.46 | 57.80 | 57.08 | 58.32
TiO, 0.01 0.00 0.03 0.01 0.02

Al,O3 0.26 0.21 0.23 0.31 0.22
Cr,03 0.05 0.05 0.04 0.17 0.23
Fe0s 1.19 2.60 0.44 1.97 0.77

FeO 7.23 6.36 6.04 4.89 4.24
MnO 0.16 0.14 0.11 0.10 0.05
MgO 34.10 | 34.16 | 35.33 | 35.45| 36.71
CaO 0.11 0.08 0.01 0.06 0.01

Total 100.27| 100.10| 100.08| 100.08| 100.60
Structural formulae on the basis of 60

Si 1.97 | 196 | 198 | 196 | 1.98
Ti 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Al 0.01 | 0.00 | 0.00 | 0.01 | 0.00
Cr 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Feit 0.03 | 006 | 001 | 0.05 | 0.01
Fet 0.20 | 0.18 0.17 0.14 | 0.12
Mn 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Mg 1.75 | 176 | 181 | 181 | 1.85
Ca 0.00 | 0.00 | 0.00 | 0.00 | 0.00
En 88.96 | 90.19 | 91.08 | 92.55 | 93.81
Fs 10.82 | 965 | 890 | 7.33 | 6.17
Wo 0.22 | 010 | 0.09 | 0.12 | 0.02

grams are presently used integrated with the geohighly magnesian compositions, close to clino-
logical, microstructural and geochemical evidencechlore. Chemical analyses (n = 34) of two albite
because otherwise they may lead to incorrect conerystals from a metassomatic albitite show average
clusions (Kimball 1990, Candia and Gaspar 1996, composition of AlgsAnzOrs.
Power et al. 2000).

The amphiboles in the harzburgites were ex- METAMORPHIC EVOLUTION
tensively investigated on the electron microprobeThe sequence of events fromyM> M — M3 —
with the EDS and 43 WDS chemical analyses (Ta-My is illustrated in Figure 8. The Mmineralogi-
ble 1V). Only tremolite was identified, both in well cal assemblage of the harzburgite in the ophiolite is
formed, larger crystals from the Missemblage and characteristic of metamorphic harzburgites recrys-
in smaller prisms from the Mand possibly M as-  tallized in the mid amphibolite facies (Evans and
semblages. Chlorite analyses (n = 29, Table V) showrrommsdorf 1974, Evans 1977, Bucher and Frey

An Acad Bras Cienc (2003)75 (1)



METAMORPHISM OF CERRO MANTIQUEIRAS HARZBURGITE 119

TABLE 111

Selected chemical analyses (wt% oxides) of Cr-spinelsfrom
Cerro Mantiqueiras Ophiolite har zbur gites by electron mi-
croprobe. Total number of spinel analysesn = 123.

Analysis 11 12 13 14 15

TiO, 130 | 0.24 | 0.24 | 0.23 | 0.31
Al,O3 0.54 | 2,50 | 3.58 1.67 | 6.49
Cr,03 19.58 | 34.96| 35.91| 36.27 | 46.84
FeO3 45.55| 30.92 | 28.65| 30.85 | 14.43
MgO 128 | 296 | 3.39 | 2.71 | 5.25
FeO 30.19| 27.35| 26.78| 27.77 | 24.40
NiO 0.23 | 036 | 0.32 | 0.32 | 0.22
Zn0O 012 | 021 | 0.21 | 0.21 | 0.49
Total 98.83| 99.53| 99.12| 100.06| 98.45

Structural formulae on the basis of 320

Ti 0.29 | 0.05 | 0.05 | 0.05 | 0.06
Al 0.19 | 0.86 | 1.23 | 057 | 2.17
Cr 471 | 8.12 | 829 | 8.43 | 10.52
Fel* 10.44| 6.83 | 6.29 | 6.82 | 3.08
Mg 0.58 | 1.29 | 1.47 1.19 | 2.22
Fe?t 769 | 6.83 | 654 | 6.82 | 580
Ni 0.05 | 0.08 | 0.07 | 0.07 | 0.05
Zn 0.02 | 0.04 | 0.04 | 0.04 | 0.10
Cr/iCr+Al | 0.96 | 0.90 | 0.87 | 0.93 | 0.82
Xmg 0.07 | 0.16 | 0.18 | 0.14 | 0.22

2002). Olivine is stable in the entire amphibolite mid amphibolite facies, because olivine, orthopy-
facies in ultramafic rocks, but orthopyroxene is onlyroxene, tremolite and chlorite occur in a stable as-
stable in the mid amphibolite facies and highersemblage and no clinopyroxene or picotite were ob-
grades. Tremolite is stable in the whole amphibo-served in the harzburgites. The spinel compositions
lite facies, because clinopyroxene only crystallizesare also compatible with equilibration in mid amphi-
in the granulite facies in harzburgites and was onlybolite facies metamorphic conditions in the crust.
observed in the Cerro Mantiqueiras Ophiolite am- From the petrographic observations and elec-
phibolites, not in the harzburgites. Chlorite is sta-tron microprobe chemical analyses, no remnant
ble in low to mid amphibolite facies, and becomesmantle mineralogy was encountered. Olivine and
unstable in the upper amphibolite facies where itchromite are fractured but do not display ductile de-
is replaced by picotite (Cr-hercynite). Picotite wasformation indicative of mantle deformation. The
not observed in the investigated harzburgites. Thendulatory extinction shown by many crystals of
chemical composition of chromite is typical of am- orthopyroxene is attributed to deformation occur-
phibolite facies spinels. ring late during the amphibolite facies metamorphic
In summary, the M mineralogical assemblage event, as is common in cratonic ultramafic com-
was formed during regional metamorphism in theplexes. The detailed chemical investigation of
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TABLE IV

Selected chemical analyses (wt% oxides) of
tremolitesfrom Cerro MantiqueirasOphiolite
harzburgites by electron microprobe. Total

number of tremolite analysesn = 43.

Analysis 16 17 18

SiO, 55.12 57.40 54.45
TiO, 0.02 0.04 0.06
Al,O3 0.93 0.76 0.75
FeO 2.93 2.28 2.64
MnO 0.08 0.09 0.13
MgO 24.57 24.34 27.27
CaO 10.65 12.07 9.87
Cr,03 0.12 0.12 0.09
Na,O 0.17 0.16 0.18
K,0 0.01 0.01 0.01
Total 94.60 97.27 95.45

Structural formulae on the basis of 230

Si 7.79 7.87 7.63
Ti 0.00 0.00 0.01
Al 0.15 0.12 0.12
Fe 0.35 0.26 0.31
Mn 0.01 0.01 0.01
Mg 5.17 4.98 5.70
Ca 1.61 1.77 1.48
Cr 0.01 0.01 0.01
Na 0.04 0.04 0.05
K 0.00 0.00 0.00

chromite crystals from massive chromitites andtle temperatures (>100Q) are not preserved in the
those included in orthopyroxene that shows ondulaanalyzed mineral pairs (Appendix 2).
tory extinction also indicates compositions compa-

rable to amphibolite facies crystals.

tion in metamorphic conditions about 550-8Q0or

An Acad Bras Cienc (2003)75 (1)

The metamorphic conditions prevailing during
M, were retrogressive in the low amphibolite fa-

The harzburgite was therefore entirely recrys-cies, because anthophyllite is stable in association
tallized during and after its emplacementin the crustwith talc, chlorite and tremolite and olivine occurs
because noremnant mantle minerals were identifiedn equilibrium with talc. Orthopyroxene is not stable
Its present position is the result of crustal deforma-in these conditions and was not found in the assem-
blage. Temperatures during this metamorphic event
slightly higher in mid amphibolite facies (Fig. 9). M, were about 500-55C or slightly higher (Fig.
The Jackson (1969) geothermometer tends to yiel®). M3 occurred in the greenschist facies because of
temperatures which are unrealistically high (Sackthe abundance of serpentine.

and Ghiorso, 1991), but Fig. 9 indicates that man- The formation of the monomineralic rocks
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Fig. 7 — Selected chemical analyses by electron microprobe of disseminated and massive chromites from the Cerro Mantiqueiras
Ophiolite (indicated by CM) compared (a) with other tectonic associations (Irvine, 1967) and (b) metamorphic grades (Evans and Frost
1975).

composed of talc, tremolite, chlorite or albite and stable in the new amphibolite facies conditions.
present at the contact with the granites is interpreted =~ The metamorphic evolution of the Cerro Man-
as occurring before M because there is no field or tiqueiras Ophiolite included, in our interpretation,
petrographic evidence linking this intense metassoan initial, strong greenschist facies event of serpen-
matic event to the M serpentinization event. The tinization and associated metasomatic formation of
formation of thick blackwall reaction zones and al- albitite and chloritic blackwall. The harzburgite is
bitites requires extensive serpentinization of the ul-interpreted therefore as a meta-serpentinite. But
tramafic rock, because many trace elements (e.ghe strong overprint of amphibolite facies metamor-
NaO, K,0, Al,03, CaO) are unable to enter the ser- phism precludes the petrographic investigation of
pentine structure and thus migrate to the wall rockshe metasomatic processes.

and dykes. Thus, the Mmineralogical assemblage This extended metamorphic evolution was re-
of the harzburgite is interpreted as the result of midsponsible for the obliteration of textures and min-
amphibolite facies recrystallization of a serpentinite.eralogy which had possibly originated in the man-
The albitite and zoned blackwall were recrystallizedtle before the Neoproterozoic emplacement of the
along with the serpentinite but the mineralogy did ophiolite into the juvenile portion of the southern
not change much because a similar assemblage w&sazilian crust. Theinitial serpentinization was very
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TABLEV

Selected chemical analyses (wt% oxides) of chlorites
from Cerro Mantiqueiras Ophiolite harzburgites by
electron microprobe. TiO2, NiO, MnO, CaO, Nay0,
K20 and CI not detected. Total number of chlorite
analysesn = 29.

Analysis | 21 22 23 24 25

SiO, 31.30| 31.07| 33.98| 32.27| 31.11
Al,03 15.92| 16.27| 12.51| 16.07 | 15.89
Cr,05 1.15 | 1.74 | 1.87 | 1.77 | 2.23
FeO 5.32 | 3.05| 3.50 | 3.74 | 3.29
MgO 31.70| 32.69| 34.17 | 33.22| 32.21
Total 85.40| 84.88 | 86.03| 87.07 | 84.73

Structural formulae on the basis of 280

Si 6.09 | 6.03 | 6,51 | 6.11 | 6.06
Al 365 | 3.72 | 282 | 359 | 3.64
Cr 0.17 | 0.26 | 0.28 | 0.26 | 0.34
Fe 0.86 | 0.49 | 0.56 | 0.59 | 0.53
Mg 9.19 | 946 | 9.75 | 9.38 | 9.35

intense, because rather thick blackwall rocks were  near contacts with granitic rocks, containing
formed. This serpentinization presumably recrys- albite, chlorite, tremolite or talc.

tallized entirely all the silicates and spinelsinto low g Progressive metamorphism leading to the re-
temperature minerals such as serpentine, talc, tremo- crystallization of any remaining mantle char-
lite, brucite, chlorite and Cr-magnetite. Any surviv- acteristics of the ultramafic rocks and the for-
ing mantle mineralogy was later recrystallized dur- mation of the M1 mineralogical assemblage in
ing progressive metamorphism to greenschist and g amphibolite facies — olivine + enstatite +
amphibolite facies assemblages, leaving no trace of  {remolite + chlorite + chromite. This is the old-
pre-My textures, structures or minerals. est crustal event recorded in the harzburgite.

4. M, shear zone metamorphism of the harzbur-

_ o _ gite in shear zones, forming the low amphibo-
The investigation of the Neoproterozoic Cerro Man- lite facies assemblage talc + chlorite + tremolite

tiqueiras Ophiolite from southwestern Gondwana (+anthophyllite) + Cr-magnetite.
was based on field, petrographic and electron micro-
probe techniques and resulted in the understanding
of the following evolutionary steps:

CONCLUSIONS

5. M3 extensive serpentinization of the ophiolite.

6. M, generation of narrow shear zones contain-

1. Presumed emplacement of the mantle peri- ing asbestos.

dotite into the crust;
2. Thorough serpentinization of the peridotite, APPENDIX 1
with the destruction of most or all mantle- MATERIALSAND METHODS
generated microstructures and mineralogy.Geological mapping of the Cerro Mantiqueiras
Metasomatic monomineralic rocks formed Ophiolite was undertaken for this investigation in
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Abbreviations: A = antigorite, B = brucite, D = diopside, E = enstatite, F = forsterite, M = magnesio-
cummingtonite, Sp = spinel, T = talc, Diop = diopside, Tremo = tremolite, do = dolomite, cc = calcite

Fig. 8 — Four episodes of metamorphic re-equilibration during the retrograde evolution of the
harzburgites from the Cerro Mantiqueiras Ophiolite displayed in the Evans (1977) diagram. A
possible previous (pre-M prograde metamorphic evolution is suggested. Stability field of tremolite
to the right of thick black line. Compositional range of Cerro Mantiqueiras Ophiolite harzburgites
determined by chemical analyses shown on diagram.

two steps over a 15-year period, following its ini- age about 600 Ma.

tial description by Gofi (1962). Initially, Ricardo Other investigators in the area (Tommasi et al.
Pinheiro Machado and Léo A. Hartmann (1990, un-1994) contributed with a significant data base and
published) examined the geology of the ophioliteconcluded that the ultramafic sheet is an ophiolite,
and country rocks and identified the mid amphi-based on extensive field mapping and microstruc-
bolite facies metamorphism of the harzburgite andtural investigations.

the presence of monomineralic blackwall rocks, in- The second, detailed and most significant field
cluding albitite. They made some chemical anal-investigation was made by the authors of this paper
yses of the minerals in the electron microprobe ofin the years 1994 and 1995 as part of the supervision
the University of S&o Paulo. They also concludedof the doctoral thesis of Jayme A.D. Leite (1997),
that the mafic, ultramafic and granitic rocks are inwith considerable financial support from Departa-
deformational concordance and were submitted tanento Nacional da Producdo Mineral, Brazilian
the same mid amphibolite facies event. A prelimi- Government, as part of the PhD project of JADL at
nary geological map was made at the 1:50,000 scaldJniversidade Federal do Rio Grande do Sul. Be-
Preliminary whole-rock Rb-Sr geochronology indi- cause the only topographic sheet available was at
cated that the granitic rocks have Neoproterozoiche 1:50,000 scale, the ophiolite was surveyed at the
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TABLE VI
Olivine-spinel chemical parameters used for the calculation of equilibrium temperatureswith

the Jackson (1969) geother mometer.
Mineral pair | Cr# ‘ Fet3# ‘ Al# ‘ X{S‘;If ‘ X5y | Xof
Olivine-chromite
0.61| 0.31 | 0.08| 0.20| 0.80| 0.10| 0.90 3.58 870
0.63| 031 |0.06| 0.21| 0.79| 0.10| 0.90 3.52 898
0.63| 0.30 | 0.06| 0.22 | 0.78 | 0.10| 0.90 3.46 919
0.65| 0.29 | 0.06| 0.17| 0.83| 0.10| 0.90 3.78 847
Olivine-Ferro-chromite
5 0.45| 050 |0.05| 0.16 | 0.84| 0.12| 0.88 3.65 665
6 0.48| 0.46 | 0.06| 0.16 | 0.84| 0.08 | 0.92 4.10 614
7 0.42| 050 |0.08| 0.13| 0.87| 0.13| 0.87 3.80 617
8
9

Mg Fe/Mg o
Xof | InKdgyls)® | T°C

A WN PR

0.44| 046 | 0.10| 0.10 | 0.90| 0.13| 0.87 4.09 595
0.46| 051 | 0.03| 0.16 | 0.84| 0.09| 0.91 3.97 604

10 0.44| 053 | 0.03| 0.18 | 0.82| 0.09| 0.91 3.82 611
11 0.43| 051 |0.06| 0.12 | 0.88| 0.13| 0.87 3.89 602
Olivine-Chrome-magnetite
12 0.41| 056 | 0.03| 0.18 | 0.82| 0.09| 0.91 3.82 580
13 0.42| 055 | 0.04| 0.13 | 0.87| 0.09| 0.91 4.21 529
14 0.38| 0.60 | 0.02| 0.17 | 0.83| 0.09| 0.91 3.89 532
15 0.40| 059 |0.01| 0.15|0.85| 0.09| 0.91 4.04 524
16 0.42| 0.49 | 0.09| 0.05| 0.95| 0.09| 0.91 5.25 429
17 0.35| 0.65 | 0.00| 0.14 | 0.86| 0.09| 0.91 4,12 460
18 0.42| 054 | 0.04| 0.05| 0.95| 0.09| 0.91 5.25 431

1:1,000 scale with the use of a plane table. RockWork in the UK was done by LAH and in Aus-

types and structures were carefully mapped over #&ralia and UFRGS by JADL with financial support

two-month period, when rocks were also sampledrom the Conselho Nacional do Desenvolvimento

for laboratory investigations. Several lines wereCientifico e Tecnoldgico, Brazilian Government. A

precisely located in the field for gravimetric inves- focussed beam (1-2m) was used for all chemi-

tigations with a gravimeter from the Universidade cal analyses and followed standard analytical pro-

Federal do Mato Grosso. cedures adopted in the three laboratories, e.g. 20

Nearly 400 thin sections were made in the en-kV and 20 nA.

tire investigation period, about 250 for the second

leg. A selection of samples was investigated for the APPENDIX 2

chemistry of the minerals. The electron microprobe CALCULATION OF OLIVINE-SPINEL EQUILIBRIUM

analyses were made in three laboratories. First, a TEMPERATURES

Cambridge Instruments was used at the Open UniTemperature estimates for the middle amphibolite

versity, UK, followed by a SEM JEOL 180 at the metamorphic event M are obtained from the

University of Western Australia and a Cameca SX-olivine-spinel geothermometer (Irvine 1967, Jack-

50 at Universidade Federal do Rio Grande do Sulson 1969), which is based on the exchange reac-
tion between Fe and Mg. The requirements for the
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Fig. 9 — Metamorphic conditions in the enstatite, talc and antigorite stability fields prevailing during

deformational events in the Cerro Mantiqueiras Ophiolite harzburgites as calculated from olivine
Fogox spinel equilibria (Evans and Frost 1975, Sack and Giorso 1991). Plotted Cerro Mantiqueira
Ophiolite temperatures reflect compositional groups from the mid amphibolite facies (A) and green-

schist facies (B) conditions.

use of this geothermometer are met by the Cerrdshiorso (1991) observed that the temperatures de-
Mantiqueiras Ophiolite minerals: (1) small varia- duced from the Jackson geothermometer are often
tionin Mg/Mg+Fe ratios in olivine around gg and  too high, particularly in olivine-chrome spinel pairs
(2) chrome-spinel compositions near the'l;élg)  generated by regional metamorphism of serpen-
(Cr, F€?),0,4 face in the spinel compositional prism. tinites, which is the present case. Roeder et al.
~ The following equation (Jackson, 1969, p. 63) (1979) also concluded that the Jackson geother-
is used for the temperaturéQ) calculation (data ields a | d bl f
from Table VI): mometer yields a large and unreasonable range o
temperatures for spinels high in ferric-iron, such as
(558Q + 1018 — 172Q: + 2400 N -
T = Feil those from the Cerro Mantiqueiras Ophiolite. Nev-
(0.9a + 2.56 — 3.08c — 1.47+ 1.9871UnKd )’ ¢ %) , ,
! ertheles, the high temperatures {000 C) typical
of mantle olivine-spinel pairs were not encountered

In this gquatlona, b a.mdc are the fraction of triva- in the Cerro Mantiqueiras Ophiolite with the Jack-
lent cations, respectively Cr, Aland e} b + ¢ =

1, and

son geothermometer.

Fe/mg _ (Mg/Mg+ Fe)o; x (Fe/Fe+ Mg)sp
Ol=Sp ™ (Fe/Fe + Mg)o; x (Mg/Mg + Fe)s,
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