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PRECAMBRIAN MAFIC AND ULTRAMAFIC ROCKS OF THE CANA BRAVA
COMPLEX, BRAZIL — MINERAL COMPOSITIONS AND EVOLUTION

VICENTE A. V. GIRARDI* and GERO KURAT**

ABSTRACT The Cana Brava mafic-ultratafic complex, Goids State, Brazil, is an Early
Precambrian differentiated massif formed by intrusion and differentiation of a presumably basaltic
parental malerial. Rock iypes cover a conlinuous sequence ranging from harzburgites to
pyroxenites to ferronorites and ferrogabbros, as indicated by changes in mineral associations
and mineral compositions. After the emplacement, the mafic-ultramafic suite was affected by
several sub-solidus reequilibrations. The first one took place at approximately 900 °C and pressures
of 6-7 kb. Textural features as well as mineral distribution of certain elements show that complete
equilibrium was not achieved during this event. A successive partial recrystailization converted
some of the rocks on an high-grade amphibolite assemblage. A late low-temperature event caused
the formation of serpentinites, rodingites and talc schists. P-T estimates for the high-temperature
reequilibration at Cana Brava coincide broadly with results obtained from other Early Precambrian
Brazilian mafic-ultramafic complexes. The values thus estimated were plotted to obtain geothermal
gradients to be compared with those presented in the literature for other Precambrian occurrences.

INTRODUCTION The Cana Brava massif is situated
about 300 kmn N of Brasilia in the State of Goias, Brazii
(Fig. 1). It is part of a belt-like chain of gabbro-pyroxenite-
-peridotite massifs of approximately 300 km extension from
the Barro Alto massif in the south to the Cana Brava complex
in the N. This belt contains important and economic mi-
neralizations of nickél (Niqueféndia and Barro Alto) and
asbestos {Cana Brava) (Berbert, 1970). According to Danni
et ol (1982) these complexes belong to an Archean or
Lower Proterozoic granulitic mobile belt, a geotectonic unit
which extends from the north of Goids State to the W of
Minas Gerais State. The Cana Brava complex forms a topo-
graphic high, the Serra Cana Brava. The complex is bordered
by faults which generally run in a NNE direction {Fig. 1}.
On the E there is a major fault. The whole complex scems
to be an uplift block fault thrusted upon the eastern gneisses.
It consists of metagabbros, metagabbronorites, metanorites,
amphibolites, metapyroxenites, and serpentinites, Mafic
rocks dominate strongly over ultramafic ones. The ultra-
mafic rocks are generally associated with amphibolites which
form the E border unit. Beside the major mafic and ultra-
mafic rocks the complex contains also minor units of mag-
nesian schists and rodingites (Girardi er al,, 1976),

Two satellite mafic-uliramafic bodies are present in the
E and W of the main massif. Their stratigraphic position
is not clear yet, but they seem to be related to the main
massif.

The gneisses of the E border of the Cana Brava complex
belong to the Serra da Mesa Group, according to Marini
el al. {1977).

Quartz-kyanite-garnet-muscovite schists with biotite-gar-
net gneisses, calc-silicate rocks, quartzites and amphibolites
occur to the W border of the complex. According to Danni
et al, (1982) these rocks form the Palmeirdpolis Group, a
sequence of volcano-sedimentary origin,

Several hypothesis have been proposed for the genesis
of the mafic-ultramafic belt of Goias. For the Cana Brava

massif an alpine-type classification was suggested (Marini
et al., 1977). In order to shed some light on the genesis
of the belt, we are carrying out geochemical and petrological
studies, starting with the Barro Alto Complex (Girardi
et al., 1981).

GENERAL PETROGRAPHY AND SUCCESSION
OF EVENTS  As mentioned above the Cana Brava com-
plex consists of several mafic and ultramafic rocks being
the mafic rocks.much more abundant than the wltramafic -
ones. Relict structures are present from the original igneous
formation process through several subsequent recrystaliiza-
tion events,

The ultramafic suite of rocks comprises serpentinites,
harzburgites, and pyroxenites with either orthopyroxenes
or clinopyroxene being the dominating phase. These rocks
generally occur in massive bodies, but in places they form
composite units with alternating thin layers (cm-sized) of
serpentinite and pyroxenite. These rhythmically layered
ultramalfic rocks give clear evidence for gravitational differ-
entiation processes having been involved in their formation.
Most pyroxenites show relict cumulate textures with either
orthopyroxene or clinopyroxene as cumulus phases, These
cumulus phases generally have exsolution lamellac and are
set into a granoblastic matrix. This texture reflects subsolidus
reequilibration under granulite facies conditions. Some
pyroxenites contain amphibole that apparently was formed
after the pyroxenes and from them, thus indicating a
subsolidus reequilibration under amphibolite facies con-
ditions. Late low temperature alterations are manifested
by the formation of talc and serpentine. Carbonate veins
and rodingites that in some parts of the massif are associated
with the serpentinites certainly are also the products of
this late stage low-temperature event {Girardi et al., 1976},

The mafic suite of gabbros, gabbronorites, norites and
amphibolites reflects in several cases the same events,
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Figure 1 — Geological map of the maflc-ultramafic complex Cana
Brava, Goids (simplified after Matsui, 1977) with locations of
samples taken for this study

Some pyroxenes and plagioclases occur as large grains set
in a granoblastic matrix. The plagioclases have relict com-
positional zoning. Such crystals reflect part of the igneous
formation event. The first subsolidus reequilibration led to
the formation of exsolution lamellae in pyroxenes and of
a granoblastic matrix. The subsolidus reequilibration under
amphibolite facies conditious led to the formation of late
amphibole from pyroxenes or in a complete recrystallization
to amphibolite, Some hornblendes, however, seem to be
in equilibrium with the pyroxenes and, consequently, must
have been formed during the first reequilibration event.
-Mylonitic low grade amphibolites containing relict igneous
pyroxenes occur on the E border, in contact with blasto-
1aylonitic gneisses - (Fig.. 1).

In summary, we postulate that after the emplacement,
the Cana Brava complex experimented a first subsolidus
reequilibration. This process could be caused either by a
granulite facies metamorphism or by the slow postmagmatic
cooling of the complex, intruded into the crust. In both
cases a granulitic mineral assemblage would result, because
the PT conditions are similar. A better knowledge of the
country rocks environment will be necessary to resolve
this question. This event was followed by a partial recrys-
tallization under amphibolite facies conditions. Finally a
low temperature event caused recrystallization of some
rocks mainly of the ultramafic suite.

The satellite bodies in the E and W of the main massif
are somewhat different and pose some additional problems,
The E body located at the Maranhdo river contains some-
what different gabbroic rocks, some of which are olivine-
-bearing, a feature not observed in the main body. Relict
igneous textures are very common, as are coronas of
orthopyroxene plus spinel and clinopyroxenes (or horn-

blendes) around olivines. This reaction reflects the first
subsolidus reequilibrium. The W satellite complex located
W of the Cana Brava river has so far only been poorly
sampled. Only -serpentinites and metaharzburgites are
known from that locality.

The country rocks on the W border are metasediments
metamorphosed under conditions of the amphibolite facies,
Calc-silicate rocks occur as thin lenses within the schists
and normally are of the same metamorphic grade. Close
to the contact to the Cana Brava massif, however, they
tend to develop granoblastic textures and contain diopside
and scapolite, which could indicate higher grade. At the
tectonic contact in the E border blastomylonitic varieties
of the normal quartz feldspar-gneisses are very common,
Also migmatites are widespread consisting of amphibolitic
paleosomes and granitic to granodioritic neosomes. Obvio-
usly, in this region sufficient water had been present to par-
tially melt the rocks during the amphibolite facies meta-
morphism.

Low metamorphism overprinting is shown by mafic-
-ultramafic rocks of the massif, by the W schists and calc-
-silicate rocks; and by the E gneisses. In these rocks se-
condary muscovitization, chloritization and formation of
epidote reflect this event,

AGE RELATIONSHIPS Geochronological studies of
rocks of the Cana Brava massif and the surrounding country
rocks were carried out by Matsui ¢t al. {1976) and Girardi
et al. {1978). Data obtained are not entirely conclusive but
some correlation with metamorphic events which occurred
during the evolution of the South-American continent is pos-
sible. Rocks of the mafic-ultramafic complex are of yet un-
known age, being probably Lower Proterozoic or Archean,
The Rb/Sr isochron obtained from the schists and calc-sili-
cate country rock of the west side of the Cana Brava massif
gives an apparent age of 1,150 Ma, which ¢an be correlated
with the amphibolite facies metamorphism that affected such

- rocks, and corresponds to the “Uruaguano™ Cycle (Almeida

er al., 1976). Gneisses from the east side of the massif
recrystallized at about 650 Ma which corresponds to the
“Brasiliano” Cycle (Cordani et al., 1973). These.rocks have
an initial ®7Sr/®8r ratio of 0.736, indicating a long-lasting
crustal history..

ROCK DESCRIPTIONS Rocks from the main complex
of Cana Brava and from both satellite bodies are studied.
The approximate locations are indicated in Fig. 1. In Table |
short descriptions are given,

ANALYTICAL PROCEDURES Polished thin sections
of selected rock samples were studied microscopically in
transmitted and reflected light. Mineral analyses were made
using an auiomated ARL-SEMQ electron microprobe X-ray
analyzer. Operating conditions were held at 15 kV accele-
ration potential and 15 yA sample current. Wet chemically
analysed minerals (augite, kaersutite, olivine, chromite, va-
nadinite, orthoclase, tephroite), synthetic NiO, and glasses
{of different feldspar compositions) were used as standards.
Corrections for drift, absorption and fluorescence were made
on-line using a modified version of the method by Bence
and Albee (1968). Bulk analyses of exsolved large pyro-
xenes were obtained by analysing in TV-mode at 5 magni-
fication and integrating over the entire grain.
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Type Mineral composition Observations
G-24 s d cpx, oliv, sp, talc and Few relicts of pxs, olivine and s
Serpentinite erp, opx and cpx, oliv, sp, talc and opaques ew relicts of pxs, olivine and spine
CB-AK-6A Opx and cpx, plag {< 5;), brown hornb, sp and opa- | Granoblastic: texture. Small and large crystals of opx

Metap; roxenite

ques

- (cumulate phase)

MCB-920
Metapyroxenite

Opx and cpx. Minor opaques

Somewhat deformed granoblastic texture. Small and large
crystais of opx. Some exsotution lamellae in pxs

MCB-916
Metapyroxenite

Cpx, opx, trem, sp and opaques

Texture equigranular granoblastic

G-23
Metapyroxenite

Cpx and opx. Minot sp and opaques

Cpx are generally larger (cumulates). Abundant exsolution
lamellae in pxs

V-108 Plag, opx and cpx. Minor brown hornb, quartz and | Granoblastic texture. A few larger grains of opx show
Metanorite opaques exsolution lameltae. Hornb formed after pxs
KVv-6 . Banded rock formed by alternating granoblastic layers rich
Metagabbronorite Plag, cpx and opx, green hornb, quartz and opaques in pxs and plag, Cpx show exsolution lameilae of ilm
G-25 Plag, opx, preen hornb, biot, quartz, maghetite, apa- : Poikiloblastic opx and apparently relict igneous plag are
Metanorite tite and carbonates set in a granoblastic matrix. Late hornb from pxs
v-79 Plag, opx and cpx, brownish hornb, quartz, apatite | Banded rock. Alternated granoblastic layers rich in plag
Metagabbronorite | and carbonates and pxs respectively
V.74 Plag, cpx and opx, biot, opaques, apatite, quartz and | Some larger zoned relict plag crystals are set in a grano-
Metagabbro orthoclase blastic matrix
V-68 Pia}g_. opx and cpx, brownish hornb. tale. opagues. Texture is granoblastic and well equilibrated
Metanorite zoisite, quartz
MCB-752 Plag, opx. brown hornb, apat, talc, chlor, epid, quartz, } Poikiloblastic hornb, generally associated with opx is set
Metanorite zoisite, ilm in a granoblastic matrix
Kv.27 Green hornb. Miner sphene, apatite and muscovite Rock slightly deformed. Hornb partly oriented
Hornblendefels ' ! ’
CBE-6470 G hornb and plag. Mi id il d sph G blastic text Rut. bordered by il
Amphibolite reen hornb and plag. Minor épid, rut. ilm and sphene ranoblastic texture. Rut. bordered by ilm
V-§3 . Green hornb, plag, sphene, zoisite, quartz, opagues | Granoblastic texture
Amphibolite ’ ’ : ’ ’

3) Rocks from owtside the main massif

MCB-738
Metaharzburgite

Oliv, opx, tréem, chlor, serp, sp, opagques

1 Oliv partly serpentinized. Pxs somewhat deformed

MCB-1-364

Metagabbronorite -

Plag, cpx and opx, brown hornb, ilm, sp, magnetite.

Granoblastic texture and relict igneous features.
Compositional zoning and complex twinning in plag.
Compositional zoning and exsolution lamellae in pxs,

MCB-1{0-367
Metanorite

Plag, opx and cpx, clivine, hornb. sp, and opaques

Complex coronas consisting of opx plus sp and ampﬁiboles
are present at olivine-plag contacts. The amphibole was
formed from cpx. Granoblastic texture. Zoning in plag.

MCB-582
Metagabbro

Plag, cpx, green hornb. sphene and zoisite

Poikiloblastic hornb is set in a granoblastic matrix
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RESULTS AND DISCUSSION

A) Metaperidotites Mineralchemical data for meta-
peridotites MCB-738 (metaharzburgite) and G-24 (serpenti-
nite) are given in Table 2. Typically, all major silicate phases
are highly magnesian, Olivine is homogeneous and has Fo
90.9 and Fo 879 in sample 738 and 24 respectively. Ni
contents of olivine are high and comparable to upper mantle
peridotites (e. g. Kurat et al., 1981; Frey and Prinz, 1978)
and some peridotitic cumulates of layered intrusions {e. g.
Irvine and Smith, 1967) suggesting crystallization from a
primitive magma rich in Ni (and Mg). Minor element con-
tents in olivine are low and (probably) reflect partial subso-
lidus equilibration with other silicate phases or crystalliza-
tion under high-P conditions (compare Mysen, 1978},

Orthopyroxene in MCB-738 is low in Al,O, and minor
elements. The Al,O, content of orthe and clinopyroxenes
of G-24 is higher and variable, There is also a considerable
range in minor elements (Table 2} The Al,O, content
of the pyroxenes is similar to several layered bodies and
lower than many mantle peridotites (Rivalenti et al., 1979;

Jackson and Thayer, 1972, Komprobst, 1969).

The sample MCB-738 indicates the’ effects of several
reequilibration events, as shown by textural relationships
and mineralogy. Instead of clinopyroxene MCB-738 con-
tains tremolite. This amphibole is very low in Al, Ti, and
alkali and was formed very probably during the late low-T
event. *

Compositions of all spinels differ drastically from those
of upper mantle peridotites (Best, 1974; Evans and Frost,

1975; Frey and Prihz, 1978; Kurat ef al, 1980; Rivalenti
ef al, 1981). In spite of very similar Fe/Fe + Mg ratios
in -olivines of the Cana Brava peridotites and upper mantle
lherzolites, the Fe/Fe 4+ Mg ratios of the spinels are very
different (~0.45 and ~0.23 for Cana Brava and upper
mantle peridotites respectively, if total Fe is used). Spinels
of the Cana Brava peridotites are inhomogeneous in com-
position and show considerably spread in Cr/Cr + Al and
Fe/Fe + Mg ratios (Fig. 2) within each sample, a feature
which is observed in all samples.

Three types of serpentines can be distinguished on a
compositional basis:

1} The “normal” common serpentine (see averages in
Table 2), rich in Mg,

2) An intermediate Fe-Ni serpentine (NiO 8%/, FeQ 239,
and

3) A high Fe-Ni serpentine (FeO 44%, NiO 18%).

The high Fe-Ni serpentines clearly formed by reaction
of “normal” serpentine with Fe-Ni-rich solutions from
degraded Fe-Ni sulfides. The composition of “normal”
serpentine is somewhat variable with regard to minor
elements. With increasing Al,O, content (0.4%) the TiO,
and Cr,0, contents increase and the NiO content decreases.
Compositions cluster around high-Ni low-Al and low-Ni

. high-Al and thus indicate derivation of serpentines from
both olivine and orthopyroxene (Fig. 3). Sample MCB-738

is only slightly serpentinized and can clearly be identified
as a harzburgite. Sample G-24 is a serpentinite with very

Table 2 — Averaged and selected electron microprobe analyses of minerals from metaperidotites MCB-738 (metaharzburgite) and G-24 {ser-

pentinite), Cana Brava complex, Brazil

Rock Metaharzburgite MCB-738 Serpentinite G-24

Mineral | Ol | Opx | Tr | Sp | Serp o | a0 | oav Phiar | S Av. " TeNiFe
A‘::ly‘;:s 41 % | 3 | 25 | 25 4 15 1 10 1 9o | 14 1
$i0, 309 | s6s |51 | o011 | 425 418 | 569 547 |s4i 541 | 009|396 143
TiO, 002 | <0.02] 004 [ <002 | <002 | <002] 007 007] 023  037] 005| 005 <002
ALO, 002 | 117] 46 [ 401 | 111 | <ao2| 250 30 | 290 46 |470 | 104 015
Cr,0, 002 | o018] 056 | 262 | 013 | <002| 020 045! 051 088|190 | 013 004
V,0, - - - | o9 ] - - - - - — | eas| - _
FeO* 87 | 60 | 209 | 183 | 67 113 | 76 72 | 253 289|204 | 81 441
NiO 0421 008| 012 ] 009 | 025 036| 005 012| 006 007| 0147 02 185
MnO 002 | 014] 006 | 021 | 008 007] 020 o11| 007 006| 020] 014 019
MgO 88 |'352 |221 | 139 | 336 462 | 325 322 L161 159 | 125 {336 275 -
ZnO - - - | 4| - - - - - - | ow| - -
Ca0 <002 | 014|123 | 003 | 037 002 | 031 035|226 222 | 002 012 025
N2,0 | <002 | <002] 076 | - 005 | <002 | <002 <002| 058 07| — | 004 004
K,0 002 | o02] o | - 0.08 | <002 | <002 <002 002 <002| - | 004 006
Total | 9894 | 99.41 |97.84 | 9955 | 84.87 | 09.85 [ 100.42 9820 | 9970 10178 | 99.78 | 83.06  80.38

* Total Fe as FeQ
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Figure 2 — Prajection of spinel compositions from’ meta-igneous
rocks of the Cana Brava massif, Brazil
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Figure 3 ~ Distribution of Al and Ni in “normal” serpentines from
samples MCB-738 and G-24. Alumina and NiQ contents range from
pyroxene 1o olivine composition, Projections of the average olivine
and orthopyroxene compasitions are given for comparison

few relicts of original minerals. On the basis of serpentine
compositions which show approximately equal abundances
of high-Al and low-Al types, we conclude that G-24 has
also been a harzburgite before serpentinization tookplace.

In sample MCB-738 clinochiore of a peculiar composition
is quite abundant. This chlorite is high in Cr,0; (~ 1.3%)
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and NiO {~ 0,3%) and probably formed by a reaction of
spinel with silicates and water during the low-T metamorphic
event. .

In summary, the peridotites of the Cana Brava complex
investigated here show evidence for the following: ‘

1) They are cumuiate rocks derived from gravitational
differentiation of a magma which crystallized olivine as
the first solidus phase. Both rocks are harzburgites with
very low contents of incompatibie elements.

2) Both rocks experimented subsolidus reactions compara-
ble to granulite facies conditions without achieving
complete equilibration of mineral phases,

3) Subsequent lower temperature events took place causing
formation of amphiboles, serpentines, chlorites and talc,

B) Metapyroxenites Mineral analyses from four
metapyroxenites, all of them from the main complex, are giv-
en in Table 3. Mineral associations within each rock are quite
différent from one to another and range from opx + cpx
(MCB-920) over cpx + opx + sp (G-23) and cpx + opx +
+ tr + sp (MCB-%16) to opx + cpx + hbl + sp + plag (CB-
-AK-6A). All minerals have higher Fe/Mg ratios than
those from the peridotites discussed above.

Orthopyroxene compositions range from En 858 (6A)
to En 85.4 (920} and En 82.9 (916) to En 80.5 (23) (Table 3),
and thus indicate a differentiation sequence whereby the
opx-dominated rocks show lower Fe/Mg ratios than do the
cpx-dominated ones. Orthopyroxenes are generally some-
what variable in composition with either CaOQ(6A) or
Fe/Mg (920, 916, 23) showing some limited range.

The largest variation is found in G-23 where the En

| content of opx ranges from 79.5 to 83.0, probably reflecting

changes in the Fe/Mg ratio of the interstitial melt during
final crystallization, Al;O; contents are between 2.6 and
4.1%,. CaO is generally low (0.2, 0.31%) and reflects
equilibration at subsolidus temperatures.

Clinopyroxenes show similar features (Table 3). They are
generally rich in CaO with some changes within each sample
reflecting some relict magmatic composition. Al,O, con-
tents approximately follow the Al,O, in opx and are only
stightly higher (2.66, 4.4%) than in opx.

Amphiboles are present in two of the pyroxenites inves-
tigated. They are, however, of drastically different compo-
sition and, consequently, of dissimilar genesis. Sample
CB-AK-6A contains pargasitic hornblende (compare dis-
cussion on hornblendes below). It is characteristically rich
not only in Al;O,, Na,0;, K,0, but also in Cr,0, and
NiQ. It was formed probably during the first recrystalliza-
tion event, Sample MCB-916 contains a tremolite very
similar to that of metaharzburgite MCB-738. The compo-
sition of the MCB-916 tremolite is probably governed by
the rock bulk composition which is strongly depleted in
large ion lithophile elements, Non-equilibrium distribution
of some minor elements between tremolite and clinopyro-
xene (Ti, Al, Cr and Na) indicates formation during the
late low-T event, _

Spinel compositions are, as usual, somewhat variable
within each sample and are also different in distinct samples
(Fig. 2). The most Cr-rich spinel (28.2%, Cr,03) is present
in sample CB-Al-6A (Table 3).

The differences in average spinel compositions between
samples CB-AK-6A on one hand MCB-916 and G-23 on
the other, clearly reflect primary magmatic fractionation of
Cr whereby minerals of rock 6A, crystallizing from a less
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Table 3 —~ Averaged electron microprobe analyses of minerals from metapyroxenites CBAK-64, MCB-920, MCB-916, and G-23, Cana Brava
complex, Brazil. Samples are arranged in order of increasing Fe/Mg ratio

Sample n.® CBAK -.6A MCB - 920 G-23
Mineral Opx Cpx | Hbl Sp Opx Cpx | Opx Cpx Tr Sp Opx Cpx hiS}(I,‘r IOE?CI‘
}:;y';:s 10 s| 16| 13| 22| 6 4 9 | 8 | 18 | 7 3 5
Si0, 556 | 525 | 454 012 | 559 | 535 551 §{ 523 | 55.6 004 | 536 | 514 0.09 0.17
TiO, 0,08 0,58 1.80 | 0.04 006; 029 0031 028 008 0.02 004! 0.32 0.03 0.02
Al 0, 3.5 42 | 132 393 2631 266 3.8 4.4 247 520 4.1 4.4 47.6 53.4
Cr,0; 054; 092 151282 0.33| 047 0.33: 055 034 128 057 074 160 |- 122
V.0, - - - 0.18 - - - - - 0.13 - - 0241 . 017
FeO* 9.0 249 38 | 213 93 2.61 10.3 32 5.6 20.9 12.4 36 24.0 202
NiQ 007 007 013} 0.12 005( 003 0057 003 004] 019 0.06 | 0.03 0.09 0.29
MnO 0.20| 0.09| 005| 024 022 010 024% 011 017 023 029 013 0.21 0.17
MgO 3.5 | 154 | 163 9.5 31,5 | 16.1 288 | 151 | 204 | tL1 296 | 157 11.4 134
ZnO - - - 0.76 - - - - - 0.42 - - 0.57 0.77
CaO 021 | 228 | 122 0057 023|238 0.257 235 | 126 0.02 0.31 | 23.3 0.07 0.18
Na,O <002 ] 053} 21 - <002| 016 { <0.02| 023 0.26 - <0.02 | 0.26 - -
K,O <0.02| 002} 048 - <002 003§ <002| 003| 004 - <0.02 | 003 - -
Total 100.70 | 99.60 | 96.97 | 99.81 | 100.23 | 99.75 | - 98.90 | 99.73 | 97.60 | 97.83 | 100.97 | 99,91 | 100.30 | 100.97

* Total Fe as FeQO

fractionated melt, took up more Cr than those of rocks 916
and 23. Plagioclase is only present in CB-AK-6A. It is
somewhat variable in composition {(An 31—88) (Fig. 4).

In summary, textural (see Table 1) and chemical relation-
ships support a cumulate origin, probably from basaltic
melts, for the metapyroxenites, This is reflected mainly by
the Mg/Fe and Cr/Al variations in pyroxenes and spinels,

Separation of a liquid from the cumulate apparently was
quite effective in most pyroxenites except for CB-AK-6A.
That rock contains both plagioclase and pargasitic horn-
blende, a mineral association which probably represents the
former intercumulus liquid.

S

<o

Ap Or

Figure 4 — Projecrion of plagioclase compositions from rocks of
the Cana Brava complex, Brazil, onto the Na-K-Ca plane

All pyroxenites have experimented a high-temperature
recrystailization that did not succeed in a complete equili-
bration of mineral phases.

C) Metagabbros and Metanorites A variety of
mineral associations is present among the Cana Brava malf-
ic rocks. The following combinations have been observed.

1) plag + opx + cpx (V-7)

2) plag + opx + hbl (G-25, MCB-752)

3) plag + cpx + hbl (MCB-582)

4) plag + opx + cpx + hbl (V-108, KV-6, V-79, V-68)
8) plag + opx + cpx + hbl + sp (MCB-I-364)

6) plag + ol + opx + ¢px + hbl + sp (MCB-10-367)

Mafic mineral compositions show a wide range in Fe/Mg
ratios (Table 4); all of which are higher than those of the
minerals from ultramafic and mafic rocks discussed above,
The whole suite of ultramafic and mafic rocks clearly re-
presents a differentiation sequence as is evidenced by the
_projections of maficlminerai|compositions into the pyroxene
quadrilateral (Fig. 3).

Orthopyroxene compositions range from En 77.5 (MCB-
-1-364} to En 45.3 (MCB-752} (Table 4). Al,0, contents are
low and generally around 1% but range from 1.96 to 0.7
wt.%, with a tendency towards higher contents for rocks
with higher Mg/Fe ratios. Orthopyroxenes of many rocks
of the mafic suite show exsolution lamellae of clinopyroxene
and occasionally ilmenite. As an example, one bulk analysis
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CANA BRAVA
‘[0 Serpentinite
8 Metahorzburgite
® Metapyroxenite
4 Metagabbro
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¢ Amphibotite

Mg

Fe

Figure 5 — Projection of average apx, and hbl compositions from rocks of the Cana Brava complex, Brazil, onto the Mg-Fe-Ca plane. Mineral
compositions reflect a differentiation sequence from harzburgite to ferrogabbro and ferronorite

obtained by integration analysis over a large orthopyroxene
crystal is given for sample MCB-1-364 (Tabie 4). This
presumably igneous composition is, as expected, drastically
different from the exsolved orthopyroxene composition,
especially in TiO, and CaO contents.

Clinopyroxenes, if present, follow the general composi-
tional trends of the orthopyroxenes quite closely. They have
a tendency towards somewhat variable Ca/Ca + Mg + Fe
ratios but generally cluster at the high Ca end. Minor
elements contents vary over 4 wide range. TiO, ranges from
0.82% (MCB-10-367) to 0.09 %, (MCB-582} and reflects in
some cases subsequent ilmenite exsolution from cpx (i. e.
MCB-1-364). Al,0O, contents are normally low and not very
much higher than in opx. They range between 3.2 and 1.32%;
and toosely follow the TiO, contents. Pyroxenes of gabbroic
rocks of the Cana Brava complex are characterized by low
contents, in AlL,O;, similar to stratiform. complexes, and
much lower than alpine bodies, according to data tabulated
by Jackson and Thayer (1972).

Olivine is only present in metanorite MCB-10-367. 1t is
. homogeneous and has a composition of Fo 74.9. Minor
element contents are low and NiQ is much lower (0.169)
than in olivines from harzburgites. The rather low Fo and
NiQO contents indicate crystallization from a fractionated
melt which, however, stili had olivine at the liquidus.

Olivine is not in equilibrium with plagioclase in rock
MCB-10-367 and has reacted and formed symplectitic in-
tergrowths of orthopyroxene + spinel + clinopyroxene or
hornblende. The pyroxene compositions inside the sym-
plectites differ drastically from those outside these inter-
growths (Table 4). The Mg/Fe ratio is higher (En 77.3)
and minor element contents are much lower (TiO, < 0.1,
Cr,0, <0.03, NiO < 0.02) in the symplectite pyroxenes as
compared to the normal pyroxenes of the rock. The reaction
products reflect the low minor element contents of the
reactors olivine and plagioclase.

Amphibole from metagabbros and metanorites cover a
range in compositions from pargasitic amphibole to horn-
blende (Fig. 6) similar tc what has been observed in other
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Figure 6 — The chemical variation of amphiboles from rocks of the
Cana Brava massif, Brazil, expressed as cation numbers of (Na + K)
and A" per formula wit (23 O)

areas (e. g., Engel and Engel, 1962; Grapes et al, 1977;
Girardi, 1978). Accordingly, colors in thin sections change
from brown (MCB-10-367, V-68, V-108, CB-AK-6A, and
MCB-1-364) to green (G-25, MCB-582, KV-6, V-79, V-83,
CBE-6370 and MCB-752). Textural relations show that the
brown or brownish pargasitic amphiboles are related to
the first reequilibration event. The green hornblendes were
formed after clinopyroxenes during the subsolidus reequi-
libration under amphibolite facies conditions. The amphibo-
les are generally rather homogeneous within each rock with
a small variation in the Fe/Mg ratios that on average
follow the general Fe/Mg fractionation trend of the pyro-
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Table 4 — Averaged and selected electron microprobe analyses of minerals from metagabbros, metanorites and amphibolites, Cana Brava complex,
Brazil: Samples arranged in order of increasing Fe/Mg ratio of Opx or the main mafic mineral

Sample n.° MCB - I - 364 MCB - 10 367 V- 108 KV-6
Rock type Metagabbronorite Metanorite Metagabbronorite
Opx Cpx Opx €px Hbl Sp
Mincrsl | Bolk |usmixed  Bulk unmixed | HY | SP | OV | pok Sympl. Rock Sympl. Sympl. | Sympl. | OPX | Cpx | HB | Opx | Cpx | Hu
Neol 1 8 5 2 | 3 7 18 4 4 4 18 4 | e 0| n| w|s s
Analyses
$i0, 550 | 553 | s24 | s27 |457 | 019 392 | 549 | ss0 {519 | se3 |a29 | oas | sss | saq 459 |22 |s21 |as2
Ti0, 020 | oos | 127 | o4 | 165 183 o002 o016 oo04f 082 o0o07] 023 | oe2] oos| o029 190i 007 023 | 117
ALO, 193 | 165 | 240 | 240 |102 |85 | o002 | 19| 224| 32 | 216§976 {650 | 15z| zi3|ns | oras| 207 110
Cr,0, 033 | 03 | o4 | o045 | 103|200 { o002 | 008| 003| 0a3 | 002 002 {-006| 006 | 013 017| 002{ 004| 008
V.0, - - - - — | oesi - - - - - - 02| - | - - -1 -] -
FeO* 119 | 142 7.2 48 | B3 1285 | m6 | war o | st | ar | 7 | 220 |2 ] 49 | 88 |24 | 77 [11a
NiO 003 | ooz | o2 | 005 | o] 003 016 004 | <00z 002 |<002] 003 o017 | 002 003! 0o4| o0z ooz oo
MnO 02 | 832 | 017 | o¢12.f ote| o19{ w38 | o032) o28| en | o1tf 00| o011 04| 016! ore] osv| a2} 015
Mg0 23 | 285 | 167 | 159 |156 | 86 | 379 | 283 | 286 | 147 {57 [ 168 | 120 250 | 153 148 |26 |14y | 138
Zn0 - e - - el - | - - - - - - - - - - - -
Ca0 [ 195 F 045 1 195 | 228 |125 | 006 | <002 o036 o20|2s [ 20 | 1e | 03| 020 232 (122 | 044|222 | 118
Na,0 003 | o002 0351 03 | 11| - |<002|<002j<oori 037 020| 2377 - | 002 040 | 127| v02| o044| 102
K,0 - - 003 | 003 | 0ss| - i <o02|<002|<002{ 003 | 003] 048 | - | o0o0z| 0oz | 093] 02| 002 o8
Total | 16103 | 10084 | 100,44 | 10007 | 97.46 | 9991 | 100.16 | 10077 | 100.09 | 9918 | 99.77 | 99.82 | 99.69 | 99.05 | 100.98 | 98.01 | 99.79 | 99.26 | 96.86
Sampie n.° G-25 V-1 MCB - 82 V.74 V.68 MCB-782 | Kv21 | CcBES4W | vom3
Rock type Metanorite Metagabh ite Metagabb Metanorite Hb, fels Amph Amph
Minerat | Opx | Wbl | Opx | Cpx | Hbt | Cox | mwt | opx [\ O | cpx | Opx | Opx | MM | Opx | BB | mw HH | W
MN.° of
Amalyees | 6 8 13 3 1 8 | 18 5 1 3 9 6 3 4 12 18 19 2
$i0, 525 | 468 | 533 ! 536 | 488 [s26 |462 | 517 | 520 | s34 ) s22 | s31 | 430 | s12 | 460 | 486 480 458
Ti0, 006 | 102} o007 | 012] 127 00| o | oos) <o02| o29] 007 o023 | 14s| ocos| L13i oe0 1.16 0.68
AL, tdo (124 | oo | 1asins | e32|iea | w3z o3s| vse| 24| 228|139 | oen | 10s | o4 12 126
Cry0, 0061 023 o2 | 004 014 noa| 0021 005| o004| 006 002| 005 005| 002 | 004| o009 013 | <002
EeO* ns {120 | s | 83 | 130 | 89 {146 | 266 | 267 | 109 | 282 | 107 {152 | s | 162 [ 1 1.8 137
NIO 002 002 | <002 | <002 | <002 002 003 | <002| 005 | <002 002 002 <002] <002 |<00z| o02 0.04 0.03
MnO os8| 022 | o064 o024 | o016| 036 oas| o0s1| os2| o25| o8| 03] e1s| o7 | ois| e 0.22 027
MO 200 [133 ] 200 141 | 1o f128 | 167 | 190 | 194 ] 136 | 170 | t1e | r1 | 154 | 107 | 118 T8 108
Ca0 030 1105 | 045 | 23 {us f2ar [ ne | odo| o34 203 | es2| ms [ o | 048 | n2 | 20 118 116
Na;O | <002 | 185 | <002 | 026 | 087] 036] 125 [ <002 | o2 037| o002| o044 | 1a4| 002 | 104] om s |1 s
K0 | <0.02| 044 | <002 | 003 | o082| 03| 041 | o002 <002} o02| o002 o02| o069 | o002 00| o063 0.47 027
Total | 98.42 | 98.08 | 10004 [100.33 | 97.56 | 99.82 [ 9758 | 99.65 | 99.53 | 10188 | 100.10 | 100.60 | 9866 | 10112 | $re9 | 917 9878 | 96.39

* Total Fe as FeQ

xenes (Fig. 5). TiO, contents vary over a wide range
(1.90-0,23%,) with the highest contents being present in
the pargasitic amphiboles with the exception of rock
MCB-10-367, where amphibole is not in contact (and
equilibrium) with a Ti-bearing phase. Since this amphibole
was formed from pyroxenes with low Ti-contents, it has
the lowest TiO, content observed (0.23%,). TiO, contents
of gréen hornblendes have a narrow range between 0.79
and 1.27%, and reflect lower solubility of Ti.

Spinels are present only in the two more magnesian rocks
MCB-1-364 and MCB-10-367, In 10-367 they are rather
unusual in composition because of the almost complete
lack in Cr;0;. The composition of these spinels which
exclusively occur in pyroxene symplectites is determined
by the compositions of olivine and plagioclase,

Plagioclase compositions of metagabbros and -norites are
not given in the table but projections are given in Fig. 4.
Anorthite contents are generally high even in the soundly
differentiated ferroan rocks. Plagioclases in all rocks
exhibit some compositional zening which normally covers
a restricted range. Average compositions show a rather
small range from An 78.5 (MCB-10-367} to An 87.9 (V-108)
with the exception of metagabbro V-74 which has the most
sodic plagioclase encountered at Cana Brava {An 68.9).

In summary, the metagabbros and metanorites of the
Cana Brava complex represent a differentiation sequence
from a primary magma rich in olivine and low in alkalies.
The most ferroan rocks occur to the W of the massif. On
the W border several leucogabbros were also collected. The
rocks subsequently experimented a subsolidus reequilibrium




under granulite facies conditions. A second recrystallization
led to the formation of green hornblendes.

D) Amphibolites A hornblendefels (KV-27) and two
amphibolites (CBE-6470 and V-83) were studied. They are
from the main massif and represent bodies and lenses
within metagabbros and metanorites in the W part of the
massif, No sample was studied from the E mylonitic am-
phibole unit becduse of heavy alterations of the lower tem-
perature facies grade.

Amphibole compositions of the three samples follow the
general trend of amphibole compositions of metagabbros
and -norites (Table 4). The Fe/Fe + Mg ratio is within the
range of metanarites but confined to the ferroan end (Fig. 5).
Amphiboles from the three samples cluster in the (Na + K)
vs. Al diagram {Fig. 6) with the amphibolite facies am-
phiboles, Plagioclase compositions of amphibolites do not
differ in any respect from those of metagabbros and -norites.
The average compositions are An 89,7 (V-83) and 76.4
(CBE-6470). Plagioclase compositions suggest that the
amphibolite reequilibration event was of conditions com-
parable lo & higher amphibolite facies grade.

In summary, amphibolites from the main body of the
Cana Brava complex represent basically the same rock
types as do the metagabbros and meta-norites and they
belong to the same fractionation sequence. Whether am-
phibolites formed during the second subsolidus reequili-
bration, apparently was governed by the availibility of
water. Water metasomatism within the main body was
confined to rather small quantities of H,0 and complete
conversion to water-bearing assemblages was restricted to
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small volumes. The exception to this is the low-grade am-
phibolite series at the E border.

E) P-T Conditions We have applied several geothermo-
meters and geobarometers to evaluate the physical condi-
tions that prevailed during the evolution of the Cana Brava
rocks (Table 5). Temperature data calculated according to
Wells (1977) for first subsolidus reequilibrium vary from
850 °C to 960 °C. The figures obtained for the pyroxenes
of the metagabbronorite MCB-1-364, from the W satellite
body, give as expected, a magmatic crystallization tempera-
ture of 1,100 °C, The thermometer proposed by Herzberg
(1978, a, b) gives comparable values, ranging from 5 to 8 kb
(except for one sample). The average equilibration tempe-
ratures are approximately 900 *C {Wells, 1977) and 1,030°C
(Herzberg, 1978 a, b) for comparable pressures of 6-7 kb.
These temperatures calculated according to Wells (1977)
and the pressures were plotted in Table 5 and Fig. 7

CONCLUSIONS Exposed rocks of the Cana Brava
massif represent at least part of a differentiated magmatic
intrusive body that was uplifted by block faulting. Rock
types range from harzburgites and pyroxenites to ferro-
gabbros and ferronorites. This sequence is well documented
by changes in mineral associations and mineral composi-
tions. Mg/(Mg + Fe) ratios of ferromagnesian minerals vary
between 0.92 (harzburgite cumulates) and 0.46 (ferronorite)
(Fig. 5} and in conjunction with textural and minor element
data clearly reflect gravitational differentiation of parental
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Table 5 — Estimation of T and P of equilibration of pyroxenes in rocks from the Cana Brava massif

Sample N.° . Rock type Associaton T(1) PQ) T(3) . P Remarks
G-24 , ] 0I1-Sp-Cps-Opx 940 4,5 1050 3 Average Pxs
G-24 S O}-Sp-Cpx-Opx 960 5 1 100 5 High-Al Pxs
CB-AK-6A MP Opx-Cpx 900 6 1100 5 Average Pxs
MCB-920 MP Opx-Cpx 880 5 940 8 Average Pxs
MCB-916 MP Opx-Cpx-Sp 905 6 95¢ 7 Average Pxs
G-23 MP Cpx-Opx-Sp 870 7 I 050 7 Average Pxs
MCB-1-364 MGN Pl-Cpx-Opx-Sp 1 100 - - - Bulk Pxs
MCB-1-364 MGN Pl-Cpx-Opx-Sp 920 - - - Exsolved Pxs
MACB-10-367 MN P1-Cpx-Opx-Sp-0l 850 - - - Rock Pxs
MACB-10-367 MN PI-Cpx-Opx-Sp-0Ol 920 - - - Symplectites
V-108 MN P1-Opx-Cpx 880 - - - Average Pxs
KV-6 MGN Pl-Opx-Cpx 850 - - - Average Pxs
V-79 MGN Pl-Opx-Cpx 880 - - - Average Pxs
V-74 MG P1-Opx-Cpx 930 - - - Average Pxs
V.68 MG P1-Opx-Cpx 8§50 - - - Average Pxs

Temperatures in °C; pressures in kb; T(1) Wells, 1977; P(2) Obata, 1976; T(3) and P{4) Herzberg, 19784 and [978h. For rock symbols see

Table 1.

magmas of basaltic composition similar to what is known
from a variety of layered intrusions {(e¢. g. Jackson, 1967;
Irvine and Smith, 1967). Whether all the rocks studied
here have been derived from a single parental magma or
not can not be decided unequivocally. The geographical
distribution of ultramafic, magnesian mafic, and ferroan
mafic rocks within the Cana Brava complex shows some
stratification, From Fig. | it can easily be recognized that
the ultramafic suite of the main body is confined to the E
side of the massif. Magnesian mafic rocks show the same
tendency and all ferroan mafic rocks have been collected
W of the eastern first third of the massif. This observation
and the getieral inclination of the entire massif (Matsui,
1977}, suggest that the floor is exposed to the East.

The early igneous history of the Cana Brava Complex
was foilowed by several recrystallization events, In the main
body, the principal effects of the first one were the exso-
lution and reequilibration of the pyroxenes and the for-
mation of pargasitic hornblende. There are two possible
explanations for this phenomenon: a granulite facies me-

tamorphism or a subsolidus re-equilibration due to a slow.

cooling of the complex intruded into the crust under con-
ditions simifar to those of a granulitic metamorphism,

There is no agreement about the nature of thermal
gradients in the Archean and Early Proterozoic. Estimates
vary from about 25 to 100 °C/km (Windley, 1978) and are
related to speculations about the influence of the thickness
of ancient crust,

According to Saggerson (1973) low pressure and high
thermal gradient were typical of the Early Precambrian,
and intermediate thermal gradients prevailed during the
Late Precambrian. O"Hara (1977} proposed an Archean
geotherm of about 25 °C/km. According to Lambert (1976)
steeper gradients, of about 36 °C/km, existed in the Archean
or Early Proterozoic crust, caused by intrusion of basic
magma, thus providing an additional heat source and hence
increasing the gradient.

A few available PT data for Brazilian Archean or Lower
Proterozoic mafic-ultramafic complexes were plotted in

- Fig. 7. These data are estimates of PT conditions of the first
subsolidus process that affected the massifs after their
emplacement, In the Pién Area (Girardi and Ulbrich, 1980}

“

PT values of 5-7 kb and 750-880 °C were obtained. In the
Barro Alto Complex the subsolidus reequilibration of
pyroxenes occurred at about 800 °C and 35-6 kb (Girardi
et al., 1981).

The geothermometric values obtained through these data
are close to the geotherm proposed according to Lambert’s
1976 basic intrusion model. Some speculations may be
pertinent about the thermal régimes of the Cana Brava and
Barro Alto areas, If the first subsolidus process is the result
of a regional granulite facies metamorphism, then a gradient
of about 40 °C/km, or even higher, has to be supposed
for those areas, thus corresponding to a thin crust, according
to models by several authors (e, g. Lambert, 1976, Fyfe,
1973; Windley, 1978). This seems to be an unlikely model
to fit a crust into which basaltic magma was intruded and
differentiated into mafic-ultramafic complexes. Estimated
thicknesses of the Barro Alto and Cana Brava massifs
range from about 8-22 and 6-11 km, respectively. Both of
them derive from crystallization and differentiation of ba-
saltic material {Givardi er a/., 1981). A better hypothesis
would interpret the first subsolidus reequilibration as a
slow post-magmatic cooling of the complex, under condi-
tions comparable with those of a granulite facies meta-
morphism. In this case the resulting geothermometric data
would be a reflection of the cooling history of the intrusion,
which occurred at low pressure and high temperatures; and
not necessarily a product of a regional granulite facies
metamorphism.

The Cana Brava complex was affected by a latter partial
recrystailization, under amphibolite facies conditions, in
conjunction with water influx causing either partial con-
version of clinopyroxenes into hornblendes or complete
recrystallization of gabbros into amphibolites.

A late low-T event had little effect on the mafic rocks,
but affected severely the ultramafic suite, forming amounts
of serpentinites, rodingites and talc schists.
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