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GNEISSIC AND IGNEOUS ROCKS OF THE QUADRILATER O
FERRIFERO, MINAS GERAIS, BRAZIL

By Norman Hrrz

ABSTRACT

In the Quadrilitero Ferrifero, granitic and gneissic rocks form
bodies that range from dikes to large complexes. The larger
bodies form cores of domes or anticlinorial structures, and the
granitic dikes intrude metasedimentary and older rocks. Ultra-
mafic rocks, altered to steatite and serpentinite, intrude the early
Precambrian rocks; mafic rocks and amphibolite intrude all
Precambrian formations. Other igneous rocks include felsic and
mafic metavolcanic rocks in the Nova Lima Group, the Gan-
darela Formation, and the Sabara Formation.

Absolute age determinations suggest at least five thermal
events: about 2,700, 1,930, 1,350, 1,000, and 500 m.y. (million
years) ago. All but the 500-m.y. event may have been accom-
panied l)y granitic intrusion. Ultramafic rocks were intruded
before 2,700 m.y. ago. Mafic instrusions include diabase dikes
and gabbro plugs and are of several ages. Some are folded in
with the Minas Series and have been metamorphosed; others
follow late-formed joint systems. The deformed mafic rocks are
both pre- and post-Minas; the undeformed rocks are probably
correlative with diabase-gabbro to the south which has been
dated around 120 m.y., and suggests a sixth thermal event in
this area.

Most granitic and gneissic roeks can be grouped into an ear-
lier suite of granodiorite (Group I) and banded gneiss (Group
II) and a later suite of granite (Group III) and gneiss (Group
IV). Some group II and IV gneissie rock may have originated
by ultrametamorphism of sedimentary rocks, and some I and
ITI granitic rock may have crystallized from anatectic melts.
Group I granodiorite of the Bacfio complex and Congonhas dis-
trict is presumed to be about 2,700 m.y. old; Group II banded
gneiss may have developed early in the 1,350-m.y. orogeny and in
earlier events. The Group III granites may have formed later in
the 1,350-m.y. event, or after it, and the Group IV gneisses may
be 1,350 m.y. old and older. Some granitic rocks, such as in the
Moeda complex, are not similar to any described suite, do not
show any intrusive relationships with metasedimentary rocks,
and cannot be dated with any degree of certainty. The dif-
ferentiation index (normative quartz 4 orthoclase - albite) for
the older Groups, I and II, is 67.1-924 and for the younger
Groups III and IV, 85.7-96.1. The highest values may be due,
in part, to assimilation of quartzo-feldspathic sedimentary rocks.

In the northwestern Quadrildtero Ferrifero, a younger granite
and gneiss and an older granodiorite and gneiss are found. The
older granodiorite is'in the Bonfim dome of the southeastern
part of the Brumadinho quadrangle and extends south and
southwest outside the Quadrildtero Ferrifero. It is correlated
with the well-banded Itabirito Granite Gneiss found north of
the Serra do Curral and in the Bacfio complex. It is medium to
coarse grained, has large augen-shaped microcline crystals, and
is well layered in biotite- and felsic-rich layers.

The younger granite and gneiss consist of (1) elongete plu-
tons surrounded by metamorphic aureoles, as at Mazagdo; (2)
crosscutting veins and dikes in the older layered granodiorite
and other rocks: (3) a gneiss with one or two very weak folia-
tion planes found in contact with, or enclosed by, the Minas
Series, called in part the Souza Noschese Gneigs; and (4) a
highly deformed sericite-epidote-chlorite green feldspar gneiss
at Morro da Pedra.

The intrusion of both the older and younger granitic rocks
led to the development of a metamorphic aureole in the meta-
sedimentary rocks; garnet and staurolite developed against the
contact. At some later date, 500(?) m.y., a widespread me-
chanical deformation and retrograde chlorite-zone metamér-
phism led to the development of epidote and chlorite, cataclastic
textures, and also a group of mixed gneisses that have been
mapped together with the younger gneiss. Some of the young
granite and gneiss may have been derived by silicr-alkali
metasomatism as well as anatexis of older rocks. Albite growth
aprons and porphyroblasts in gneiss and quarzite near the Serra
do Curral and microcline porphyroblasts in gneiss at some dis-
tance from the Serra are evidence for metasomatism.

K/Ar age determinations on gneiss and granite show a regu-
lar pattern, as follows:

1. Starting about 8 km south of the Serra do Curral, 462 m.y.:

2. At the south side of the Serra do/Curral, 550 m.y. ;

3. On the north side of the Serra do Curral, in Barreiro, 595
m.y., and in Belo Horizonte, 800-895 m.y. ; and

4. In the Prado Lopes quarry, 5 km north of the Sevra do
'Curral, 1,360 m.y.

Near Sete Lagoas, 55 km north of Belo Horizonte, a whole-
rock Rb/Sr isochron showed 1,930 m.y. These data suggest
that the thermal event causing the argon loss was related
to deformation about 450 or 500 m.y. ago at the Serra do Cur-
ral and to the south. Sc content of biotite also suggest~ rela-
tively high temperatures obtained at the Serra do Currsl

Alkali feldspar from both Groups II and IV gneiss are low-
temperature, subsolvus types, metamorphic rather thar mag-
matic; their suggested temperatures of formation are about
400°C. Minor elements Rb and Sr suggest that the Group II
gneiss is pretectonic or syntectonic, and that Group IV is post-
tectonic.

Ultramafic rocks are found as serpentinite, tale schists, and
metagabbro intruding schists of the Nova Lima Group in the
Rio Acima and Macacos quadrangles. The serpentinite forms a
narrow body about 4+ km long, bordered by metagabbro; the tale
schist is found in two elongate zones that may represent shear
zones, Mafic dikes cut pre-Minas rocks, others are folded in
with the Minas, and still others cut all previous structures.
Mafic dike rocks in the Raposas mine are foliated and cvt pre-
Minas iron-formation. Other dike rocks that intrude the Minas
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Series were folded and metamorphosed in a post-Minas orogeny.
Still a third type does not follow any Precambrian structures
and commonly is not metamorphosed. This type includes dia-
base and porphyritic metadiabase that may be related to the
120-m.y. diabase and basalt to the south in Sfio Paulo.

A granitic complex of about 700 square kilometers consisting
of a porphyritic granodiorite surrounded by granite gneiss is
found west of the central part of the Serra da Moeda. Both
felsic rocks are closely related chemically and may have been
produced, in part, from anatectic melts. Age determinations
suggest that every event that affected the Quadrilitero Ferrifero
was felt here: bordering sediments of the Rio das Velhas Series
were intruded and metamorphosed before 2,300 m.y. ago: the
coarse porphyritic granodiorite was emplaced at 1,985 m.y. and
was affected by an event at about 1,320 m.y. ; granite gneiss was
formed around the periphery of the granodiorite at 975-1,050
m.y.; and a 500-630-m.y. event recrystallized biotite in the gran-
ite gneiss and metasedimentary rocks.

The granite gneiss is medium grained, poorly to well foliated,
and consists of abundant microcline, quartz, and oligoclase
and of some biotite, chlorite, and muscovite. The coarse porphy-
ritic granodiorite contains microcline grains as much as 25 mm
long, albite, quartz, and some epidote, chlorite, sphene, and
sericite. Alkali feldspars from both the granite gneiss and por-
phyritic granodiorite in the contact area are low-temperature
(about 400°—430°C), subsolvus types. A mixed gneissic rock
was formed at the Rio das Velhas Series contact, but only meta-
somatic effects are seen at the base of the Minas Series. Amphi-
bolite dikes and quartzite lenses that may be remnants of an
ancient pre-Minas sequence are also found in the complex. The
complex apparently was a gneiss dome that was reactivated in
several Precambrian events and acted as a positive area in all
post-Rio das Velhas events.

The Bacfo complex consists largely of the Engenheiro Corréa
Granodiorite and the well-banded Itabirito Granite Gneiss. The
gneiss grades into both migmatites and granodiorite. Foliation
in the surrounding sedimentary rocks is not everywhere parallel
to that of the gneiss. A metamorphic aureole as high as the
garnet-amphibolite facies in the Rio das Velhas Series sur-
rounds most of the complex, but the Minas Series shows little
effect of thermal contact. Roof pendants, presumably pre-Minas
rocks, are of high metamorphic grade. Alkali feldspars from
the granodiorite and gneiss are low-temperature (420°-460°C),
subsolvus types ; minor elements in biotite also suggest relatively
low temperatures for the granodiorite. Results on both min-
erals imply that the whole area was affected by a regional low-
grade metamorphism. The beginnings of the complex are about
2,700 m.y. ago, to judge by the age determinations. Subsequent
events may have occurred about 1,930, 1,380, 1,040, and 500
m.y. ago, although the last event was largely thermal and its
effects were to lower the apparent ages of older rocks.

The grandodiorite is poorly foliated and fine to medium
grained. Microcline phenocrysts are scattered through a ground-
mass consisting of about half plagioclase, An., (some of which
are rimmed by K-feldspar), quartz, biotite, and microcline per-
thite and by accessory muscovite, magnetite, apatite, zircon, and
clinozoisite. The gneiss has well-defined alternating felsic-rich
and biotite-rich layers. Microcline phenoerysts are as much as
10 mm in diameter: the groundmass consists of plagioclase
(Aniw-15), microcline, quartz, biotite, and -clinozoisite, Both
gneiss and granodiorite are intruded by granitic dikes or tourma-
line-bearing pegmatites, especially around the margins of the
complex, Gneiss having a weak planar orientation is interpreted
as highly deformed Itabirito type and yields “mixed” K/Ar
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ages. The Engenheiro Corréa Granodiorite, however, is con-
sidered to be largely igneous, and the Itabirito, largely the
result of ultrametamorphism of the Rio das Velhas Series. In
later events, other granitic material formed, in part t y anatexis,
and intruded largely around the borders of the complex in the
style of a mantled gneiss dome. Similarity of minor elements
and mineralogy suggest that some gneiss yielded an anatectic
melt that also makes up granodiorite layers. Some amphibolites
found in and near the complex have diabasic textwre; others
may have originated as lava flows or as “dirty” carbonate-rich
sediments.

Granodiorites are common in the Congonhas area in the south-
western part of the Quadrildtero Ferrifero, and in the nearby
Serra do Ouro Branco, thin lenses of granitic gneiss are similar
to those found farther north. Age data are not con-lusive, but
they do show that the area was affected by the 500-m.y. thermal
event. Alkali feldspar from the granodiorite is a medium-
temperature (570°C), subsolvus type and of probable igneous
origin; whereas alkali feldspar from gneiss is of low-tempera-
ture (420°C), subsolvus, metamorphic origin. The granodiorite
that intrudes the Rio das Velhas Series is composed of a grano-
diorite-tonalite suite and a more potassic leucogranodiorite
suite. The leucogranodiorite has a fine- to medium-grained grani-
toid texture and is similar to the Engenheiro Corréa Granodio-
rite. It is generally massive, except near contacts. "he tonalite
is similar in minor elements to the leucogranodiorite, but has
zoned plagioclase, Anw_s, and hornblende which the leucograno-
diorite lacks. Both are cut by microcline-rich pegmatites similar
to those of the southern Bacfio complex. Country rocl- at the con-
tact has been metamorphosed to the garnet amphibolite level ;
elsewhere, the general metamorphic grade is upper greenschist.
The mode of occurrence as well as this contact aureole shows
that the granodiorite-tonalite suite is of igneous orizin; it may
be related to the granodiorite of the Bacio complex by anatexis.

Granitic dikes found in the Serra do Ouro Branco have para-
genetically late and large perthite crystals in a groundmass of
partly crushed albite, microcline, quartz, sericite, biotite, and
epidote. They are considered to be either tectonically emplaced
near fault zones or of autochthonous metasomatic origin.

Mafic dikes intrude all the Precambrian rocks throughout this
area. Altered ultramafic bodies are found in the Corgonhas dis-
trict as massive steatite, serpentinite, and amphibol‘tes derived
from rocks that ranged from peridotite to gabbro and intrude
into the Rio das Velhas Series.

A bhody of granodioritic gneiss-porphyritic grancdiorite, the
Caeté complex, les between Caeté and Cocais. These rocks are
medium to coarse grained and are well banded in p*aces. Along
the margins of the body, the gneiss appears to grade into quartz-
rich metasedimentary rocks. Highly metamorphosed roof pend-
ants are found within the gneiss. Granodiorite found near Santa
Barbara in the northeastern part of the area is massive in places
and gneissic in others. and is cut by unfoliated younger granitic
veins, The gneisses and granodiorite are correlated with Group
IT and are cut in places by Group IIT granite dikes and a Bor-
rachudos Granite stock. Contact effects have heen obliterated
by the regional low-grade metamorphism, although evidence of
Na- and K-metasomatism is seen in late microcline crystals and
albite rims on older feldspars.

Dates obtained on biotite from gneiss (690 m.y.) and granodi-
orite (810 m.y.) are considered mixed. Alkali feldspar analyses
from Santa Bédrbara show it to be metamorphie, and to have
formed at about 420°C.

Field evidence including transitional facies to quartzitic rocks
as well as many crosscutting granitic dikes suggest that the















GNEISSIC AND IGNEOUS ROCKS

tale and chlorite schist, steatite, and similar rocks. Mafic
rocks, of dioritic to gabbroic composition, occur only as
dikes or small bosses and intrude either pre-Minas or
Minas rocks ; some dikes have been mapped continuously
for several kilometers. Several types of amphibolite are
found : some may represent metamorphosed lava flows
or “dirty” carbonate-rich sediments, but most are meta-
diabase or gabbro. They occur as dikes and sills in both
pre-Minas and Minas rocks.

Mafic and ultramafic rocks weather to a distinctive
dark-reddish-brown soil and are most commonly map-
ped on the basis of this soil. In many areas, serpentinites
and similar rocks weather to knobby or blocky outcrops,
and fresh rock may be preserved inside a rind of highly
weathered material. Some mafic and ultramafic rocks
have been mapped only from aerial photographs by
study of deep erosional and characteristic vegetation
pattern.

MAFIC ROCKS

In the northern part of the Quadrilatero Ferrifero,
diabasic and gabbroic plugs, dikes, and sills intrude all
Precambrian rocks. Guimardes (1933) has called these
rocks collectively amphibolite. In Itabira (Dorr and
Barbosa, 1963, p. 46) the mafic dikes show chilled mar-
gins and range in thickness from 0.5 to 5 m and may be
several kilometers in length. Ophitic texture is seen even
in badly weathered dikes. Fresh samples consist of pla-
gioclase, either oligoclase or andesine commonly re-
placed by clinozoisite, sericite, albite, and quartz;
pyroxene is diopside or, in places, pigeonite, commonly
altered to tremolite-actinolite or chlorite; accessory
minerals are 1lmenite, sphene, leucoxene, apatite, and
sulfides.

Diorite-gabbro bodies intrude Minas Series and pre-
Minas rocks and cut all Precambrian structures. They
are here assumed to be correlative with the diabase-
gabbro dikes and plugs in the State of Sdo Paulo which
have been dated at about 120 m.y., or middle Early Cre-
taceous (Amaral and others, 1966).

Some diabase dikes seem to be older than those de-
scribed above and have been folded in with Minas and
older sedimentary rocks. In the Raposas mine, beds of
pre-Minas iron-formation are cut by folded diabase
dikes 15-50 m thick; these dikes are almost completely
altered to chlorite schist, and the alteration is least in-
tense near the center of the dikes (Tolbert, 1964, p. 781).
Wallace (1965, p. 27) found that some diabase dikes are
folded with Minas rocks, but that others follow north-
east- and northwest-trending joint systems. Fresh
diabase samples had about equal parts of labradorite
and hornblende and also accessory pyrite, apatite, bio-
tite, clinozoisite, and magnetite. The folded dikes and
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associated amphibolites are both pre- and post-Miras in
age, but all are Precambrian in age.

Some amphibolites in pre-Minas metasedimentary
rocks may represent metamorphosed gabbroic rocks.
These rocks have relict gabbroic textures and a bulk
chemical composition that indicate an original gabbro
mineral assemblage. An amphibolite in pre-Minas rocks
yielded an age of 2,675 m.y. (table 2, DTM-2) which
represents recrystallization and suggests that some of
these rocks may be older than the 2,700-m.y. orogeny.

Diabaselike rocks of porphyritic texture (figs. 11, 12)
in the Ibirité and Catas Altas quadrangles and else-
where have been metamorphosed. They intrude the
Cambotas Quartzite in the Catas Altas and the Minas
Series in the Ibirité quadrangles and are considered
equivalent to the diabase dikes.

ULTRAMAFIC ROCKS

Ultramafic rocks intrude only early Precambrian
formations, except perhaps east of the Serra do Caraga.
In the Congonhas and Nova Lima districts, large sills
and stocks represent altered peridotites, dunites, and
other similar ultramafic rock types. In the Congonhas
district, Guild (1957, p. 25) mapped bodies of talc-,
antigorite-, and tremolite-bearing rocks in which these
minerals show outlines of former olivine and pyroxene
crystals. In the Nova Lima district, Gair (1962, p. 44)
mapped elongate serpentinite bodies, small metagrbbro
stocks, and tale schists, which are petrographically sim-
ilar to rocks in the northeastern part of the area mepped
by Dorr and Barbosa (1963).

ABSOLUTE AGE DETERMINATIONS

Most of the granitic rocks of the area have been previ-
ously assigned one of three ages, about 2,400, 1,350, or
500 m.y., on the basis of K*/Ar*" determinations on
micas by the Iaboratories of the Massachusetts Institute
of Technology (Herz and others, 1961). Many ages fell
in the range between 1,350 and 500 m.y. and were con-
sidered “mixed,” the results of a loss of Ar*® from mica
during an event that occurred 500 m.y. ago.

More recently, K*/Ar* and also Rb*/Sr* ages were
determined by Aldrich and others (1964) on mices and
feldspars from different parts of the central and west-
central Quadrilatero Ferrifero. The U.S. Geological
Survey also determined three Rb®"/Sr¥ ages on K-feld-
spar (table 1). The M.LT. laboratories determined
whole-rock ages from near Sete Lagoas, about &5 km
north-northwest of Belo Horizonte (Pinson and o*hers,
1967). All dates determined thus far on samples from
the Quadrilatero Ferrifero in different laboratories are
given in table 2 and are shown by the histogram in figure
4. Because Rb/Sr ages are less susceptible to change by
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metamorphism than are K/Ar ages in all minerals
studied (Hart, 1964), Rb/Sr ages should be credited
more than the K/Ar ages.

TaBLE 1.—Rb¥/Sr#? age determinations of K-feldspar from
grantlic rocks
[Analysts: C. E. Hedge and F. G. Walthall, U.S. Geological Survey. Constants

used: Rb#A8=1.47X10-11/yr; Rb’-110.283 g/g Rb. Rb and Sr determined by
mass spectrometric isotope dilution. For sample locations, see table 3]
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done for rocks of the Farnetti quarry, 3 km south of
Sete Lagoas and about 55 km north-northwest of Belo
Horizonte (Pinson and others, 1967). On the basis of
the isochron determination and the histograr1 showing
other mineral determinations within the Quadrilatero
Ferrifero, at least five events seem to have taken place:
1. The oldest, about 2,700 m.y., suggested by three Rb/
Srand one K/Ar determination,

somple | EPT MOl BT R Age (g 2. About _1,930 m.y., shown by the Sete Lagqas whole-
(parts por million) total rock isochron and one Rb/Sr determination,
3. About 1,350 m.y., suggested by three Rb/Sr and two
Ha—4____ 740 682 118 0.024 0.0159 1, 080400 K/Ar determinations, |
Ha-10___ 253 12.2 4.62 .84 .0183 1,230+ 60 | 4. About 1,000 m.y., suggested by three Rb/Sr and two
Ha-28___ 5.8 54.7 127 .25 .0244 1,640+100 K /Ar determinations, and
b
*Radiogenic. 5. The youngest, about 500 m.y., suggestel by five

Rb/Sr and 15 K/Ar determinations.
A sixth event, at 120 m.y., is suggested by diabase dikes
and gabbro plugs similar to dated rocks to the south in
the State of Sio Paulo (Amaral and others, 1966).

Even more precise than one Rb/Sr measurement of a
mineral is the whole-rock Rb/Sr technique, in which an
isochron is drawn up to show original age. This was

TABLE 2.—Mineral age determinations
[For sample locations see table 3 and pl. 1]

Sources of data:

3 Minerals and determinative systems used:
(1) Department of Terrestrial Magnetism, Carnegie Institution of Washington.

K=K10/Art

For analytical data, see Aldrich and others (1966). Rb=Rb#/Srs7
(2) Massachusetts Institute of Technology, Department of Geology and Geo- b=Dbiotite
physics. For analytical data, see Herz and others (1961). m=muscovite
(3) U.S. Geological Survey. Analytical data, table 1. f=K-feldspar
Sample >2,300 m.y. 1,640-1, 985 m.y. 1,230-1,420 m.y. 975-1, 080 m.y. 690-895 m.y. <640 m.y
DTM-3_...__ 2,790 Rb/m (1).___ 1,700 K/m (1) o o e
2. ... 2,675 Rbfm (1) oo . 975 K/m (1) - oo
Ha-4______ 2,400 K/b (2) - - - e 1,080 RB/f (8) oo oo oo e oo
23 600 K/b (2).
(=DTM—4). 2,300 Rb/f (1) oo e e e 610 K/b (1).
530 Rb/b (1).
DTM—6_ . 1,985 Rb/f (1).___. 1,320 Rb/b (1) oo oo 850 Kb (0ol
Ha-28_ . 1,640 Rb/f (3) - ooeooo” 1,080 Kb (2) - o
DT M- il 1,420 Rb/f (1) 495 Rb/b (1).
Ha~16 - oo 1,360 K/b (2) - e
D . 1,340 K/b (2) - e
10 el 1,230 Rb/f (3) 486 K/b (2).
) 630 Rb/b (1).
DT M- L e 1,050 Rb/f (1) oo oo 640 K/b (1).
470 K/f (1).
B e e 975 Rbff (1) oo 510 Rb/b (1).
420 K/b (1).
a1 o o o e {895 124) N ¢) P
800 K/b (2) oo
20 e 8TOK/b (2) e oo
1 e 810 K/b (2) e
2B L e - 790 K/b (2) oo _.
B o o e I i 740 K/b () oo
2 e e 740 Kb (2) e
1 o e 690 K/b (2) oo .
A e 595 K/m (2).

1 e 550 K/b (2).

D M-8 e 545 Rb/f (1).
Ha-11 e 530 K/m (2).
2 e 514 K/b (2).

T e 500 K/b (2).

B8 L e 493 K/b (2).

2 e 462 K/b (2).

B o e e {460 K/b (2).
450 K/m (2).
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F1eure 4.—Histogram of age determinations. Based on table 2.

The dates that range from 1,640 to 1,700 m.y. and
from 690 to 895 m.y. (table 2) should be considered
mixed until more data are accumulated. The older of the
two time intervals is represented by only two analyses,
and the 690-895 range is based only on K/Ar analyses.
The data do show that the Quadrildtero Ferrifero is a
“noisy area” and that all older rocks have been affected
by each succeeding event. The youngest dated event,
which produced some pegmatites, was probably largely
only thermal in most of the area, and caused a loss of
Ar which lowered the apparent K/Ar ages of many
micas.

Based on Pb/U chemical analyses of pegmatite min-
erals from various parts of Minas Gerais, Guimaries
(1958, p. 200) suggested 1,236 m.y. for the close of the
Archeozoic; 1,064 m.y. for the post-Minas, pre-Itacol-
omi orogeny; 800 m.y. for a post-Itacolomi orogeny;
550 m.y. for the close of the Precambrian; 450( %) m.y.
for an epeirogenic Taconic orogeny: and 375 m.y. for a
Caledonian orogeny.

On the basis of the absolute age determinations, and
also field data, the following chronology is proposed :

1. Deposition of Rio das Velhas Series, and perhaps
even earlier sediments, older than 2,700 m.y.
(DTM-3).2

2 Intrusion of ultramafic and also some mafic igneous

rocks (DTM-2).

Analyses for samples in parentheses are given in table 2.

3. Emplacement of a granodiorite (Group I) in the area
of the Bacio complex (Ha-4), and perhaps also
west of the Serra da Moeda (Ha—-23) at about 2,700
m.y. Formation of banded gneiss (Group II), in
part from alkali-silica-rich anatectic solutions de-
rived from older sedimentary rocks and igreous
rocks. Emplacement of granite west of the Serra
da Moeda (DTM-6) and northwest of the area
around Sete Lagoas about 1,930 m.y.

4. Deposition of Minas Series.

5. Deposition of the Itacolomi Series. (May coincide
with the start of 6.)

6. Renewed igneous activity in the Moeda (DTM-6)
and Bacio complexes (DTM-1, Ha-2), emplace-
ment of granodiorite and granite (Group III)
with large xenoliths north of the Serra do Crirral
(Ha-16), and a postmetamorphic granite (Group
III) in the east (Ha~10) at about 1,350 m.y. Much
of this granodiorite and granite has felsic- and
biotite-rich bands, and, in places, appears to grade
into metasedimentary rock (Group IV). The post-
or late-tectonic granite shows discordant contacts
with country rocks.

7. An event about 1,000 m.y. ago in the Baco complex
(DTM-2, Ha—t, Ha-28), and in the Moeda com-
plex (DTM-5, DTM-7) may have produced an
anatectic magma (Group ITI). Intrusion of mafic
dikes(?).
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8. A thermal event about 500 m.y. ago, or perhaps two
at 550 and 450 m.y., resulted in the loss of much
argon, especially from micas. Pegmatitic intrusions
in at least the eastern part of the area (DTM-8).

9. Intrusion of diabase sills and small gabbroic stocks,
about 120 m.y. ago, presumably related to those in
the State of Sio Paulo (Amaral and others, 1966).

ANALYTICAL TECHNIQUES

Most chemical analyses shown in this report represent
1-pound separates of fresh rock that were split down

REGIONAL GEOLOGY OF THE QUADRILATERO FERRIFERO,
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from rock samples on the order of 40 pounds collected
from outcrops. Locations for all analyzed samples are
given in table 3. The major element analyses were done
in the laboratories of the U.S. Geological Survey in
Washington, D.C., by the rapid chemical methods de-
seribed by Shapiro and Brannock (1956). Analysts were
P. L. D. Elmore, I. H. Barlow, S.D. Botts, G. W. Chloe,
M. D. Mack, and H. H. Thomas. Fluorine was deter-
mined in some samples by S. M. Berthold, U.S. Geologi-
cal Survey, Washington, D.C.

TABLE 3.—Locations and descriptions of analyzed samples

[Most sample localities are shown on pl. I; their locations here are given as distance in meters from a corner of the quadrangle. For example, S 100 E 100 would be 100 m south
and 100 m east of the northwest corner; N 100, W 100 would be 100 m north and 100 m west of the southeast corner. Samples from outside the Quadrilitero Ferriferc are

located on 1:250,000 scale maps of the Conselho Nacional de Geografia or on prominent highways]

Sample No. Quadrangle Location Notes Where referred to in this report
Ha-2_________ Itabirito___.________ N 280, W 6,660___. Itabirito quarry, migmatitic Tables 2, 8; p. 9, 26;
granodiorite gneiss. figs. 17, 264, 27.
B Cachoeira do N 4,200, W 6,200_._ Banded granodiorite gnéiss_ . _____ Tables 2, 8; p. 26, 28;
Campo. figs. 16, 264, 27.
4 .. Bagdo______________ N 720, W 1,640___ Engenheiro Corréa, weakly Tables 1, 2, 8; p 9, 26, 27, 40;
foliated layered granodiorite. figs. 25 26A
S J do_ . ________. N 5,300, E 2,200... Saboeira quarry, well-layered Table 8; p 27, 33 ﬁgs 15,
granodiorite 5L=Ilight-colored 264, 27
part; 5D =dark-colored part.
[ Ttabira-_ .. _______ 54,900 W 2,600___ Granodlorlte gneiss__ . ____._______ Tables 2, 15; p. 42, 44, 45, 47;
figs. 23, 25, 26B.
[ do_____________ S 3,600, W 2,450.__ Mixed gneissic-granitic material, Tables 2, 15; p. 42, 44;
7P =pegmatite. fig. 26 8.
- S doo . S 4,700, W 8,700_._. Borrachudos Granite.____________ Table 15; p. 44, 45, 46, 47;
figs. 25, 26B.
10 ... Séo Gongalo.______. NO, E 2,300.._ Petf phase, Borrachudos Granite__. Tables 1, 2 14, 15; p. 9, 43,
43, 44 45 46 47 49;
figs. 24 25 263
11 . Dom Bosco..______._ N 2,850, W 3,000___ Granite gneiss with K-feldspar Tables 2, 9—10, 11; p. 31, 32,
porphyroblasts. 33, 34; figs. 19, 25, 26B.
120 __. Toirité_ ____________ N 1,600, E 8,000.._ Poorly layered younger gneiss__ ... Table 4; ﬁg 26B.
18 . O oo N 2,700, E 3 ,200.__ Poorly layered younger gneiss, K- Tables 2 ; p. 13, 16; fig. 26B.
feldspar porphyroblasts.
14 ____. From northeast N 500, W 1,050___ Older banded gneiss (14-O) cut Tables 2, 4; p. 13, 17, 18;
corner. Ibirité l()v u;fohated younger granite figs. 2, 3, 9, GA B 27,
14-Y).
15 . Belo Horizonte______ N 6,000 E 3,600._. Morro da Pedra, green feldspar Tables 2, 4; p. 13, 18;
younger granite. figs. 25, 26B.
160 . do . S 2,800, E 5,100.._ Prado Lopes quarry, well-banded Tables 2, 4; p. 9, 13. 15, 18;
older granite gneiss; 16P= figs. 5, 25, 264, 27.
. pegmatite.
18 .. Cocais, Y% ________ So, W 4,700___ Granodiorite gneiss_______._.__._._. Tabgles 2, 12, 104; p. 36, 37, 38,
19 .. Santa Bérbara______ N 5,100, W 3,700-_. Gneissic granodiorite.__._________ Tables 2, 12; p. 36, 37 38, 39,
40; ﬁge 25 26A
P D, From southwest N 5,000, W 6,000.__ Porphyritic (1-3 mm feldspar) Tables 2, 6, 7 p. 21 22, 23;
corner Marinho granite. figs. 25, 26B.
da Serra.
22 .. Marinho da Serra___. S 4,700, E 2,800___ Coarse porphyritic (to 2 cm Tables 6, 7; p. 22; £gs. 25,
microcline) granite. 26B.
23 doo_ o ________ S 4,000, E 4,400_.. Gneiss at Rio das Velhas granite  Tables 2, 6, 7; p. 6, 9, 21, 22,
contact. 4, 25,
24 ______. Casa de Pedra_.____ S 6,350, E 1,100__. Granodiorite gneiss______________ Tables 2, 10, 11; p. 23, 31.
25 _______ Congonhas. ________ N 650, K 4,100___ Tonalite.______________________. Tables 2 10 11; p. 31 33.
26 ______ Jeceaba_ ___________ S 450, E 1,300___ Granodiorite gneiss______________ Tables 2, 10, 11; p. 31
27 - doo____________ N 2, 900 E 1,850___ Amphibole-bearing granodiorite. ._ Tables 9, 10, 11; p. 31, 32, 33,
. 49; figs. 17, 25, 2€4, 27.
28 .. Ttabirito_.__________ 86,010, W 2,800... Coarsely layered granodiorite Tafl%)les é, 2, 8 p. 9, 26, 27;
gneiss. g
29 . doo. .. ______ S 6,850, W 6,050.__ Granodiorite.___________________ Tables 2, 8; p. 26.
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TasLE 3.—Locations and descriptions of analyzed samples—Continued

Sample No. Quadrangle Location Notes Where referred to in this report
30 ... Caeté . __.___. S 650 W 5,450___ Quartzose older gneiss_____.___.__ ngole 2162‘4’1 p. 37, 38, 40;
g. .
31 .. Gongo S6co_________ S 5,350, Older gneissic granite_ . _._______. Table 12; p. 37, 40;
fig. 264, 27.
32 Fecho do Funil 4____ § 5,880, Souza Noschese Gneiss___________ Table 4; fig. 26B.
L Brumadinho 14______ N 1 800, Granodiorite at Alberto Flores____ Tables 2, 4; p. 13, 18;
figs. 7, 264, 27.
34 .. doo o N 1,800, Younger unfoliated granite Table 4; p. 13, 17; fig. 26 B.
crosscutting Ha-33.
35 e Brumadinho ¥%______ N 3,200, Granodiorite gneiss. . - _-________ Table 4; figs. 264, 27.
36_____.__ Monlevade_________ S 4,380, Poorly foliated granitic gneiss_____ Table 15; p. 43, 44; fig. 2°B.
38 . Sido Gongalo ¥%______ N 2,200, Coarse-grained flaser gneiss_______ Table 15; p. 42, 43; fig. 25, 26B.
39________ Rio Piracicaba.__.__ N 7,550, Quartz-biotite gneiss____.________ P. 43.
H-8a-5..____ Caeté.__________.__ S 1,200, _ AsbestoS. .o oL Fig. 22.
i Jeceaba____________ S 1,100, _ Salto, porphyritic gneiss__________ Table 11.
14 . do____________ S 1,100, - Salto, unfoliated granite....._____ Do.
1330 . do__ . ________ S 1,100, Salto well-banded gneiss_ _.______ Table 11; p. 33.
19d...____ Itabirito, 1:250,000__ West of Alto de Porphyritic granite_ .- _____ Table 7.
sheet. Paiol Novo.
19g_______ Bor}llﬁm, 1:250,000 Campo Alegre Foliated granite_ . ______.________ Do.
sheet.
20C..__________ doo___.________ Grota do Vallo__.________ do e Do.
20d..__________do.____________ 82.5 km north of Felsic granodiorite, abundant gran- Do.
Bomfim. ite veins.
21bo . __ Belo Horizonte, Barreiras Unfoliated granite. .. .._._______ Do.
1:250,000 sheet.
22h . _____ Itabirito, 1:250,000 Just fvest of Belo Coarse porphyritic granite__._____ Table 11.
sheet. ale.
23a_ ... Casa de Pedra______ N 2,420, E 500 Well-banded granite_ - _ ... ____ Table 8.
Arojado Lisboa.
24c..__.__ Belo Horizonte- 18.5 km east of Av.  Granite, similar to Ha-14________ Table 4.
Monlevade high- Pres. Carlos,
way. Belo Horizonte.
e doo—_ o _____ Same as H-24c, Foliated gneiss__________________ Do.
30.6 km east.
24f .. doo_ . ____.__ 0.6 km west Sabard  Unfoliated granite_ - _____________ Do.
road junction.
25b_ . __ Rio Piracicaba._____. N 5,350, Granite gneiss near contact with  Table 15.
Rio das Velhas.
250 oo do_.______.___. N 2,400, _ Granite gneiss__ ________________ Do.
DTM-1_____._ Rio de Pedras______ N 2,500, _ Granite gneiss__________________ Table 2; p. 9, 26.
__________ O-e oo ____. N 1,600, _ Amphibolite, pre-Minas_.__.._____ Table 2; p. 7, 9, 26.
R do.____________ N 4,100, E Mica schist, Rio das Velhas_______ Table 2; p. 9, 26.
5. Marinho da Serra___ S 5,700, E Porphvrltlc granite. . ____________ Table 2; p. 9, 22.
6. . dooo . _____ S 6, 200 E 1,700 ______ do . Table 2; p. 9, 22.
T From southwest N 4,400, w _ Gmeissic granite_________________ Table 2; p. 9, 22.
corner of Marinho
da Serra.

8 ____. Rio Piracicaba______ S 2,100, W Pegmatite. .- ... ____._ Table 2; p. 10, 42.
A-653_______ Belo Horizonte______ S 2,450, W Banded granite gneiss____________ Table 4; p. 18 figs. 26A, 27.
753 ______ Nova Lima_________ S 2,340, E Metadiabase dike___ ___ __________ Table 5; p. 20’ 54 fig. 10.

JG-10-55_____ Rio Acima__________ N 1,610, E Serpentinite. _ _____ . _ . _.______ Table 5; p. 19, 54.
11-55__________ do____________. N 1,160, E Metagabbro_ ___________________ Table 5; p. 19, 54.
105-56.___ Nova Lima_________ S 1,140, E Marzagio granite________________ Table 4, p. 17} fig. 26B.

J-37_ . Cachoeira do Campo N 5,900, E Banded gneiss___________________ Table 8.

76 . dooo o _________ N 2,560, W Granitie gneiss__ _________.______ Do.

82 ... doooo N78, W Granite interlayered with Nova Table 8; p. 30; figs. 26 A, 27.
Lima.

668 _ . _______ doo____________ N 5,900, E Biotite gneiss__ _________________ Table 8; figs. 26A, 27.

48G12________ Bagdo.____.________ N850, W Granodiorite_. . _.____________ Table 8.

51G56________ Sgo Julifo _________ S 430, W - Mafic granodiorite._______..__ ... Table 8; p. 27.

G-l ______ Congonhas_________ N 2,800, E _ Border zone, gneissie, granodio- Table 10.

rite intrusion
E S Jeceaba____________ N 2,800, E 00_"_ Gran()dlorlte ____________________ Do.
4 . Sdo Julifo__________ N E700__________.do.___ . Do.

CM-606______ Catas Altas_________ S 6,130, E 59 - Porphyrltlc diabase_ .. _____.______ Table 13; p. 41.

54P126_______ Ibirité_________ _____ S2090, E4700 . d0o..-_ . _________ Table 5; p. 20, 41; ﬁgs 11, 124.

SB____.______ City of Santa  _______________ “Orthogneiss” .. _ . _____._____ Table 12; p. 39; figs. 264, 27.

Bérbara quarry.
WM-1-3___.___ Marinho da Serra____ S 6,400, 1,660_.._ Granite gneiss, porphyritie_ .. ____ Table 7
5 do.____________ S 7,100, Granite gneiss__________________ Do.
Z-8a_ . ___.___ Rio de Pedras _____ N 2,110, _ Microeline gneiss________._______ Table 8.
188a____________ doo___________ N 4,400, 90.___ Titaniferous bio%ite gneiss_ . ______ Do
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Normative minerals of the chemically analyzed gran-
itic rocks were calculated by computer. These minerals
are shown in the appropriate tables, as well as the differ-
entiation index (D.I.) (Thornton and Tuttle 1960) of
each rock, defined as the sum of normative quartz-+al-
bite+orthoclase, and thus a measure of the leucocratic
nature of the rock. During the early course of differen-
tiation of a silicate melt, enrichment takes place in
quartz, albite, and orthoclase K-feldspar compositions
in the liquids, whereas the mafic minerals tend to crys-
tallize out first. Thus, the total amount of the three salic
minerals indicates how differentiated the magma source
was that produced each rock: the higher the abundance
of these minerals, the later rock crystallized. Thornton
and Tuttle (1960, p. 671), used Daly’s data for average
composition of igneous rocks to compute the following
D.I. values: alkali granite, 93; granite, 80; and grano-
diorite, 67.

The D.I. range for the older granodiorites and banded
gneisses (Groups I and IT) of the Quadrilitero Ferri-
fero is 67.1-92.4, and for the younger granite-gneiss
suite (Groups IIT and IV) is 85.7-96.1. The younger
suite and many of the older have high D.I. values which
may be, in part, the result of assimilation of quartzo-
feldspathic sediments and silica-alkali metasomatism,
and should not be attributed entirely to differentiation
crystallization from an igneous melt.

Modal analyses were obtained from stained thin sec-
tions using a point counter (Chayes, 1949). Thin sec-
tions were cut perpendicular to any discernible foliation
and lineation. Modal analyses were by J. E. Gair, P. W.
Guild, R. F. Johnson, and W. B. Wright, of the U.S.
Geological Survey; by E. C. Damasceno, Department of
Geology, University of Sao Paulo; and by me.

Minor element analyses were done in the laboratories
of the Instituto de Tecnologia Industrial, Belo Hori-
zonte, M. G., Brazil, by C. V. Dutra, using a grating
spectrograph with a 3-meter focal length, Eagle mount,
and dispersion of 5 A/mm. The complete technique and
accuracy and precision of the analyses are described
elsewhere (Herz and Dutra, 1960, p. 82-83).

NORTHWESTERN PART OF THE
QUADRILATERO FERRIFERO

Parts of the northwestern Quadrildtero Ferrifero
have been mapped and described most recently by Gair
(1962), Pomerene (1964), Tolbert (1964), and Sim-
mons (1968a).

Granites and gneisses underlie the area north and
south of the Serra do Curral and west of the Serra da
Moeda (pl. 1). Because they weather relatively rapidly
and deeply, fresh exposures are not common. A few
small lit-par-lit granitic dikes are found within the
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Nova Lima Group, and dikes crosscut older gneisses
and granite along the northern contact of the Sabars,
Formation of the Serra do Curral (Gair, 1962). Stock-
like bodies of metgabbro border serpentinite along the
southern boundary area of the Macacos-Rio Acima
quadrangles. Metadiabase dikes cut all Precambrian
formations and are widespread.

Gmeissic rocks south of the Serra do Curral and west
of the Serra da Moeda make up the Bonfim dome (Sim-
mons, 1968a). The dome consists of an outer ring of
younger Souza Noschese Gneiss, which has one or two
weak planes of foliation, and an inner core of well-
foliated and compositionally layered gneiss, that is cor-
related here with the Ttabirito Granite Gnoiss. The
outer ring is about 7 km wide, and the dome itself ex-
tends to the southwest from the Serra do Curral for
about 50 km. The foliation strikes north and generally
dips steeply; within about 1 km of the margins it
parallels the trend of adjacent metasedimentery rocks.

North of the Serra do Curral, in the Belo ITorizonte
and Nova Lima quadrangles, the granitic and gneissic
rocks are similar to the rocks of the Bonfm gneiss
dome. Younger gneissic and granitic rocks, which have
poorly developed foliation similar to the Souza Nos-
chese Gneiss, are in contact with rocks of the Minas
Series in many places. Well-foliated compositionally
layered rock similar to the Itabirito Granite Gneiss is
generally found away from the Minas Series contacts.
These rocks extend the length of the Serra do Curral
and to the north, and are in contact with the youngest
rocks of the Minas Series. On their north, they are
overlapped by the Bambui Limestone of early Paleo-
zoic or latest Precambrian age.

The older, well-foliated Itabirito-type gneiss and the
younger Souza Noschese Gneiss appear to be grada-
tional. Alkali feldspar porphyroblasts and toirmaline-
quartz-muscovite dikes are present in the bastl quartz-
ite of the Minas Series near its contact with gneiss.
Staurolite is developed along the contact between gneiss
and the Nova Lima Group in the Brumadinho quad-
rangle; in Ibirité and adjoining quadrangles, biotite is
found along the same contact. In both areas, some
higher grade metamorphic minerals have retrogressed
to those of the chlorite zone. The retrogressive meta-
morphism was widespread and also affected the gneisses,
granites, and the Minas Series.

On the northern slope of the Serra do Currtl, stauro-
lite and garnet have developed in the Sabard Forma-
tion near its contact with granite. Near General
Carneiro in the Nova Lima quadrangle and Morro da
Pedra in Belo Horizonte, the Sabard Formation is in-
truded by large granite bodies (Gair, 1962, p. 47-48;
Pomerene, 1963, p. 33). No actual contacts have been
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seen between the metasedimentary rocks and the granite,
although both crop out within tens of meters of each
other on the new road north of Sabari, east of the Rio
das Velhas.

Despite the differences in origin and in structural
features, all the granitic rocks have been metamor-
phosed to the greenschist facies and most show some
structural deformation. Modal analyses (table 4) show
as much as 8.4 percent epidote and 4.9 percent chlorite,
and every sample has one or both minerals.

SPECIAL STUDIES
AGE DETERMINATIONS

K/Ar ages have been determined for biotite and mus-
covite from five samples of gneiss and granite from the
northwestern part of the Quadrilitero Ferrifero. North
of the Serra do Curral, three of these determinations are
increasingly older with distance from the Minas Series.
Ha-14 (table 2) from the quarry at Barreiro is in an
area largely underlain by the Sabari Formation and
has a K/Ar muscovite age of 595 m.y. The gneiss of
Morro da Pedra in Belo Horizonte, sample Ha-15, also
in the Sabard Formation, has a K/Ar biotite age of 800
895 m.y. (based on two determinations). In the Prado
Lopes quarry, nearly 5 km north of the contact of
granitic rocks with the Minas Series, sample Ha-16
yielded a K/Ar biotite age of 1,360 m.y. Near Sete La-
goas, 55 km north of Belo Horizonte, a whole-rock Rb/
Sr isochron showed 1,930 m.y. (Pinson and others,
1967).

South of the Serra do Curral, sample Ha-13, a gneiss
from near the contact with the Minas Series, has a
K/Ar biotite age of 550 m.y., and Ha-33, about 8 km
farther south, yielded a X/ar biotite age of 462 m.y.

Deformation localized at Minas Series-gneiss contacts
was probably responsible for some loss of Ar. However,
the progressive increase in age from southwest to north-
east, that is, from sample Ha-33 (462 m.y.) to Sete
Lagoas (1,930 m.y.), suggests that the event that caused
the loss of Ar and the lower ages was centered in a
southerly direction and probably related to a 450- or
500-m.y. deformation at, or to the south of, the Serra do
Curral. All the ages, except for the one from Prado
Lopes, should be considered as “mixed,” and as only
minimum ages due to Ar loss. The 1,360-m.y. date is
considered to be post-Minas; the mixed ages may be due
to the largely thermal event about 500 m.y.

ALKALI FELDSPARS
Alkali feldspars separated from a Group IV gneiss,
sample Ha-15, and a Group IT gneiss, sample 16, were
analyzed for major elements and some trace elements
(Herz and Dutra, 1966). Some results (in parts per
378-971 0—70—3

B13

million for minor elements; in percent, for feldspar
molecules) are:

Sample Rb Ba Sr Li Ca An Ab Or T° C
Ha- ‘
15._ 650 2,170 120 7.0 860 0.62 10.21 89.17 380
a-
16__ 276 4,530 540 1.0 790 .56 12.07 87.37 420

Both analyzed feldspars have less than 15 percent
albite molecule and therefore are considered to be of
low-temperature, subsolvus origin (Tuttle and Bowen,
1958, p. 129). The temperatures given obtained some-
time during the latest metamorphism and were deter-
mined by comparing the albite molecule in alkali feld-
spar to the albite molecule in plagioclase (Barth, 1956).
The high Rb and low Sr in the feldspar of Ha-15 com-
pared to that in Ha-16 suggest that Ha-15 is posttec-
tonic, and that Ha-16 is pretectonic or syntectonic
(Herz and Dutra, 1966), which also agrees wi‘h our
ideas on the origin of the gneiss groups.

MINOR ELEMENTS IN BIOTITE

Some minor elements were determined in biotite of
Group IV gneiss, sample Ha-13 from Ibirité, near the
Minas contact south of the Serra do Curral, and Group
ITI, young granite, ssmple Ha-34 from the Brumadinho
quadrangle, about 7 km south of the Serra de Curral, in
the hope that they would indicate approximate temper-
ature of formation (Oftedal, 1943). Sc content, for
example, is highest at low temperatures of formation.
The results of these analyses (in parts per million) are
(Herz and Dutra, 1964a) :

Sample Co Ni Se Cr Nb
Ha-13__________________.__ 28 28 10 39 200
Ha-34____ . __________.__ 30 19 130 22 150

The high Sc value in Ha-34 suggests a relatively low
temperature of formation, and the low amount of Sc
in Ha~13, a higher one. These data agree with the K/Ar
determinations, which suggest that temperatures of the
last deformation were highest nearest the Serra do
Curral.

OLDER GRANODIORITE AND GNEISS

The older granodiorite gneiss suite (Group TI), in
table 4, typically shows a well-developed foliation and
compositional layering. It crops out the southeastern
part of the Brumadinho quadrangle and extends south-
ward more than 20 km, and southwestward more than
20 km beyond the limits of the Quadrilatero Ferrifero.
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It is a gray medium- to coarse-grained well-foliated
granodiorite gneiss of alternating felsic and biotitic
layers. Large augen-shaped microcline crystals as much
as 2 cm in length occur in a groundmass of smaller cry-
stals of microcline, plagioclase, quartz, and biotite. This
rock is similar to that found north of Belo Horizonte
and in the Bagfio complex near Itabirito.

In the northwestern part of the Brumadinho quad-
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rangle, granodiorite gneiss close to the cortact with
metasedimentary rocks was mechanically deformed and
retrogressively metamorphosed during and after the
emplacement of younger Souza Noschese Gneiss. Folia-
tion in this gneiss is parallel to that in the rccks of the
Nova Lima Group and may be inherited structure pre-
served during the granitization of these older sedimen-
tary rocks.

TaBLE 4.—Chemical analyses, normative minerals, modal minerals, and minor elements of granitic and gneissic rocks from the north-
western part of the Quadrildtero Ferrifero

[For sample locations, see table 3 and pl. 1. P, present; N.d., looked for, but not detected]

Older granodiorite gneiss Younger granite Younger gneiss ola
er
South of Serra North of Serra do Curral South of Serra North of Serra do Curral South of Serra  pegma-
do Curral do Curral do Curral tite
Ha-33 Ha-35 Ha-14-0 Ha-16a A-653 Ha-32 Ha-3¢ Ha-14-Y Ha-15 JG-105-56 Ha-12 Ha-13 Ha-16P
Chemical analyses
(Weight percent)
[Analysts: P. D. L. Elmore and others, U.S. Geologieal Survey, using method of Shapiro and Brannock (1956)]

71. 4 73.1 73.5 69.4 73.6 75.7 74.0 74.2 72.8 72.2 76.0 72.0 72.3

14.6 13.8 14.9 14.6 14.8 13.6 14.1 14.6 14,2 16.0 13.1 13.6 14.9

1.0 .6 .5 .8 .1 .5 .4 .2 .7 .3 .7 11 .4
17 1.9 1.2 2,0 1.4 .70 .65 .51 1.0 .88 1.0 2.2 .37
.72 .63 .44 .68 .38 .30 .20 .10 0.25 .34 .24 .94 .20

2.0 L9 1.7 2.1 1.5 .47 .89 .90 L1 .62 1.0 L1 1.3

4.8 3.3 4.9 3.2 5.0 3.0 3.6 4.2 3.4 3.3 3.0 3.0 3.0

2.1 3.4 2.2 5.1 2.3 4.7 4.9 4.8 5.2 5.2 4.1 4.8 6.8
. 60 .63 .54 .58 .52 . 58 .38 .37 .59 .84 .59 .86 .38
.43 .30 .19 .48 .19 .08 L12 .05 .24 .08 .18 .44 .12
12 .10 .08 .26 .04 .03 .02 .01 .06 .12 .06 .14 .06
.08 .06 . 05 .08 .04 .06 .04 .02 .06 .02 .04 .06 .02
.06 <.05 .06 .14 <,05 <.05 .36 .12 .23 <.05 .24 .03 .37
....................................................... .02 0B s 00 .. .03 .07 .00
99.6 99.7 100.3 99,5 99.9 99.7 99.7 100. 1 99.8 99.9 100.3 100.3 100. 2

Normative minerals
(Weight percent)

20.8 35.0 32.0 26.0 310 38.5 32.8 29.4 30.8 310 40.8 32.0 26.9
12 1.5 1.7 1.1 L5 2.8 2.1 1.2 1.7 4.1 2.7 2.0 1.2
12. 4 20.1 13.0 30.1 13.6 27.8 28.9 28. 4 30.7 30.7 24.2 28.4 40.2
40.6 27.9 41.4 27.1 42.3 25.4 30.4 35.5 28.8 27.9 25.4 25.4 25.4
8.8 8.8 7.4 7.5 7.2 2.1 2.0 3.6 3.6 2.3 2.9 3.9 3.7
1.8 1.6 1.1 17 .9 W7 .5 .2 .6 .8 .6 2.3 .5
Ferrosilite. 1.7 2.6 1.6 2.4 2.2 .9 7 .7 1.0 1.3 1.0 2.5 .2
Magnetite_ ... __________ L5 .9 .7 1.2 .1 N .6 .3 1.0 4 1.0 1.6 .6
Ilmenite. ... ________________________ .8 .6 4 .9 4 .2 .2 1 .5 .2 .3 .8 .2
Apatite ... .3 .2 .2 .6 .1 B .1 .3 .1 .3 .1
CaCO g Ao .1 I S .8 .3 N S .6 1 .8
Total. .. .. 98,0 99.2 99.6 199.0 99.3 99. 2 99.0 99.7 99.3 99.0 199,7 199.5 99.8
Differentiation index..._____________ 82.8 83.0 86.4 83.2 86.9 91.7 92.1 93.3 90.3 89.6 90. 4 85.8 92.5
Percent An in plagioclase. .. ._______ 17.8 240 15.2 21,7 14.5 7.8 6.2 9.3 1.1 7.6 10.1 13.3 12,7

Modal minerals
(Volume percent)

+30

©

Plagioclase.____.._.___.._
(Percent anorthite)
Potassium feldspar...

Epidote.- -
Chlorite. -

Apatite. .
Opaques. -
Zirecon. _..
Allanite___
Rutile. ___
Carbonate.
Amphibole..
Tourmaline
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gabbro, containing saussuritized plagioclase (Ans),
partly uralitized or chloritized pyroxene, clinozoisite
and epidote, opaques, and, in some, serpentine. The
similarity in petrographic types and field relations
suggest a comagmatic origin with the ultramafic rocks
of the Congonhas area.

Ultramafic rocks occur in the Catas Altas and Santa
Rita Durfio quadrangles in zones of intense shearing.
They are shown as a “greenstone sequence” by C. H.
Maxwell (written commun., 1962 data) and consist of
chlorite-serpentinite-talc-tremolite assemblages with ac-
cessory magnetite, pyrite, apatite, and tourmaline. Some
small bodies of massive soapstone and foliated talc
schists also occur and seem to have replaced some of the
chlorite- and serpentine-bearing rocks. An original
periodotite is suggested in serpentinite thin sections by
relict olivine or othopyroxene in talc aggregates and
fine-grained green chlorite clots, probably after clino-
pyroxene, both set in a groundmass of antigorite.

MAFIC ROCKS

Mafic dikes and plugs are abundant and intrude all
other rocks in the Caraca area. The gabbro is unfoliated
and intrudes the Borrachudos Granite, the only other
unfoliated rock in the region; it is, therefore, considered
post-Minas (Simmons, 1968b, p. H27) and probably cor-
relative with diabase in Sio Paulo dated at 120 m.y.
(Amaral and others, 1966). The fresh mafic rocks are
medium grained and dark green, and consist of a pale-
brown pyroxene (pigeonite?), andesine-labradorite, bi-
otite, magnetite, ilmenite, and leucoxene.

A swarm of dikes is intruded along faults in quartz-
ite and in the rocks above and below in the Serra do
Caraca. The dikes have an ophitic texture and are badly
weathered ; relatively fresh samples have large actino-
lite crystals, smaller grains of epidote-clinozoisite, and
serpentine in a finer grained groundmass of plagioclase
(Ang), chlorite, quartz, carbonate, and leucoxene.
Nearly all the mafic dikes are too badly weathered to
allow a determination of original mineralogy.

A long sill-dike consisting of chlorite schist extends
for about 12 km northeast through the Santa Bérbara
and Catas Altas quadrangles (Simmons, 1968b, H25,
H26; C. H. Maxwell, written commun., 1962) and aver-
ages 200-500 meters in width. It lies conformably be-
tween the Nova Lima Group to the northwest and the
granodiorite gneiss of Santa Bérbara to the southeast
along much of its length. To the southwest, the body
widens into a stock and crosscuts the Nova Lima. It
shows strong foliation parallel to its bounding surfaces,
but this trends at a high angle to foliation in the Rio das
Velhas Series. The dike is almost entirely weathered; a
few relatively fresh samples consist of chlorite, tale, and
serpentine,
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A dike of porphyritic diabase in the Catas Altas
quadrangle (table 13, sample CM-606) intrudes the
Cambotas Quartzite (C. H. Maxwell, written comr mun.,
1962). The rock is dark green and has phenocrysts of
plagioclase, as much as 3 c¢m in length, that have been
largely saussuritized to a mixture of a pure albite and
clinozoisite. The plagioclase has albite twinning and
many inclusions, among which is ripidolite chlorite
(Nm=1.633). The groundmass consists of K-feldspar,
calcite, opaque minerals, some of which are rimmed by
leucoxene, chiorite, quartz, biotite, muscovite. and
epidote.

Although the porphyritic diabases of the Ibirité and
Catas Altas quadrangles are metamorphosed, both their
chemical analyses (compare sample 54P126, tahle 5
with table 13) and normative minerals are very similar.
The differentiation index of the Ibirité rock is 38.1; that
of Catas Altas is 41.1. These indices are intermediste be-
tween those of basalt and diorite (Thornton and Tuttle,
1960 (p. 671).

TaBLE 13.—Analysis of porphyritic diabase from Catas Altas,
sample CM-606

[For sample location, see table 3 and pl. 1)

Chemical analysis ? Normative mine-als
(weight percent) Minor elements 2 (weight percen®)

SiOp .. 5.5 Ba______ 1, 070 Quartz_ _______. 9.0
AlL,Og_ - ___ 13.9 Be*.____ 1.5 Orthoelase_.__.__ 11. 8
€203~ - 20 Ce* .___ 100 Albite. ... ___ 20. 3
FeO_______ 10.8 Co.__.___ 31 Anorthite_ ... _. 21. 3
MgO______ 3.2 Cro_._._ 15 Wollastonite._.. 1.7
CaO_____._ 6.0 Cu._____ 21 Enstatite._ _____ 8.0
Na,O____.__ 24 Ga___._. 22 Ferrosilite_ ._ __ .. 13. 4
KO . __ 2.0 La* ____ 50 Magnetite_._.__ 2.9
A T0 31 Mo.____ .5 Ilmenite____..___ 5.9
P05 - .68 Nb_.___ 39 Apatite.._....._ L6
MnO__..__ .17 Nio____ 23 _
COp .- <.05 Pb*_ ____ 10 Total____ 95.9

H,O_..____ 31 Se.___.. 33

—— Sn______ 4 Differentiation
Total_- 98.9 Sr______ 290 index_. . ______ 41. 1
Voo 140 Percent An in

______ 79 plagioclase ___ 51. 1

Yb*____ 7

Zr___ ... 290

1 Analysts: P. L. D. Elmore, I. H. Barlow, S. D. Botts, and G. W. Chloe, U.S.
Geological Survey, using method of Shapiro and Brannock (1956). .

2 Quantitative Spectrogxﬁphic results by C. V. Dutra, Instituto de Teenclogia In-
dustrial, Belo Horizonte, M. G., Brazil; asterisk (*) indicates semiquantitative analy-
sis by H. W. Worthing, U.S. Geological Survey.

EXTREME NORTHERN PART OF THE QYJAD-
RILATERO FERRIFERO

Granitic rocks and gneisses underlie most of the
extreme northeastern part of the Quadrildtero Terri-
fero, including the Itabira district, and extend to the
east and northeast for many kilometers from the Quad-
rilatero Ferrifero. The granites and gneisses were
mapped by Dorr and Barbosa (1963) in the Itabir~ dis-

trict, by Reeves (1966) in the Monlevade district, and



B42

by me in the Florilia quadrangle and southern part of
the Sdo Gongcalo quadrangle.

The gneissic rocks here show a stronger layering than
those near the Serra do Curral. They also differ in other
important respects: the western gneisses are close to
granodiorite in composition, whereas many eastern
gneisses are more potassic and closer to granite in com-
position; banded gneiss in the west is largely of pre-
Minas age, but much of the eastern gneissic suite ap-
pears to be post-Minas, judging by radioactive dating
and field data. Much of the eastern gneiss may be de-
rived from Rio das Velhas Series rocks (Octdvio Bar-
bosa, 1954, p. 20), and inclusions of itabirite suggest
that some is also grantized Minas Series (Door and
Barbosa, 1963, p. 42).

Many of the gneissic rocks have intrusive contacts
with both the Rio das Velhas and the Minas Series.
Pegmatities abound in the contact area of gneiss and
metasediments as well as in zones of mixed gneiss and
Rio das Velhas rocks. A zone of mixed rock 15 m thick
was found about 200 m north of the crossing of Dois
Corregos by the old Ttabira-Conceigio road. Although
foliation is concordant in the two rock units, layers in
the Rio das Velhas Series appears to trend into the con-
tact in places (Dorr and Barbosa, 1963, p. 41-42). The
gneissic rocks there are presently correlated with
Groups IITI and IV. Contacts of the Borrachudos Gra-
nite with metasedimentary rocks were not seen, but
the granite is postmetamorphic (Dorr and Barbosa,
1963, p. 45) and belongs to Group III1.

Most evidence of an original high-grade metamorphic
aureole caused by granite intrusions has been destroyed
by a widespread low-grade regional metamorphism
that produced much muscovite, chlorite, and epidote.
However, garnet, staurolite, and kyanite occur in pe-
litic rocks in the Itabira district, within 200 m of the
gneiss (Dorr and Barbosa, 1963, p. 53). Kyanite, stau-
rolite, and almandine garnet are also known in the

Monlevade district, but their pattern of distribution

is not clear there (Reeves, 1966).

Ultramafic rocks are in the Itabira district and mafic
dikes, including amphibolite, occur throughout the
area. The ultramafic suite includes soapstone, serpen-
tinite, and talc schist. Some amphibolites have a relict
ophitic texture; others are foliated and may represent
a welded tuff, or a “dirty” carbonate rock.

SPECIAL STUDIES

AGE DETERMINATIONS

Dates have been determined by Rb®"/Sré” analysis
of two feldspars and K*°/Ar* analysis of three micas
from rocks of this part of the Quadrilitero Ferrifero
(table 2). K-feldspar from the Borrachudos Granite
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at the Peti reservoir (sample Ha-10) yielded a Rb/Sr
date of 1,230 m.y., and biotite gave a K/Ar date of
486 m.y. The 1,230-m.y. date is a good apprcximation
for the granitic intrusion which took place during the
waning phases of the widespread post-Minas orogeny,
dated elsewhere as about 1,350 m.y.

A Rb/Sr date of 545 m.y. was obtained on emazonite
feldspar from a pegmatite which cuts rocks of the Pira-
cicaba Group in the Rio Piracicaba quadrangle (sample
DTM-8). The K/Ar dates of biotite from granodiorite
gnciss (sample Ha-6) and biotite gneiss (sample Ha—)
of the Ttabira district are 450 and 500 m.y., resvectively,
and from the Peti phase of the Borrachudos Granite,
486 m.y. All these dates are presently considered to be a
result of a thermal event about 500 m.y. ago that caused
a loss of Ar. The only igneous activity at that time may
have been restricted to the intrusion of pegmatite.

ALKALI FELDSPARS

Alkali feldspars were separated from grenodiorite
gneiss from Itabira (sample Ha-6), fluorite-bearing
Borrachudos Granite at the Peti reservoir (sample Ha-
10), and from a granoblastic flaser gneiss from the Séo
Gongalo quadrangle (sample HA-38), and analyzed
for major and some minor elements (Herz and Dutra,
1966). Some of these results (in parts per million for
elements; in percent for feldspar molecules) are:

T°C

Sample Rb Ba Sr Li Ca An Ab Or
Ha-

6____ 450 2,320 127 2.3 715 0.5 12.7 86.6 400
Ha-

10.__ 720 90 30 13 430 .3 34.7 65.0 610
Ha-

38___ 330 4,340 182 3.2 80 .6 9.3 90.1 380

Feldspars from samples Ha-6 and Ha-38 have less
than 15 percent albite molecule and are considered to be
a low-temperature, subsolvus phase (Tuttle and Bowen,
1958, p. 129). that crystallized, or was recrystallized,
during a post-Minas metamorphism. Their indicated
temperatures of 400° and 380° C, respectively, obtained
by comparing the amount of albite in plagioclase to that
in microcline (Barth, 1956), are about the correct order
of magnitude for the greenschist facies of regional
metamorphism. Their original temperatures of crystal-
lization, however, may have been much higher; high
amounts of Ba and Sr which are present in these
feldspars generally concentrate in the earlier formed,
higher temperature fractions of a granitic m-lt.

The alkali feldspar of the Borrachudo® Granite
(sample Ha-10), with its large proportion of albite
molecule, crystallized under hypersolvus conditions, or
at high-magmatic temperatures. It was not affected by
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low-grade regional metamorphism, and so must be later
than the post-Minas metamorphism, which agrees with
the limited field evidence (Dorr and Barbosa, 1963, p.
45). The minor-element abundance suggests crystalliza-
tion under late magmatic or pneumatolytic conditions:
Rb is more abundant in sample Ha-10 than any other
Quadrilatero Ferrifero sample; Li is very high; and
the Sr and Ba abundance and ratio are similar to that
found in Norway for alkali feldspars from pegmatites
(Heier and Taylor, 1959, p. 290).

BIOTITE ANALYSES

Some minor elements were determined in biotite from
a granoblastic flaser gneiss (sample Ha-38), and the
Bicas biotite gneiss (sample Ha-39), from the Rio
Piracicaba quadrangle, and both major and minor ele-
ments were determined in biotite from the Peti phase
of the Borrachudos Granite (sample Ha-10). The re-
sults of the analyses for minor elements (in parts per
million) are (Herz and Dutra, 1964) :

Sample Co Ni Sc Cr Nb
Ha-10___________ I N.d 6.0 4.6 9.5 670
Ha-38___ ________ 35 34 32 38 41
Ha-39__._________ 59 220 26 250 36

I Not detected.

The absolute amount of Sc in biotite is taken to be a
geologic thermometer, with highest amounts up to
about 1,000 ppm occurring at lowest temperatures of
formation (Oftedal, 1943). The low value of Sc in
sample Ha-10 thus agrees with the analytical results for
the feldspars, which shows that that sample formed at
the relatively high temperature of about 610° C. High
Nb in this sample also suggests magmatic conditions.
The relative amounts of the trace elements are different
in each sample, but they do suggest that biotite in the
gneisses is not related to that in the granite.

The major elements present in biotite from the Pet{
phase of the Borrachudos Granite strongly suggest that
the rock is a late-stage differentiate (table 14). Although
the biotite is partly altered to chlorite, it still contains
abundart Nb, Li, Rb, F, and exceptionally low MgO,
which is characteristic of pegmatitic biotites or late-
stage granitic differentiates (Deer and others, 1962,
p- 60).

GNEISSIC ROCKS

Four varieties of gneiss are found in the Ttabira dis-
trict, but they cannot be mapped separately in the field
(Dorr and Barbosa, 1963, p. 87) ; a granitic gneiss with
uncontorted faint to moderate foliation and granitoid
texture is most common. It consists of medium-grained
granular to granoblastic aggregates of quartz, rela-
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TaBLE 14.—Partial chemical analysis and optical data of partly
chloritized biotite from the Petli phase of Borrachudos Granite,
sample Ha—10

Chemieal analysis by J. J. Fahey; opéical dB],ta by D. R. Wones, U.S. Geological
urvey,

Percent Percent

Pleochroism is grayish olive green to grayish yellow graen.
ny;=1.667+0.002; n,=1.604+0.001.

tively large angular grains of plagioclase (Anie-s),
partly sheared microcline, perthite, pale-green mus-
covite, brown biotite, clinozoisite, and chlorite. The
quartz forms 40-60 percent of the gneiss, feldspars form
80-55 percent, and micas generally form less than 15
percent, but, in places, as much as 80 percent. The micas
occur separately or interleaved, and muscovite is more
abundant than biotite. A second variety of granite
gneiss has contorted foliation and is cut by pegmatites
of two ages, one contemporaneous with folding and pos-
sibly anatectic in origin, and the other, discordant. The
two other varieties, quartz-muscovite gneiss and tiotite-
quartz gneiss and schist are apparently derived largely
from sedimentary rocks of the Rio das Velhas Series,
whereas the two granitic gneisses are considered igne-
ous in origin. Octdvio Barbosa (1954, p. 20) considered
these gneisses and schists to be Archean, derived by
granitization or metasomatism of the Rio das "7elhas
Series.

In the Monlevade district, Reeves (1966, p. 10) de-
scribed the Monlevade Gneiss representing former rocks
of the Rio das Velhas Series (table 15, sample Ha-36),
and the Bicas Gneiss, a possible highly metamorphosed
equivalent of parts of the Elefante Formation of the
Piracicaba Group. The Monlevade Gneiss consists
mostly of banded feldspathic (granite) gneiss, augen
gneiss, and quartz-biotite gneiss interlayered with
amphibolite, quartz-mica, staurolite-garnet-schist,
quartzite, and itabirite. The Monlevade gneisss are
variable in composition and texture; grain sizes vary
from fine to coarse; and fine- to medium-grained varie-
ties comprise 90 percent of the formation. Parts of the
gneiss contain fine-grained quartz-feldspar layevs 1-2
mm thick or more, separated by biotite or hornblende-
rich layers. Most of the feldspar is potassic, but: some
oligoclase is also present. Feldspar augen in the augen
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gneisses range from a few millimeters to more than
3 ¢m in diameter in a matrix of biotite, hornblende, and
felsic minerals.

The Elefante Formation of the lower part of the
Piracicaba Group consists largely of quartz-biotite
gneiss, mica quartzite, quartzite, and itabirite. The
gneiss member is called the Bicas Gneiss (Reeves, 1966,
p. E 21). .

Gradational facies between granites and rocks of
mixed origin are more common in the eastern part of
the Quadrildtero Ferrifero than in the western part,
probably because of the generally higher grade of meta-
morphism in the eastern part. Gneiss and granite are
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intimately associated and gradational in many places,
and are also chemically similar. Three granitic samples
(table 15, Ha—6, -8, -10) and two gneisses derived from
Rio das Velhas rocks (Ha-7, -86) have differentiation
indices ranging from 93.1 to 95.1, indicating a remark-
able degree of homogenization.

Pegmatites associated with these rocks in the Itabira
district may be pre-, syn-, and posttectonic and are com-
posed dominantly of feldspars and quartz, with some
muscovite; the oldest pegmatites also contain calcite
and chalcopyrite (Dorr and Barbosa, 1963, p. 46). The
pegmatites average only a few centimeters in thickness,
but they pinch and swell. Younger pegmatites generally

TasLe 15.—Chemical analyses, normative minerals, modal minerals, and minor elements of granitic and gneissic rocks ard pegmalite
from the exireme northeastern part of the Quadrildtero Ferrifero

[For sample locations, see table 3 and pl. 1. ... not analyzed; P, present; N.d., looked for, but not detected]

QGranitic rocks Pegmatite Gneissic rock
Ha-6 Ha-8 Ha-10 H-25b H-25¢ Ha-7P Ha-7 Ha-36 Ha-38
Chemical analyses
(Weight percent)

[ Analysts: P. L. D. Elmore, S. D. Botts, I. H. Barlow, and G. W. Chloe, usling mleghod of]Shapito and Brannock (1956); fluorine determined by 8. M, Bert4old, U.S. Geo-
cgical Survey]

SiOg o . 74. 6 74. 2 7.8 e 72. 0 76. 3 76. 5 71.9
ALOs. . __. 14. 0 12. 7 11,7 e 15. 0 13.2 11. 8 13. 3
FeoOs .. .3 1.0 B .3 .4 .7 1.0
FeO_ . ... . 69 1.1 1.0 .. .20 .41 1.1 2.1
MgO__ . .. .13 .02 00 .03 . 06 . 10 . 20
CaO._ . ___ . 83 . 80 Y .42 .72 .70 1.5
NaO . 3.7 3.5 3.6 e 3.0 3.2 2.8 3.2
20 . 4.9 5.1 4.1 . 7.9 5.0 5.2 4.7
200 . .46 . 36 B2 oo 25 .45 .33 . 68
TiOgo o . .12 .14 08 _ - 02 03 .10 45
POy . .04 .02 00 _ o o-_ 01 01 . 00 12
MnO.___ o __.__ .04 . 04 04 _ . 02 04 .02 04
COp . .34 .13 08 _ .. 26 34 . 05 05
oo e .04 .37 B e 00 . _____ .16 14
Total ______________ 100. 2 99. 5 100.5 ... 99. 4 100. 2 99. 6 99. 4
Normative minerals
(Weight percent)
Quartz_ . ______________ 33.1 33.7 40. 5 e 24. 1 37.7 38.7 31.6
Corundum .. ____________ 2.1 1.3 1.4 1.4 2.0 0.8 1.0
Orthoclase. .. _____.______ 28.9 30. 1 24. 2 . 46. 7 29. 5 30.7 27. 8
Albite__ .. _______________ 31.3 29. 6 30,4 - 25. 4 27.1 23.7 27. 1
Anorthite_ - .. ___________ 1.4 R TS .4 1.4 2.0 5.4
Enstatite. . _ .. ___________ .3 S P .1 1 .2 0.5
Ferrosilite_ . - . . __________ .9 1.0 ) I S L1 4 1.3 2.4
Magnetite - _ ... _________. .4 1.5 R R .4 6 1.0 1.5
Ilmenite____ . ____________ .2 .3 o e 1 .2 .9
Apatite.__ .. ________ S OIS T .3
CaCOs_ . _.__ .8 .3 T I 6 .8 .1 .1
Total ______________ 199, 7 299 0 399.9 _ . 99. 2 99. 7 499 2 98. 6
Differentiation
index__ ... _________ 93. 4 93. 4 95,01 e 96. 1 94. 3 93.1 86. 5
Percent An in
Plagioclase. ... __.._____ 4,4 1.0 0 e 1.5 4.8 7.7 16. 5

1 Includes 0.1 percent fluorite.
2 Includes 0.8 percent fluorite.

3 Includes 1.0 percent fluorite; CaQ deficient.
4 Includgs 0.3 percent fiuorite.
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cent fluorite. Other accessories include muscovite, epi-
dote, chlorite, zircon, carbonate, allanite, and opaque
minerals.

The rock varies in composition from granite to ada-
mellite. It contains a dominant phase in which micro-
cline erystals average 1 em in diameter, and a minor,
fine grained phase in which microcline averages half
a centimeter across (Dorr and Barbosa, 1963, p. 43).
Plagioclase is more abundant than orthoclase in the
norm (table 15); so most of the rock Is a normative
adamellite rather than granite. Sample Ha—8 has 36.2
percent normative plagioclase compared to 30.9 per-
cent normative orthoclase, and sample Ha-10 has 36.6
percent compared to 24.7 percent. The bulk of the per-
thite, therefore, is probably plagioclase.

Pegmatites are absent from both the Borrachudos
and its wallrocks. The lack of joints, the coarse grain
sizes, and the mineralogy of the granite suggest that the
entire rock is actually a kind of pegmatite in which
volatiles were trapped.

PETROGENESIS

Granitic and gneissic rocks of igneous and of mixed
igneous-sedimentary origin are present in the extreme
northeastern region of the Quadrilatero Ferrifero. The
mixed origin for some gneisses has been shown in the
field—for example, in the Itabira district where grada-
tional facies exist between gneiss and metasedimentary
biotite schist of the Rio das Velhas Series (Dorr and
Barbosa, 1963, p. 40). Relict higher grade metamorphic
minerals, for example, staurolite, appear to be related to
granitic rocks, suggesting a high temperature of em-
placement and igneous origin. The present-day simi-
larity of mineralogy and chemical composition of many
gneissic and granitic rocks in the area attests to the
thoroughgoing nature of the ultrametamorphic or
granitization processes responsible for the conversion of
metasediments into granitic-appearing rocks.

Of the granitic rocks, the granodiorite and granitic
gneiss (sample Ha-6) are intimately related to the
gneisses, and the Borrachudos is not. The Pet{ phase of
the Borrachudos Granite (sample Ha-10) is richer in
volatile constituents, higher in SiO; and lower in Al,O,
and K.O, compared to the type Borrachudos; both nor-
mal and Peti phases are unusually rich in fluorine, aver-
aging 0.45 percent.

The minor elements show the close relationship of the
Borrachudos Granite and the Pet{ phase and also sug-
gest that, if the granodiorite was comagmatic, it was
formed at higher temperatures than either of them. Ba
and Sr decrease from the higher temperature grano-
diorite of sample Ha—-6 to the lower temperature Bor-
rachudos Granite of samples Ha-8 and Ha-10, whereas
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La, Nb, Sn, Y, Zr, and F increase from sample ITa—6
to samples -8 and —10 (table 15). Ba and Sr ar> be-
lieved to be concentrated early in the differentiation of
alkali rock series, and the others mentioned above, late
in differentiation (Nockolds and Allen, 1956). The abun-
dant F and Sn even suggest that the later Peti rocks
formed during a pneumatolytic stage. The granodiorite
and the Borrachudos Granite and associated Peti phase
may represent differentiates of the same magma, al-
though the granodiorite intruded earlier, and is prob-
ably syntectonic, as it shows some deformation (Dorr
and Barbosa, 1963, p. 38); whereas the Borrachudos,
judging by its lack of deformational features, is posttec-
tonie,

The minor elements of pegmatites in the gneiss (sam-

‘ple Ha-7P) are much more similar to those of the grano-

diorite than of the Borrachudos and Peti. This fact
suggests that the pegmatites are closely related to the
granodiorite and are closer in time to them than to the
Borrachudos Granite.

ULTRAMAFIC AND MAFIC ROCKS

Ultramafic rocks are present in the Itabira dis‘rict,
and dikes of probable mafic igneous origin are found
throughout the extreme northeastern area. Ultramafic
rocks of the Itabira district are considered to be arong
the oldest igneous rocks in the Quadrilatero Ferrifero,
except for metavolcanic rocks interbedded in the Rio das
Velhas Series (Dorr and Barbosa, 1963, p. 34). The
ultramafic rocks were altered to soapstone, serpentinite,
and tale schist. Gabbros and feldspathic peridotites,
believed to be younger than the ultramafics, were al-
tered to amphibolite, talc-chlorite schist, tale-chlorite-
tremolite schist, and actinolite schist. Foliation in most
of the mafic and ultramafic rocks, especially the am-
phibolites, is concordant to structures in the surrcund-
ing pre-Minas rocks.

The soapstone and serpentinite are largely unfoliated
and massive, but grade into tale-rich schist near their
margins. The soapstone consists of about 99 percent tale
and some carbonate and opaques. In places, soapstone
has as much as 24 percent by volume of rhomblike holes
that range from 2 mm to 2 cm across and may reprisent
former magnesite or other carbonate crystals. Carbonate
in veinlets has been identified optically as magnesite-
siderite-rhodochrosite containing 75-85 percent of the
magnesite molecule (Dorr and Barbosa, 1963, p. 35).
The serpentinite contains more than 70 percent antigo-
rite, 5-25 percent talc, and less than 5 percent of
carbonate (magnesite 85-90). Accessories include mag-
netite, pyrite, and chromite.

Amphibolites form sill-like bodies throughout the
northeastern part of the Quadrilitere Ferrifero and
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also irregular stocklike bodies in the Itabira district.
Other weathered dikes of mafic origin in the Florilia
quadrangle appear to be identical with those described
in the Barao de Cocais quadrangle (p. B41).

The amphibolite bodies of the Itabira district are of
two general types (Dorr and Barbosa, 1963, p. 35) : (1)
A common variety with a relict ophitic fabric and little
or no schistosity, and (2) a less common variety charac-
terized by good alinement of blue hornblende grains
and a weak schistosity. Even less common are actinolite-
tale-chlorite and tremolite-talc-chlorite schists. The most
common amphibolites consist of a blue-green horn-
blende, 40-60 percent; polysynthetically twinned pla-
gioclase (An,, ,) partly replaced by clinozoisite, 20-40
percent; and accessory biotite, leucoxene, quartz, chlo-
rite, sericite, and magnetite. The schistose amphibolite
consists of a fine- to medium-grained blue hornblende,
68-80 percent, and plagioclase (Anis-4), 10-30 percent.
The plagioclase occurs in either untwinned, isolated,
equant crystals or irregular aggregates surrounded by
hornblende. Clinozoisite and epidote are present;
quartz, biotite, leucoxene, apatite, and magnetite gen-
erally are minor accessories. The amphibolites are con-
sidered to be of metamorphosed gabbro origin.

SUMMARY AND CONCLUSIONS

Absolute age determinations of minerals from the
Quadrildtero Ferrifero (table 2; p. B8) suggest five
datable events: at about 2,700, 1,930, 1,350, 1,000, and
500 m.y. The older four events were related to granitic
intrusions and the formation of gneiss, and the 500-m.y.
event was largely thermal, accompanied by the forma-
tion of pegmatite.

The granitic and gneissic rocks have been divided into
four general groups. Group I includes the Engenheiro
Corréa Granodiorite, which is the the oldest igneous-
appearing felsic rock of the region. It first intruded
about 2,700 m.y. ago and was partly remobilized or re-
intruded in at least the 1,350-m.y. event. Group II in-
cludes the banded Itabirito Granite Gneiss, dated the
same as I, but also younger and with which it is appar-
ently gradational and interlayered in places, such as the
Bacio complex. Group III includes the youngest gran-
ites of the area which are, as a group, intrusive with,
and discordant to, the older Precambrian rocks, They
are the most silicic and potassic of all the felsic rocks
and are considered to be late or post-Minas tectonism,
related to a 1,350-m.y. event and possibly also younger
events. Group IV includes the youngest, as well as
mixed, gneisses that were either formed or mobilized to
some extent in the 1,350-m.y. and younger events. This
group is the largest of all the felsic rocks of the
Quadrilatero Ferrifero.
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In addition, some felsic rocks that have distinctive
features have been found in restricted areas, as the por-
phyritic granite of the Moeda complex, and cannot be
correlated with certainty to other rocks within the Qua-
drilatero Ferrifero. Another coarse porphyritic granite
found near Sete Lagoas, about 55 km north-northwest
of Belo Horizonte, has been dated at 1,930 m.y. by the
whole-rock Sr isochron method (Pinson and others,
1967). The Moeda complex porphyritic granite has
yielded a 1,985-m.y. Sr date on K-feldspar, suggesting
that the two granites may be comagmatic and related to
the same event.

Mafic and ultramafic bodies, ranging in size from thin
veins or sills to small stocks or bosses, are also found.
The ultramafic bodies intrude only pre-Minas rocks and
may have been part of an intrusive cycle of 2,675-2,800
m.y., that included granitic intrusions.

Mafic rocks form sills and dikes and small stocks that
intrude all the Precambrian metasedimentary rocks,
gneisses, and granitic rocks. They may range in age from
the oldest datable events, where they are represented by
metamorphosed amphibolite dikes in the Rio das Velhas
Series, to about 120 m.y., where they are represented by
diabase dikes and gabbro stocks that may be related to
the Parang flood basalts in the south of Brazil (Amaral
and others, 1966).

In a general way, the following igneous cycle was re-
peated two or more times in the Quadrilatero Ferrifero:

1. The original sedimentary and voleanic sequence in-
cluded some rocks that approximated the composi-
tion of granitic gneisses, that is, feldspathic sand-
stone or arkose. The bulk of the sequencs, however,
was more mafic and included pelites and basaltic
rocks, In an early high-grade metamorphism,
granulites may have formed and a layered struc-
ture may have been imposed upon some rocks by
metamorphic differentiation.

2. Solutions were derived by a partial melting of some
original sedimentary rocks. Winkler and Von
Platen (1961) found that such a melt would form
at about 700°C from rocks containing quartz,
alkali feldspar, and biotite, and that the melt would
be richer in alkalies and iron than the original
rock. This could have taken place in the 2,700-m.y.
event in which a regional high-grade metamor-
phism was developed and again in the 1,930-m.y.
event, or in the eastern part of the area during
the 1,350-m.y. event.

3. Some liquids of a granitic composition were intro-
duced, but a quantitative estimate of their volume
is difficult. The similar mineralogy and chemistry
of gneisses and many igneous rocks suggest a
closely related origin.
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Late regional low-grade metamorphism and struec-
tural deformation were imposed upon earlier formed
rocks. Mafic minerals were largely changed to chlorite-
biotite epidote; the albite content of plagioclase in-
creased as clinozoisite and sericite formed in both the
gneisses and granodiorites. During a thermal event, al-
kali metasomatism, presumably the result of the tem-
perature gradient, also took place, as shown by albite
and microcline rims on plagioclase. Many of the gneisses
near to the Serra do Curral, for instance, show Na-rich
rims on plagioclase, whereas farther away, the rims are
K-rich. Most mineralogic changes, however, were due to
redistribution of material already present, and pre-
sumably only small amounts of silica and alkalies were
introduced. Certainly, there are no great differences in
composition between rocks showing replacement and
those that do not.

Temperatures of recrystallization, calculated by com-
paring the ab-content of coexisting alkali and plagio-
clase feldspars (Barth, 1956), referred to elsewhere in
this paper, were uniformly low, ranging from 380°
to 430°C. The 570°C calculated for the granodiorite of
Congonhas (sample Ha-27) and the 610°C for the Pet{
phase of the Borrachudos Granite (sample Ha~10) may
be original temperatures of crystallization.

Other evidence also suggests that temperatures of
crystallization or recrystallization were below about
700°C. Compositions of coexisting K-feldspar and
plagioclase shown on an orthoclase-albite-anorthite tri-
angular diagram have tie lines that are almost parallel
to the Or-Ab joint (fig. 25), except for the tie line for
Ha~27. Yoder, Stewart, and Smith (1957, p. 212) have
shown that at 5 kilobars water pressure, and about
700°C, plagioclase potassium feldspar tie lines should be
parallel to the Ab-Or join; with increase in tempera-
ture, the tie lines fan out as the coexisting plagioclase
becomes An-rich.

Comparison of the plot of the chemically analyzed
older felsic rocks (fig. 264 with the younger (fig. 268)
on a normative quartz-albite-orthoclase diagram, the
“residua diagram” of Tuttle and Bowen (1958), shows
that the older are richer in albite and thus “grano-
dioritic” compared to the younger.

The older granodiorite analyses trend from an albite-
rich field toward the ternary eutectic of quartz-albite-
orthoclase (fig. 264). This is the low-temperature field
and the area of maximum concentration of analyses of
granites of the world (Tuttle and Bowen, 1958, p. 79).
Nearly all such analyses fall within the thermal trough
bounded by the 1,000 and 3,000 kg/cm? P=ryo isobars.

In the residua diagram for the younger rocks (fig.
268) nearly all the analyses group within or near the
area of maximum concentration of analyses of granites
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of the world and within the thermal trough shown by
the 500 and 3,000 kg/cm? Pmyo isobars. The only ex-
ception is sample Ha-7P, a pegmatic which is dis-
placed toward the Or apex. Such uniformitr of
chemical composition suggest that these rocks were
formed in a relatively short period of time, or thet all
crystalized under similar physical conditions at or near
the eutectic at different times. Although the young
gneisses in the east have thicker layers and better sepa-
ration of mafic- and felsic-rich layers than the gneisses
of the western Quadrildtero Ferrifero, the rocks are
chemically similar in both areas.

Chemical changes accompanying the post-Minas low-
grade regional metamorphism are hard to ascertain.
Plagioclase tended to break down into albite and epidote
minerals at low-metamorphic temperatures, and chlorite
formed from biotite, which released some potassium.
Part of the Or-enrichment shown in the residua diagram
of younger rocks, compared to the world-wide maxi-
mum (fig. 268B), therefore, may have been due to a
K-metasomatism related to metamorphism.

OLDER FELSIC ROCKS (GROUPS I AND II)

Older granodiorite (Group I) was emplaced in the
Bagiio complex and also in the Congonhas dist-ict;
layered granite gneiss (Group II) intruded, or was de-
veloped north of, the Serra do Curral and elsewhere.
Parts of Rio das Velhas country rock may have been
dissolved into these magmas, or they may have been
ultrametamorphosed sufficiently to produce an alkali-
silica-rich anatectic melt.

There is evidence that much of the Groups I and
IT granodiorite rocks were igneous. Flow structures
are seen around xenoliths, as in the Prado Lopes quarry
(fig. 6), and a high-grade metamorphic aureole occurs
in metasedimentary rocks adjacent to the granodiorite
in many places. South of the Bagio complex, for ex-
ample, a cordierite-bearing metasedimentary rock bor-
ders the granodiorite, and west of the complex,
staurolite-garnet metasedimentary rock is abundant. In
both places the Rio das Velhas Series shows a high-grade
metamorphism, whereas nearby Minas Series rocks
are in the chlorite zone, indicating emplacement of the
granodiorite before Minas time.

Relations between Group I granodiorite and Group
II gneiss vary from place to place. Many small grano-
diorite dikes crosscut gneiss with sharp contacts and
send out Zt-par-lit dikelets into the gneiss. In other
places no such dikes are seen, but granodiorite is Zt-par-
it in the gneiss. The close chemical and mineralogical
compositions of the two rocks in these occurrences sug-
gest that the granodiorite may have formed from an
anatectic melt derived from the gneiss.
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F1aure 25.—K-feldspars of the Quadrilatero Ferrifero in a ternary albite-orthoclase-anorthite diagram. Directions of plagio-
clase tie lines shown. Numbers refer to samples given in table 3.

During the pre-Minas orogenies, large areas of grano-
diorite were emplaced, granodiorite gneiss was formed,
and Rio das Velhas rocks were, in part, assimilated by
magma and, in part, metamorphosed to produce as-
semblages with staurolite-garnet and possibly cordi-
erite-sillimanite. Buttresses formed, composed largely
of these gneissic and granodioritic rocks surrounded by
Rio das Velhas rocks that were probably too mafic to
be “granitized” or converted to gneiss but may have lost
their more alkalic fractions by distillation. These but-
tresses comprise complexes north and west of the Serra

do Curral, west of the Serra da Moeda, near Bagdo and,
probably, in the Congonhas area.

In the eastern Quadrilatero Ferrifero, there is no evi-
dence today of such ancient buttresses. If they formed
during the earlier history of the area, they were either
completely destroyed in younger orogenies or lie at
great depths, below the Rio das Velhas Serier, and thus
are structurally unimportant. The gneisses of the east
tend to be rich in potassium, similar to the youngest
gneiss in the west.

In post-Minas events, some granodiorite may have
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FIGURE 26.—Quartz-albite-orthoclase “residua diagrams” (Tuttle and Bowen, 1958)
for felsic rocks in the Quadrilatero Ferrifero. All sample numbers refer to table
3 and are from Ha series of samples, unless otherwise designated by letter prefix.
A, Older felsic rocks. Dashed lines indicate ternary minima for 1,000 and 3,000
kg/em® Prgo. B, younger felsic rocks. Dashed lines indicate ternary minima for
500, 1,000, and 3,000 kg/cm® Px,o.
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produced other anatectic melts, which, in turn, were in-
truded into older rocks. Such melts would be richer
in silica and alkali than the granodiorite, and the
younger felsic rocks are actually richer in silica and al-
kalithan the older ones. The last important thermometa-
morphic event in the area resulted in a general retro-
grade metamorphism and deformation around the sides
of the gneiss buttresses.

A variation diagram for both major and minor ele-
ments (fig. 27) of the older granodiorite and gneissic
suites (Groups I and IT) shows a differentiation trend
similar to that found in many worldwide studies of
igneous rocks. SiO, and K,O increase with increasing
differentiation index, Al,Q; shows almost no variation,
and the other elements decrease. Na,O does not vary un-
til the final stages when it decreases. These trends are
similar to those for the Lower California batholith as
well as the Potosi Volecanic Group of Colorado (Larsen
and Schmidt, 1958, p. 29).

The minor elements generally do not appear to vary
in a systematic way. Many of them either decrease with
increase in differentiation index or do not vary in
amount.

YOUNGER FELSIC ROCKS (GROUPS III AND IV)

The oldest date obtained on the younger suite is 1,230
m.y. from the Pet{ phase of the Borrachudos Granite,
which lends support to the idea that most of the younger
gneisses (Group IV) and granites (Group III) formed
in a post-Minas orogeny of about 1,350 m.y. ago. The
granites are largely late- or posttectonic, and the gneis-
ses, syntectonic. The last Precambrian event is dated
around 545 m.y. by Rb/Sr on feldspar from pegmatite in
the Rio Piracicaba quadrangle and consisted largely
of a low-temperature regional metamorphism accom-
panied by deformation.

In the western Quadrilatero Ferrifero, the younger
granites were generally emplaced between the older
granodiorite-gneiss buttresses, and the Minas Series,
presumably in thrust zones or zones of structural weak-
ness. There is evidence of such a younger intrusion
north of the Serra do Curral where staurolite-garnet is
found in the Sabard Formation near its contact with
granite. West of the Serra da Moeda, albite porphyro-
blasts in the basal Moeda quartzite formed by metasoma-
tism that possibly was also related to igneous processes.
In the eastern part of the Quadrilitero Ferrifero,
younger granitic rocks and gneisses are widespread,
younger gneisses underlie most of the extreme north-
eastern region, and high-grade metamorphic facies are
adjacent to granite intrusions. The largest discordant
granite bodies of the Quadrilatero Ferrifero, the Bor-
rachudos Granite, are in the Itabira and Petf regions.
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The same problems of origin and mutual relation-
ships of granite and gneiss apply to the younger as well
as the older granodiorite-gneiss suites. In tl'~» extreme
northeast, Dorr and Barbosa (1963, p. 37), described
transitional facies between a granitoid rock of igneous
aspect and biotite-rich schistose rock that suggested an
anatectic-“granitization” relationship. In tl~ western
Quadrildtero Ferrifero, however, discordant dikelets of
granite cut older gneiss and instrusive tongu-ss of gran-
ite are in the Sabari Formation. Contacts between
metasedimentary rocks and the post-Minas granite are
generally sharp (Gair,1962).

In the west, the Group ITI granites may be largely
magmatic differentiates of unknown deriv~tion, and
there is no direct evidence for the incorporation of sedi-
mentary material. In the east, on the other hand, pre-
existing rock could have produced anatectic melts, as
suggested by the gradational relationship of metasedi-
ments and gneiss in Itabira and Monlevade and by the
generally higher metamorphic terrane. High F and Nb,
which concentrate in residual magmatic solutions (Ran-
kama and Sahama, 1950), are abundant in the Borra-
chudos Granite and imply that new material was also
introduced.

Most of the post-Minas granite gneiss of tl*e west has
been deformed. Two weak foliation planes are com-
monly seen. Mortar structure and sutured quartz are
present, and metasomatic recrystallization ir suggested
by feldspar grains rimmed by albite or microcline. Much
younger gneiss was produced by silica-alkali metasoma-
tism or gneissic structures developed by metamorphic
differentiation, near zones of structural deformation or
by intrusion of the younger granite. Very little of the
younger gneiss in the western part of the Quadrilitero
Ferrifero formed by the addition of anatectic liquids
since its fine layered structure suggests only original
sedimentary or metamorphic processes and a rock that
has changed but little. In the east, on the other hand,
abundant Zit-par-lit granite in gneiss has formed a mig-
matite, suggesting higher temperatures and more
thoroughgoing processes of formation.

No variation diagram is shown for the younger gran-
ites and gneisses. The younger rocks cover a short inter-
val of D.I. from 85.7 to 96.1 that is entirely within the
field of alkalic granite; therefore, no differentiation
can be seen.

ULTRAMAFIC AND MAFIC ROCKS

Ultramafic and mafic intrusives that originally
ranged from peridotite and pyroxenite to gabbro are
now serpentinite, steatite, amphibolite and metagabbro.
These intrude only the Rio das Velhas Series and some
gneissic rocks and are best developed in the Rio Acima-
Macacos quadrangles, the Congonhas district, the Ouro
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FIGURE 27.—Variation diagram, Groups I and II, older granodiorite and gneissic rocks. Samples are Ha samples unless
otherwise designated, and are arranged according to increasing differentiation index (Thornton and Tuttle, 1960).
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Preto district, around Caeté, and in the Itabira district.
These rocks are pre-Minas, and largely pregranodiorite ;
in the Congonhas district, there is evidence that some
were deformed together with Rio das Velhas Series
and later intruded by a granodiorite. Any original con-
tact effects of the intrusions has been masked by later
metamorphisms. The oldest dates of the region, 2,700
m.y. and 2,800 m.y., were obtained on amphibolite and
schist from the Rio de Pedras quadrangle, north of the
Bacio complex, and may represent an age of mafic
and ultramafic intrusion.

Field evidence shows the larger bodies of mafic and
ultramafic rock to be intrusive, and textural evidence of
replacement of coarse pyroxenes and olivines by serpen-
tine and tale (fig. 20) also shows a primary igneous
rock. Two samples, serpentinite (JG-10-55) and meta-
gabbro (JG-11-55) chosen for chemical analysis because
they represent extremes in composition (table 5), have
normative minerals suggestive of peridotite and gabbro
or diabase, respectively. The metamorphosed ultramafic
rock has exceptionally high Co, Cr, and Ni, and is
lacking in or has low Ba, Sn, and Sr (table 5), which
is additional evidence for an igneous mode of origin for
the serpentinite. The gabbro norm suggests an under-
saturated mafic alkalic rock containing both orthoclase,
2.8 percent, and olivine, 4.5 percent.

Dikes, plugs, and sills of mafic rocks are found
throughout the area, intruding both pre-Minas and Mi-
nas rocks. Ophitic texture is seen even in badly weath-
ered varieties and chilled margins have been observed
in some dikes (Dorrs and Barbosa, 1963, p. 46). Nearly
all have been altered by low-grade metamorphism as
well as by weathering. Many of the pre-Minas bodies are
now amphibolites, and their origin will be discussed in
more detail in the report on metamorphic rocks. Post-
Minas mafic rocks may be of two ages, one immediately
post-Minas and folded together with the Minas rocks
and the other, crosscutting all preexisting structure and
correlative with the 120-m.y. old diabase-gabbro dikes
and plugs of the State of Sdo Paulo (Amaral and
others, 1966). However, both types have saussuritized
plagioclase and uralitized pyroxene.

One chemical analysis was obtained of a younger meta-
diabase (sample A-753) from the Nova Lima quadran-
gle (table 5). It differs from the older amphibolite
metagabbros in having no normative olivine, abundant
TiO., reflected in high normative ilmenite of 4.0 per-
cent, and is saturated, as shown by 3.2 percent quartz.

Diabase porphyry intrudes pre-Minas sedimentary
rocks in the Catas Alttas quadrangle (C. H. Maxwell,
written commun., 1963 and older gneiss and the Itabira
Group in the Ibirité quadrangle (Pomerene, 1964, p.
35). Chemical and mineralogical similarity suggests that
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these rocks are related to the younger mafic suite (com-
pare tables 5 and 13). TiO, is unusually high in both,
trace elements are similar, normative minerals are
similar and do not include olivine, and both have
wollastonite.
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