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PHYSIOGRAPHIC, STRATIGRAPHIC, AND STRUCTURAL DEVELOPMENT
OF THE QUADRILATERO FERRIFERO, MINAS GERAIS, BRAZIL

By Jou~x Vax N. Dorr 20

ABSTRACT

The Quadrilatero Ferrifero is an area of some 7,000 sguare
kilometers in central Minas Gerais, Brazil, centered about lat.
20°15" 8., long. 43°30° W. For 250 years the region has poured
forth a variety of mineral riches, now totaling more than
$2 billion, and future production will undoubtedly be even
greater. The main products are iron ore, manganese ore, and
gold. To assist this development, the Brazilian and American
Governments in 1946 jointly undertook the first detailed geologic
study of the region; this report is a synthesis of the results of
work and mapping by 17 Brazilian and American geologists
under this program; other reports discussing the economic
geology, the metamorphic geology, and the igneous geology of
the region as a whole are being prepared.

The region is one of the highest in Brazil and forms the
watershed between two major drainage systems. Major streams
are deeply incised, and total relief is about 1,400 meters. Inter-
mittent erosion has produced a number of prominent erosion sur-
faces, the oldest persistent surface possibly dating back to the
middle Mesozoic. These erosion levels are of economiec impor-
tance, for they control the development of certain supergene ore
deposits.

All rocks of the region are strongly weathered, most to depths
of 50 meters or more. With the exception of an unjointed,
unfoliated granite, the more complex the mineral composition,
the more intense the weathering, other factors being equal.
Products of lateritic weathering and saprolite are widespread.

The region is underlain by granitic gneisses, granites, and
similar coarsely crystalline roeks; mafic and ultramafic intru-
sive rocks of various ages and the alteration products thereof;
and three series of metasedimentary rocks of Precambrian age
with a minimum aggregate thickness of about 14,000 meters.
A few small areas of Tertiary continental sedimentary rocks
are known.

The metasedimentary rocks of the region are divided into
the Rio das Velhas Series, first metamorphosed some 2,800
million years ago. unconformably overlain by the Minas Series,
which in turn is unconformably overlain by the Itacolomi
Series. The Minas Series was metamorphosed by intrusive rocks
dated by radioisotope methods as being formed some 1,300 mil-
lion years ago. The age of the Itacolomi Series is indeterminate,
but it was metamorphosed to the same degree as the Minas
Series and is thus believed to be also older than 1,300 million
years.

The Rio das Velhas Series is composed of two groups, the
Nova Lima and the Maquiné. The Nova Lima is a flyschoid

eugeosynclinal suite now dominantly composed of chlorite,
sericite, quartz-chlorite, and quartz-sericite phyllite and schist.
Metavoleanic rocks are common. Other rock types include gray-
wacke, subgraywacke, quartzite, carbonate-facies iron-forma-
tion, metachert, carbonaceous and graphitic phyllite, and
tilloid. The Nova Lima is the host for widespread gold minsral-
ization and, to the south of this area, for important manganese
deposits in the Lafaiete district. The base of the Nova Iima
Group has never been found, but the minimum stratigraphic
thickness must be on the order of 4,000 meters.

Overlying the Nova Lima Group with locally gradational,
locally unconformable contact lies the Maquiné Group, a
molasse suite subdivided in the type locality in the Rio das
Velhas valley into two formations, the Palmital and the Casa
Forte. The Palmital Formation, composed dominantly of
quartzose chloritic and sericitic phyllite and schist, wedges
out to the southeast; and the overlying Casa Forte Formation,
composed dominantly of protoquartzite, grit, and conglome-ate,
there overlies the Nova Lima Group with apparently conform-
able contact. In much of the eastern part of the region the
Maquiné Group cannot be subdivided, but is composed of rocks
similar to those in the type locality, with less conglome-ate.
The maximum thickness of the Maquiné Group is perhaps 1,600
meters.

Overlying the Maquiné Group with angular unconformity is
the Tamandud Group, here included with the Minas Series. The
group crops out in a relatively small part of the region ard is
known only in the east-central part. The lower formation. the
Cambotas, is an orthoquartzite perhaps 1,000 meters in maxi-
mum thickness, and it is overlain by an unnamed formetion
composed of sericite and quartzose phyllite and dolomitic iron-
formation with a maximum thickness of perhaps 250 meters. The
group is believed to represent prismatic paralic sedimentation.

Conformably overlying the Tamandua Group and, in most
of the region, unconformably overlying the Rio das Velhas Series
is the Caraca Group of the Minas Series, divided into two for-
mations, the Moeda and the Batatal. The Moeda Formstion
varies greatly but systematically in thickness and in lithology.
In the west-central part of the region the formation consists of
as much as 1,000 meters of grit, protoguartzite and ortho-
quartzite, and conglomerate, with lenticular phyllite bodies. In
the east-central and muech of the northern, far western, eastern,
and southeastern parts of the region it is less than 100 meters
thick and consists of quartzite or sericitic quartzite. It is a
transgressive blanket formation. The econformably overl-ing
Batatal Formation, commonly less than 100 meters thick, is
composed of phyllite; it also is a blanket formation.
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The Itabira Group, conformably overlying the Caraca Group,
contains the major economic mineral resources of the region,
which consist of various types of iron ore, manganese ore,
bauxite, building stone, and water; the water is largely
unexploited. Two intergradational formations form the Itabira
Group: the Caué Itabirite, composed of metamorphosed oxide-
facies iron-formation, and the Gandarela Formation, composed
of dolomitic and calcitic marble, carbonate-rich phyllite, and
thin units of itabirite. The Caué is intergradational with the
Batatal Formation and averages perhaps 250 meters in thick-
ness; the Gandarela averages perhaps 300 meters in thickness.
Both are blanket formations thought to have been deposited in
a stable-shelf environment.

The Piracicaba Group of the Minas Series overlies the Itabira
Group with erosional but not angular unconformity to the west,
and with a gradational contact in the east. The Piracicaba
Group has been divided into five formations. The lowermost,
the Cercadinho Formation, found throughout the region, con-
sists of ferruginous quartzite, grit, and phyllite, and has a
maximum thickness of about 400 meters. The Fécho do Funil For-
mation conformably and gradationally overlies the Cercadinho
and is composed of siliceous dolomite, dolomitic phyllite, and
quartzose phyllite. Its maximum thickness is about 410 meters,
and it wedges out to the northeast and east. Overlying the
Fécho do Funil Formation with gradational contact is the Ta-
bodes Quartzite, an orthoquartzite with a maximum thickness
of about 120 meters. The Tabodes is found only in the western
and northwest central part of the region and wedges out to the
south and east. It is conformably and gradationally overlain
by the Barreiro Formation, composed of phyllite and carbon-
aceous and graphitic phyllite, with a maximum thickness of
about 120 meters. The Barreiro Formation either Wedges. out
to the west or has been eroded away in that area; it is in
gradational contact with the overlying unit in the north-central
part of the region and is found through the central part and
much of the eastern part of the region. Al formations of the
Piracicaba Group through the Barreiro are stable-shelf blanket
deposits.

At the close of the Barreiro sedimentation an abrupt change
in the sedimentary environment occurred, for the uppermost
formation of the Piracicaba Group is a typical eugeosyneclinal
assemblage composed of graywackes, chloritic and sericitic
schists and phyllites, tilloid, and tuffaceous rocks. This assem-
blage is named the SabariA Formation and has a maximum
known thickness of perhaps 3,500 meters. The formation is
structurally conformable with the underlying Piracicaba Group
formations, and it is locally intergradational with the Barreiro
Formation in much of the region; however, in the west and
south it seems to be on an erosion surface. The formation
probably once extended over the whole region, but it has been
removed by erosion in many places.

Overlying the Minas Series with small angular unconformity
but deep erosional unconformity lies the Itacolomi Series, com-
posed of grit, protoquartzite, quartzose sericitic phyllites, and
conglomerate. It was very probably a nearshore sediment. The
total thickness may be about 2,000 meters; its top is always
limited by the present erosion surface.

The Precambrian sequence was metamorphosed to the green-
schist facies or higher. It is moot whether there was more than
one episode of regional metamorphism ; the youngest and oldest
rocks do not differ appreciably in metamorphic grade. The
youngest stratigraphic units are not certainly known either in
the contact aureoles of intrusive granitic rocks or in the far
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eastern part of the region, where the highest metamorphic
grade is found. )

Unmetamorphosed sedimentary rocks, some dated as late
Tertiary by fossils, include fossiliferous lignite and claystone
beds found in valleys and ancient sinkholes. A rock called “mud-
stone,” found principally on the higher erosion surfaces, is
thought by the writer to have been formed by alteration of vol-
canic ash, possibly of Mesozoic age.

The first recorded orogeny was that after Ric das Velhas
time. The Rio das Velhas strata were folded and tilted, but it is
not now possible to evaluate clogely the degree of structural
disturbance on a regional basis because of intense later defor-
mation. The unconformity between the Rio das Velhas and the
Minas Series is locally as sharp as 90°. Granitic rocks were
formed in part of the Rio das Velhag uplift. It is believed but
not yet proved that granitic rocks to the south and west of the
region here discussed were the source area of much of the
coarser sedimentary rocks of Minas Series and Itacolomi age.

The Precambrian metasedimentary rocks of the region were
folded into a peculiar pattern of bordering synclines around a
central uplifted block. The central block is known as the Rio
das Velhas uplift, a north-south structure some 100 kilometers
long and about 26 kilometers wide at its narrovest point. It
veers to the northeast at the north end. This is probably the
first structure to have formed in the post-Minas orogeny and
probably started to form during the pre-Minas orozeny. Around
it were formed the Santa Rita syncline to the east, north-south
in elongation; the Dom Bosco syncline to the sotrth, east-west
in elongation; and the Moeda syncline to the west, north-south
in elongation. The north boundary of the region is the over-
turned structure trending N. 70° E. called the Serra do Curral;
its conjugate limb to the north has been destroyedl by younger
granite except at its east end. In the central and east-central
parts of the region lie the Gandarela syncline and the Con-
ceicio-Caraca uplifts. Peripheral to the synclines lie major
domal uplifts now occupied by granitic rock of several ages.
In the extreme northeastern part of the region are synclinal
structures that preserve relatively small areas of metasedimen-
tary rocks surrounded by granitic rocks.

Cross folds are found on all major folds, crosscutting the
major structuers at angles from 30° to 45°. All major folds are
overturned toward the northwest and west in at least part of
their trace. Thus, the deforming stresses came from the south-
east and east. Directions of movement were strongly influenced
by crystalline buttresses to the west, to the south, and in the
southernmost part of the Rio das Velhas uplift.

‘Continuation of stresses from the southeast tlrereafter pro-
duced major thrust faults in the eastern and southern parts of
the region. In the southern part of the Quadrilatero Ferrifero,
movement was channelized by the central and southern but-
tresses, and the Dom Bosco syncline was fragmented into a
series of imbricate thrust blocks along its entire length. In the
east and east-central parts of the region, the Fundio fault, a
master structure which has been mapped for a length of 88
kilometers, formed; and to the east of this fault imbrication
is common. Only one major thrust fault is known to the west
and north of the Fundfio fault, although some minor thrusting
is found. The Santa Rita syncline, on the east edge of the
region, is severely sliced by many north-trending thrust faults
with displacement toward the west.

The root area of the orogen cannot lie far to the east of the
Quadrilatero Ferrifero, as also attested by the syxtematic east-
ward rise in grade of metamorphism in the mapped area.
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Granite formed during the major orogeny—some syntectonic,
some posttectonic, The age of the latter wasg determined by
rubidium-strontinm methods on feldspar as 1,230 million years.

Cross faulting occurred after the orogeny ended. Most of it
was minor, with displacements measured in tens of meters, but
some of its was major with displacements measured in humn-
dreds of meters, at a few places displacement was more than
a thousand meters. Such faults are at angles of 30°—15° or about
90° with the trend of the major fold structures which they
transect, regardless of fold orientation. Neither cross faults nor
earlier thrust faults are significantly folded, although both may
be refracted in passing between rocks of different physical
properties. Minor faults tend to swing into the planes of bedding
or foliation of more plastic rocks.

INTRODUCTION
LOCATION AND IMPORTANCE OF AREA

Most, of the Quadrildtero Ferrifero is included in the
rectangular area between lat 19°45” S. and 20°30’ S. and
long 43°22°30"" W. and 44°7’30”” W. in central Minas
Gerals, Brazil; but outliers and continuations of the
rocks, structures, and ores continue to the east and west
some tens of kilometers beyond those limits, as shown
in figure 1 and on plate 1. The region, an area of about
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7,000 square kilometers, takes its name from the abun-
dant occurrence of iron-formation and iron ore.

The geology of this region was mapped by a tear: of
geologists during the years 1946-62. The physiographic,
stratigraphic, and structural geology and the rock rela-
tions of the region as a whole are the subjects of this
report, which is in part a compilation of the data re-
ported by these and other geologists, in part a presenta-
tion of data collected by the writer, and in part an
interpretation by the author of all these data.

The Quadrilatero Ferrifero played an essential role
in the development of both the Portuguese Empir> of
the 18th and early 19th centuries and in the evolution
of the Brazilian nation. During the Colonial period,
several hundred tons of gold produced from the rich
placer deposits of the region formed a large part of the
financial foundation for rapid expansion of the Portu-
guese Empire and the influence of that nation in world
affairs. Major engineering works were constructed by
large gangs of slaves to bring water 10 km (kilometers)
and more to the higher workings; streams and rivers
were diverted to expose the rich gravel deposits. John

3°00
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Fieure 1.—Index map of the Quadrilatero Ferrifero, showing location and names
of the quadrangles mapped.
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Mawe (1816) described and illustrated the methods of
extraction, which were highly advanced for the time.
Early in the 19th century the placer deposits were ex-
hausted and lode mining commenced, largely with Euro-
pean capital. By midcentury, most of the lode mines had
reached the limits of economic exploitation, and a period
of decay set in which lasted nearly a century. In the
middle of the 20th century iron mining began to ex-
pand; at the present time both quantity and value of
production are rapidly increasing and will soon far sur-
pass the value of the gold mined in earlier years. On this
solid base, the industrialization of the region and of the
nation is now progressing rapidly, aided by significant
production of aluminum from local bauxite deposits and
hydroelectric power from the rivers of the region and
nearby regions.

During the early 20th century the Catalan forges of
the 19th century were displaced by small (15-50 tons
per day) charcoal blast furnaces, which were in turn
outstripped by larger and more modern integrated steel
plants in, or dependent on, the region. A small but sig-
nificant production of manganese ore has come from
the region, for export during the first half of the 20th
century and largely for domestic use thereafter.

The long history of mining and the isolation first
imposed by law by the Portuguese Empire and in later
years by the rugged topography have set their marks
on the population of the region; the people are inde-
pendent, freedom loving, and individualistic, although
conscious and proud of the traditions of the past. This
area cradled the first stirrings of revolt against the
Crown and toward the creation of a free Brazil.

Within the Quadrilitero Ferrifero proper the soils
are poor, and farming is generally on a subsistence
basis. Deforestation for the charcoal blast furnaces and
the railroads, which used wood for fuel until the decade
of 1950, has destroyed the fine virgin forests which are
so vividly deseribed in the accounts of the early explor-
ers and travelers; reforestation by eucalyptus has been
accomplished on a large scale in the last decade, how-
ever. Much of the region is sparsely populated, and the
standard of living outside the industrialized towns is
low by Brazilian standards.

Picturesque towns relict from the days of gold min-
ing, such as Catas Altas, Agua Quente, Santa Rita
Duréo, and Antonio Pereira, attest former prosperity
by their large and beautiful baroque churches, some of
which are now being restored and preserved, others of
which are in ruins. Some of these old towns are taking
on new life with the advent of new mining activity;
others are off the path of development, and their eco-
nomy depends precariously on charcoal gathering and
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subsistence agriculture. Most have great charm but few
facilities for the passerby.

Within the region certain cities stand out for their
specialized activities. Mariana (pl. 1), with many beauti-
ful churches, is an ecclesiastical center and l'as a small
textile factory. Quro Préto, the first capital cf the State
and the focus of former gold mining activity, is a tourist
center and the site of the National School of Mines.
Nearby is Saramenha, the site of a large aluminum re-
duction plant and ferroalloy plant. Congonhes is a tour-
ist center because of a famous church with exceptional
baroque statuary and is also a busy mining center.
Ttabirito is a textile and shoe factory city, spe-ializing in
football shoes; the nearby Esperanca plant makes very
high quality cast iron. Rio Acima manufactures ceramic
products, as does Caeté, which also has a nearby iron
plant specializing in centrifically cast iron pipe. Nova
Lima is the site of the famous Morro Velho gold mine,
which has produced for 150 years and in 1931 was the
deepest mine in the world. Barfio de Cocais is the site of
a small but active steel plant. Monlevade is the site of
the largest privately owned steel plant in Brazil and
the largest steel plant based on charcoal in the world,
with a production of about 500,000 tons per year; it is
a model modern city. To the north lies Itabira, which in
15 years was changed from a sleepy 19th-century town
to a bustling modern city by the successful large-scale
mines of the Cia. Vale do Rio Doce, which produced
about 8 million tons of iron ore in 1965.

The metropolitan center of the region is Belo Hori-
zonte, which grew from about 200,000 to nearly 1,000,000
inhabitants in the period from 1945 to 19%5. All the
amenities of life are there available, and the city is the
political, commercial, and industrial center of the State.
Industrial products range from steel, pipe, structural
forms, refractory brick, cement, textiles, tractors, and
radio tubes to prefabricated kitchens and other
commodities.

DEVELOPMENT OF PROJECT

In 1944 Brazilian and American officials began dis-
cussions directed toward a joint study of the geology
and evaluation of the mineral resources of this region.
In 1945 an agreement was reached, and in 1946 the first
American geologists and topographic engineers arrived
in Brazil under the auspices of the U.S. Department of
State to begin the project with their Brazilian colleagues
of the Departamento Nacional da Produgio Mineral.
Lack of adequate base maps in the region seriously ham-
pered operations; the areas around Congonhas do
Campo and Itabira were chosen to start the work because
base maps of parts of these areas were available and
because both were sites of active mining enterprises for
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which a geological background was needed. Thanks to
the continuing efforts of officials of the Departamento
Nacional da Produgio Mineral, aerial photographs of
part of the region at a scale of 1: 10,000 were made avail-
able, and later aerial photographs of the entire region
at a scale of 1: 25,000 were furnished by the Commissao
Vale do Séo Francisco and the Departamento Nacional
de Producéo Mineral. These were used by Servicos Aero-
fotogramétricos Cruzeiro do Sul, SA, a Brazilian map-
making company, to map the topography of the region
at a compilation scale of 1:10,000 for publication at
1:25,000, with a 10-meter contour interval. The cost. of
these maps was defrayed in part by the Brazilian Gov-
ernment, in part by the American Government. Topo-
graphic maps of small but economically important areas
were made at a scale of 1:2,000 by Geofoto, SA, from
aerial photographs.

With adequate base maps in hand, work could be
accelerated, and in 1951 the mapping team was enlarged.
The region was divided into areas with some geological
homogeneity, composed of two to four quadrangles each.
Those areas were mapped by the individual geologists
as specified on plate 1. Each geologist was reponsible
for mapping the assigned area, for evaluating the min-
eral resources therein, and for preparing an area
report. The areas mapped before 1951 had proved to be
among the more complex in the region, and it was only
during this second phase that the details of the Pre-
cambrian stratigraphy were worked out.

The igneous and metamorphic rocks of the region were
of a complexity that demanded special attention, and
therefore a petrologist was assigned to the party in 1957
to study those problems. Although not given specific
mapping responsibility, he reconnoitered 115 quad-
rangles largely composed of granitic rocks for the re-
gional map, in addition to his petrographic responsibili-
ties.

By the end of 1961, essentially all field mapping was
finished, and laboratory work and the preparation of
reports has occupied the staff since then. More than 100
man-years of geologists’ time were spent on this project
between 1946 and 1965.

Reports discussing individual areas are being pub-
lished by the U.S. Geological Survey as professional
papers. In addition to these larger publications, about
45 other papers appeared in professional and technical
journals.

This report is an attempt to describe the physio-
graphie, stratigraphic, and structural geology of the
region. Companion regional reports were prepared by
Norman Herz on the metamorphic geology of the region
and on the igneous and granitic rocks of the region, and
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another by the present writer on the economic geology
of the region. Regional reports are necessary because the
reports on the individual areas within the region were
prepared at widely different times by geologists tlor-
oughly familiar only with parts of the area. As the
knowledge of the region grew and evolved, interprata-
tions made early in the work, although seemingly vwell
based at the time, became obsolescent, just as many in-
terpretations made in this report will also become obso-
lescent after more detailed work is done in the futre.
Furthermore, much three-dimensional exploratory work
has been done on ore deposits in the past few years, and
many area reports were written without the benefit of
information gained thereby. The detailed area reports
were written from many points of view, and diversity of
interpretation was encouraged within broad limits in
order to have as wide a range of ideas considered as
possible. In the regional reports prepared by this writer,
there is no attempt to give the details of much of the
geology and ore deposits; the individual area reports
must be consulted for them.

The quadrangle geologic maps accompany area re-
ports, the first of which was U.S. Geological Survey
Professional Paper 290, by P. W. Guild (1957). The
other area reports have appeared or will appear as
chapters in U.S. Geological Survey Professional Paper
341. Tt had been planned that the chapters covering all
the individual areas would be in final form before the
general reports were written, but this proved impossi-
ble, and this paper was prepared before final, or, for
two reports, first-draft manuscripts had been prepzred
on certain specific areas. Quadrangle maps accompsny-
ing manuscripts which may not be published in the fore-
seeable future are included in the pocket of this report as
plates 2-10, in order to have them available to the public
in a reasonable time; geologic sections indicated on
plates 7-10 are given on plate 11.

References to unpublished manuscripts are cited as
“written communications”; the use of different dates
of authors’ contributions may refer to different drafts
of the given manuscripts or to separate unpublished
manuscripts. A few final reports omitted data or de-
scriptions that appeared in earlier drafts—material con-
sidered by this writer to be important. In such situations
the draft is referred to instead of the published report.

In this report, specific localities are referred to a co-
ordinate system based on measurements in meters f-om
the southwest corner of individual quadrangles. Thus
“N. 1,000, E. 6,500, Gandarela” refers to a point 1,000
m (meters) north and 6,500 m east of the southwest cor-
ner of the Gandarela quadrangle. This point car be
found on plate 1, which is at a scale of 1:150,000, by
using the index map showing the location of the Gan-
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darela quadrangle and the bar scale below. More ac-
curate locations will be obtained by using the individual
quadrangle maps published at a scale of 1:25,000.

ACKNOWLEDGMENTS

Admiration is here expressed for those officials of the
Department of State and of the Administration for
International Development and its predecessor organi-
zations who, although not scientists, had the understand-
ing and appreciation of the need and potential results
of scientific and economic inquiry to finance an under-
taking as large as the present one. Vision was required
to continue with an infrastructure project that could
give tangible results only after some years. Special ap-
preciation is due Mr., William Warne, Dr. Howard
Cottam, Mr. Robert Groves, Mr, Leonard Saccio, all the
AID predecessors, and to Ambassador Lincoln Gordon.
Others too numerous to name were also instrumental
in vitalizing this project.

A succession of Directors-General of the DNPM de-
voted much time and effort to making this program a
success, particularly Dr. Mario da Silva Pinto, Dr.
Avelino Ignicio de Oliviera, and the late Dr. Antonio
José Alves de Souza. The work was administered within
the DNPM by the Divisio do Fomento de Producio
Mineral ; Directors who contributed most to the program
were Drs. Alberto Ildefonso Ericksen and Irnack
Amaral de Carvalho, later Director-General of the
DNPM. Many other officials of the DNPM also contrib-
uted greatly to the work.

Among the Brazilian geologists who contributed
freely of their knowledge were Glycon de Paiva, Othon
Henry Leonardos, Octavio Barbosa, Francisco José
Pinto de Souza, Iphygenio Soares Coelho, James Biichi,
Luciano Jacques de Moraes, Elisirio Tavora, Claudio
Dutra, Manoel Teixeira da Costa, and Djalma
Guimarées. This list is far from complete.

In charge of the Divisio do Centro of the DFPM
during the fieldwork was Dr. José Alves, who was of
unfailing assistance in innumerable ways to all the
geologists taking part in this project.

The geologists who took part in the project are: B. P,
Alves (1947-64), Burton Ashley (1953-54), A. L. M.
Barbosa (1947-64), Aristides Noguiera da Cunha
(1947-51), J. E. Gair (1954-56), P. W. Guild (1946~
51), Norman Herz (1956-61), R. F. Johnson (1954-
56), C. H. Maxwell (1956-62), S. L. Moore (1955-57),
J. E. O'Rourke (1952-54), J. B. Pomerene (1950-58).
R. G. Reeves (1958-59), G. A. Rynearson (1951-57),
G. C. Simmons (1957-62), R. M. Wallace (1956-61),
and Amos M. White (1956-58). Their contributions are
not to be measured alone by their reports and maps.
The interchange of ideas and observations within the

REGIONAL GEOLOGY OF THE QUADRILATERO FERRiFERO, MINAS GERAIS, BRAZIL

group and with other geologists working in the area
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TRANSPORTATION

An asphalt-topped highway, BR-3, extends south-
ward from Belo Horizonte to Rio de Janeiro, passing
down the east flank of the Serra da Moeda for most of
its length and thence southeast out of the region (pl. 1).
Near Lagoa Grande the Estrada das Inconfidentes, a
paved highway, branches east to Ouro Préto, passing
through Itabirito and Cachoeira do Campo. A paved
highway to Sio Paulo runs north of most of the area,
crossing the Serra do Curral in the Itatiaiugu quad-
rangle. Another leads east from Belo Horizonte, for
the most part north of the mapped area, to Sio Gon-
calo de Rio Abaixo and Monlevade. This will eventually
reach Vitéria. A branch leads northeast to Itabira.

Other roads in the area were unpaved in 1962. They
are for the most part transitable by jeeps for the entire
year and by ordinary vehicles for most of the year.
Small back roads should be attempted only in special-
ized vehicles; local information should be obtained on
their transitability, which changes from year to year.

The railroad network is shown on plate 1. All rail-
roads except the main line from Rio de Janeiro to Belo
Horizonte, passing through Congonhas, Jeceaba, and
Fécho do Funil, are meter gage. The main line is broad
gage (1.62 m). Most passenger transportation within
the region is by bus. The transportation network is dis-
cussed in greater detail in the forthcoming chapter on
the economic geology of the region. Frequent airplane
service to most of the major cities of Brazil is available
from Belo Horizonte.

CLIMATE

The climate of the Quadrilatero Ferrifero, which has
had strong impact on the development of the landforms
and economic resources of the region, is semitropical,
and extremes of temperature are not known. Frost may
occur in isolated valleys, but snow and ice have not been
recorded. The maximum temperature is rarely over
80°C, and the mean annual temperature is slightly be-
low 20°C in much of the region. Mean annual rainfall
varies with location from somewhat under 1,500 mm
(millimeters) to somewhat over 2,000 mm, increasing
to the southeast.

The total rainfall varies greatly from one year to
another, and the maximum is well over twice the mini-
mum recorded. The rainfall is very seasonal. At Itabira,
two-thirds of the annual precipitation occurs in 5
months, and the months of June and July normally
pass without significant rains. In December, a week or
two of almost continual rain is common; this may also
occur in January. Throughout most of the rest of the
year rain normally falls in short hard showers, accom-
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panied by spectacular displays of lightning and very
occasional destructive windstorms, particularly in
September and October.

As can be imagined, the wide variation in precipita-
tion, both in the annual cycle and from year to year,
causes great fluctuations in the water table. This causes
considerable hardship for those dependent on surface
water and for hydroelectric plants.

Details of the local fluctuation in climate and in pre-
cipitation and temperature in the area were given in
reports by Gair (1962), Dorr and Barbosa (1963), and
C. H. Maxwell (written commun., 1964).

TOPOGRAPHY AND PHYSIOGRAPHY

From a physiographic viewpoint the Quadrilétero
Ferrifero is one of the more scenic parts of Brazil. It
is marked by high and rugged peaks, long chains of
hogback mountains, high plateaus, some deep canyons,
and pleasant open valleys. It is an area of great vistas,
and, on a clear day, from the tops of the ridges and
mountains one can see at least 100 km in many
directions.

The region is astride the watershed between two ma-
jor river systems, the Sio Francisco, which flows about
1,500 km north to within 9° of the equator before turn-
ing southeast to reach the sea, and the Rio Doce sys‘em,
which flows 250 km northeastward and thence 200 km
eastward to reach the sea. The maximum elevation in
the region is about 2,100 m, in the Serra do Caraca; the
minimum is about 600 m, where the Rio Piracicaba
leaves the region.

DRAINAGE SYSTEMS

The major river systems were superimposed on the
structure and thus are antecedent. These include the Rio
Paraopeba in the west and the Rio das Velhas in the
central part of the region; both are major tributaries
of the Sdo Francisco, the first joining that river about
140 km north of the Quadrilitero Ferrifero, the other,
about 300 km north. The Rio Piracicaba drains the
northeastern part of the region, and the Rios Gualaxo
and Carmo the southeastern part; both join the Rio
Doce, the former about 75 km northeast by eas* of
Monlevade, the latter about 60 km east of Anténio
Pereira.

The smaller tributaries of these major rivers are gen-
erally well adjusted to the structure of the rocks, seek-
ing out the softer and less resistant formations, and, in
tne thicker and more uniform formations, following
faults, joint systems, and bedding.

Many of the medium-sized tributaries of the major
streams are well adjusted to rock structure in all but
a few places. Stream piracy is still active; King (1956,
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p. 197) remarked on the capture of the Rio Mata Porcos,
originally a tributary of the Paraopeba, by the Rio das
Velhas system. Radical changes in drainage direction
have also been noted in the Itabira district (Dorr, 1964,
p. 1236) and observed in other localities, such as the
northern part of the Moeda syncline.

The Rio Paraopeba and its major tributary the Rio
Maranhio drain the Quadrilatero Ferrifero west of the
Serra da Moeda and the southwestern part to 4 km east
of Ouro Branco and as far north as the middle of the
Dom Bosco syncline (pl. 1). The Maranhao cuts the
Serra da Moeda near Jeceaba, the only stream to do so
in the 60-km length of this range; the water gap is
narrow but not particularly steep. The Paraopeba in
turn cuts the Serra do Curral at Fécho do Funil in a
narrow water gap, one of the two streams to breach
this range in about 100 km.

The Rio das Velhas rises in the Mariana anticline
(Antonio Pereira quadrangle) and flows over the south-
east corner of the Bacdo complex in an open valley be-
fore entering deep, steep, and narrow gorges in
entrenched meanders in the constriction of the Rio das
Velhas uplift between Itabirito and Rio Acima. Be-
tween Rio Acima and the vicinity of Raposas the valley
becomes broader, but the river again flows in deeply
entrenched meanders to the north side of the Serra do
Curral, near General Carneiro, where the valley again
opens. This river drains the Moeda syncline, much of
the Dom Bosco syncline, and all of the Rio das Velhas
uplift as far east as the Serra das Cambotas. Deep and
steep canyons in the Rio das Velhas Series rocks have
been excavated by the major tributaries.

East of the Serra das Cambotas and north of Bento
Rodrigues, drainage is by the Rio Piracicaba, which
heads in the Conta Historia syncline (Capenema quad-
rangle). The upper reaches of this river and the valley
near Monlevade are spectacular canyons, in the upper
reaches largely following rock structure, in the lower
reaches crosscutting structure in entrenched meanders.

The Gualaxo-Carmo system drains the southeastern
part of the region and is characterized by deep narrow
valleys, in part controlled by structure, in part cross-
cutting the structure.

Thus the master streams, most of which are en-
trenched deeply in the harder rocks and less so in the
softer rocks and all of which cross the ridge-forming
rocks at some point in their courses, must have been out-
lined at a time when the relief in the region was much
lower. The central and western parts of the region are
part of the north-flowing drainage general through
much of central Brazil; the eastern part is drained
across the geologic grain of the shield zone.
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In the Quadrildtero Ferrifero, significant quantities
of alluvium have been able to accumulate in only four
areas: one near Mariana, one just north of Serra do
Caraca, one on the Piracicaba upstream from the town
of Rio Piracicaba, and one on the Rio das Velhas up-
stream from Raposas. Despite the deep weathering, the
gradient of major and minor streams is steep enough to
remove all the detrital material brought to the streams.
A contributing factor is the fine particle size produced
by the tropical weathering; relatively little coarse sand
is produced. North of the region, however, aggradation
is great; Burton (1869) reported that 100 years ago
river boats of 40 tons burden came upstream from the
Sao Francisco River as far as Sabard ; today a rowboat
would have difficulty except in the flood season. Most
reservoirs silt up rapidly; silt encroached on the Rio
de Pedras reservoir on the headwaters of the Rio das
Velhas at least 1 kilometer during this wor'. Those in
the Moeda syncline, however, where the lard has been
protected from overgrazing and destruction of the
surface cover, did not silt up between 1946 and 1964.

INFLUENCE OF THE ROCK TYPES ON TOPOGRAPHY

Ease of weathering and erosion of rocks and stability
of their weathering products clearly are important con-
trols in topographic evolution. In general, the more
complex the composition of the rocks and the finer
grained the mineral constituents, the more easily the
rocks are weathered in tropical and semitropical envi-
ronments. Another general control of weathering is the
degree of shearing and fracturing of the rozk. A third
control is the rock isotropism. From the interplay of
these major controls and other minor ones with larger
rock structures and with earth movements and climatic
changes, the topography and physiography of the re-
gion evolved.

GRANITIC ROCKS

The granitic rocks of the Quadrilatero Ferrifero are
in general the least resistant rocks of the region to
weathering and thus to erosion. They form broad low-
lands, low rolling hills, and relatively gentle slopes and
are dissected by a dendritic drainage pattern. Weather-
ing in granitic rock generally extends to a depth of 50m
or more.

Most granitic rocks of the region break down to a
clayey pink soil and saprolite. Locally the soil is highly
aluminous and even somewhat bauxitic. T"= soil and
saprolite are subject to rapid and intense gullying
where the protective surface of grass or forest, is broken
by mule trails, overgrazing, improper cul‘ivation, or
deforestation. The large area of badland topography in
the southeastern part of the Bacio complex is but one
of many examples of soil destruction.
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In many of the granitic areas resistant ribs and knobs
of unweathered granitic rock survive; these form bold
smooth outcrops and waterfalls with very spectacular
pot holes in many localities, as along the Rio Arrudas
between Belo Horizonte and Marzagania (Belo Hori-
zonte quadrangle). In some areas, such as the Caeté
complex in the Antdnio dos Santos quadrangle, only
about 0.001 percent of the granitic terrain is fresh
granitic outerop; in others, as along the west flank of
the Serra da Moeda in the Marinho da Serra quadran-
gle, possibly as much as 25 percent of the granitic area
is relatively fresh outerop.

Certain granitic rocks crop out boldly and are much
more resistant to erosion and weathering than the aver-
age. Such rocks as the Borrachudos Granite in the Ita-
bira district, the Florilia, and Santa Barbara quad-
rangles well exemplify the effect of lack of jointing,
coarse grain size, and isotropic structure on weathering.
In the Ttabira district the Borrachudos Granite stands
in bold relief above the foliated and jointed granitic
gneiss of somewhat similar composition. In the Monle-
vade area certain of the other coarser grained and more
massive granitic rocks are also very resistant to erosion.

The interface between fresh granitic rock and sapro-
lite varies radically; in some quarry faces a complete
transition can be seen in a few centimeters, but else-
where the transition is more gradual and occurs over a
number of meters. Exfoliation is the rule on the

interface.
ARGILLACEOUS ROCKS

The argillaceous rocks of the region are now largely
phyllite and schist. They are readily and deeply weath-
ered. Saprolites are found to great depths; the writer
has been in adits more than 100 m below the surface in
which weathered schistose rock can be smeared into
paste between the fingers.

In the Itabira district not one natural outerop of
fresh schistose rock was found. Few fresh outcrops
were found in other areas, and fresh argillaceous rocks
are generally unknown except in deep gold mines and
railroad tunnels deep in canyons. Because of their gen-
eral disaggregation, argillaceous rocks are nonresistant.
to mechanical erosion, and many of the deeper canyons
have been excavated in them, particularly in the Rio das
Velhas uplift.

Many of the fine-grained phyllites in the Piracicaba
Group of the Minas Series and some of the phyllitic
rocks of the Itacolomi Series are particularly subject to
landslides and soil creep where overgrazing, deforesta-
tion, gold mining, highway construction, or other activi-
ties of man have disturbed the dynamic equilibrium
between slope, climate, vegetation, and soil competence.
Many hillsides in such rocks are corrugated by creep
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and pocked by landslide scars. Because the phyllitic
saprolites are easy to excavate, they have been preferred
for highway alinements, but the poor mechanical ¢ ali-
ties of the fills and the unstable profiles of the cuts have
often made original savings illusory. Along the high-
way from Cachoeira do Campo to Mariana, some
stretches have been abandoned entirely ; others have not
stabilized in 10 years.

The argillaceous rocks in many places are slightly
cemented or replaced at the surface by bauxite or
limonite, depending on the composition of the rock. This
cement serves to hold the surficial layer, from 1 to 10 cm
(centimeters) in thickness, against mechanical ercsion
and permits the formation of steep and oversteepsned
slopes until this carapace is breached, after which
erosion is rapid.

QUARTZOSE ROCKS

The quartzose rocks of the region have several modes
of topographic expression, depending primarily on
their composition and secondarily on stratigraphic
thickness and on the degree of shearing and fracture
to which the rocks were subjected. Graywacke inter-
mediate in composition between argillaceous and
quartzose rocks weathers most rapidly and deeply, and
fresh outerops of such rocks are rare indeed. Subgray-
wacke and protoquartzite are more resistant to weather-
ing and erosion but commonly do not crop out well
except where they occur as thick massive beds. Outcrops
of arkose are unknown. Qutcrops of arkosic quar‘zite
and feldspathic quartzite are known in several forma-
tions, although the feldspar has been altered at the sur-
face in most places.

Many quartzites contain notable quantities of mus-
covite and sericite. Such rocks, found particularly in
the Maquiné Group and in the Moeda Formation, are
very resistant to erosion and in many places form bold
ridges and outcrops, particularly where the rocks are
massive. Where thin bedded or strongly sheared, they
weather and erode readily. With decreasing quantities
of white mica, the quartzites are increasingly resistant
to mechanical and chemical erosion. The massive ortho-
quartzites of the Cambotas and Moeda Formations are
among the most resistant rocks in the region, forming
great ridges and scarps. Weathering in such rock is by
intergranular solution of quartz; where the rocks were
structurally crushed, very fine white sand, locally pure
enough for use as glass or foundry sand, may accumu-
late between outcrops. Sericite breaks down to clay, but
coarse muscovite is resistant to weathering. Soil derived
from such rock is, of course, sterile, and the rocks crop
out in small craggy patches and larger bare areas with
a sparse and specialized flora where the general surface
is level.
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One quartzite, the Tabodes, is exceptionally pure, con-
taining 98 percent silica. For some reason, this quartzite
is commonly deeply weathered and disaggregated ; per-
haps the even and small grain size promotes inter-
granular leaching.

DOLOMITE

The carbonate rocks of the region vary greatly in
composition and therefore in reaction to erosion and
weathering. Pure massive dolomite is in many places
fairly resistant to erosion and to solution and forms
scarps and a peculiar hummocky type of topography,
as along the northwest side of the Rio Socorro (pl. 1)
near its headwaters (Gandarela quadrangle). Soil
formed on dolomite is clayey, and in most places dark
brown or black from small amounts of manganese and
iron commonly present; such soil is very fertile. One
weathering product of dolomite was described at length
by Guild (1957, p. 42) as a peculiar spongy material
in which the outlines of the original crystals are pre-
served by limonite and (or) manganese oxide.

Phyllitic dolomite and dolomitic phyllite are among
the least resistant rocks of the region to weathering.
They form a deep saprolite and generally underlie gen-
tle slopes. Quartzose dolomite is in many place less
resistant to chemical weathering than pure dolomite but
may crop out prominently.

Many bauxite deposits in the region are closely re-
lated to argillaceous dolomite or dolomitic phyllite of
the Gandarela and Fécho do Funil Formations; they
occur where removal of the weathering product has been
prevented by the physiographic environment of the
deposit or by the development of a hard aluminous and
ferruginous crust over the deposit.

Sinkholes are known on the Gandarela Formation.
All but one of the larger ones are in the Gandarela
syncline (pl. 1). One is on the west flank of the Serra do
Itabirito about west of the town of Itabirito, the Lagoa
das Cobras.

IRON-FORMATION

Four types of iron-formation crop out in the region :
itabirite, dolomitic itabirite, amphibolitic itabirite, and
carbonate-facies iron-formation. Except in canyons and
other small areas of accelerated mechanical erosion, only
normal itabirite, composed of hematite, very minor
magnetite, and quartz, crops out fresh. Fresh normal
itabirite is also not a commonly occurring rock but is
known in canyons, in a few areas on ridgelines, in
monadnocks projecting above the ridgelines, and in
landslide scars on oversteepened slopes. Some of the
highest monadnocks, such as the Serras da Piedade and
Itatiaiucu, are composed of such rock, which there
produces rugged and spectacular topographic forms.
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CANGA

Canga is a weathering product of iron-formation and
caps most of the major ridgelines in the region. It is
essentially iron hydroxide cementing larger or smaller
quantities of detrital iron-formation, also generally
hydrated at the surface, and of hematite. This rock,
inert to chemical weathering and very resistant to me-
chanical weathering, forms smooth slopes and plateaus.
Most of the higher old erosion surfaces are preserved
by canga, and the rock is now forming on lower benches,
flat valleys, and pediments.

HEMATITE

Large masses of hard high-grade hematite ave the
most resistant rocks of the region to weathering and
mechanical erosion. Certain ore deposits form spectacu-
lar crags and scarped features visible for many kilo-
meters. This rock may break down on weathering into
soft noncoherent hematite (Dorr, 1965, p. 42-43)
which crops out naturally in very few places.

PHYSIOGRAPHIC DEVELOPMENT

The physiographic development of the ¢ 1adrilétero
Ferrifero is conditioned not only by the lithology and
structure of its rocks but also by a complex history of
epeirogenic uplift. Observers since Harder and Cham-
berlin (1915, p. 370-378) have commented on the sev-
eral distinct levels of erosion preserved in the region.
Recently King (1956) attempted to relate these levels
to others preserved in eastern Brazil, giving names to
four of them and assigning them ages on the basis of
fossiliferous rocks overlying erosion surfaces outside
the Quadrilatero Ferrifero.

King’s work consisted of a reconnaissance of eastern
Brazil from Bahia to the southern part of Sao Paulo
and much of central Brazil west of those limits. The
work was done in 214 months, during which time he
traveled 21,000 km by jeep, much of it over very poor
roads, averaging 280 km per day, a feat of endurance
not likely soon to be equaled. Adequate topographic
base maps in much of this part of Brazil were then non-
existent; those then available in the Quadrilitero Fer-
rifero, at a contour interval of 100 m, were inaccurate,
elevations being in error as much as 100 m. Under these
circumstances it could not be expected that the details
of correlation of erosion levels could everywhere be
accurate or complete.

Despite these handicaps, King’s work was a distinct
contribution to the problem, representing as it did the
first attempt to relate the ancient surfaces of the Qua-
drilitero Ferrifero to those so well developed in other
iparts of Brazil. Elsewhere some of these are fossil sur-
faces, being overlain by sedimentary rocks which have
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as used in this report and a summary of the lithologies
of the formations, compares this column with several
others worked out by earlier writers, and attempts a
correlation between the various columns. Description of
the rocks as here classified will precede discussion of
the development of nomenclature.

In many Precambrian strata, metasedimentary rocks
that may be clearly divided into mappable stratigraphic
units at one place may elsewhere be so metamorphosed
that the original distinguishing characteristics cannot
be seen. All rocks may be gneissified in areas of greater
metamorphism, as in the Itabira district, or more sus-
ceptible units may be so changed, as in the Monlevade
area, where certain lithologic units have been gneissi-
fied and others remain identifiable. In this project, com-
pletely reconstituted gneissic rock in which all char-
acteristic features of original sedimentary umits have
been destroyed is considered new rock formed at the
age of its metamorphism. In the Monlevade area, some
stratigraphic units can be correlated with confidence
with named units in the rest of the region but are sepa-
rated by gneissified units whose stratigraphic position
corresponds to pelitic or dolomitic rocks in the normal
stratigraphic section. Names were assigned these
gneisses (Reeves, 1966), and they are tentatively cor-
related with the less metamorphosed rocks known else-
where in those intervals. Such gneissic rocks commonly
have distinctive features other than their stratigraphic
postition.

As in all Precambrian terrane, the lack of fossils re-
quires that correlation be based on lithology. The vary-
ing grades of metamorphism and degrees of structural
disturbance combined with changing primary sedimen-
tary facies introduce uncertainty into the resolution of
several stratigraphic problems.

In the Quadrilitero Ferrifero, certain distinctive se-
quences of rock types are widespread and were used with
confidence in correlation. Sequence of rock types proved
far more reliable than examination of individual rocks
or specimens either in the field or, particularly, with
the microscope. A few rocks, such as itabirite and certain
varieties of ferruginous quartzite, and specific sedimen-
tary features, such as characteristic pebbles, proved to
be helpful guideposts in establishing positions in the
stratigraphic section. On the other hand, the use of
minerals which could have had either a sedimentary or
a metamorphic origin, such as feldspar, proved unreli-
able as stratigraphic guides.

For the reasons cited, correlation of the rocks within
the Quadrilatero Ferrifero with widespread areas of
rocks of similar appearance and metamorphic grade out-
side this region has not been attempted and is perilous
except on the basis of detailed mapping. Although itabi-
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rite crops out in many parts of the Brazilian Shield,
and in the past such rock has been correlated with the
Minas Series of this area, it is now known that itabirite
occurs in this region in each of two groups in two of the
series and in a rock of clastic origin generally similar in
lithology that is in the third series. All three series are
separated by profound unconformities indicating great
time lapses. Clearly, no interregional correlation based
solely on the presence of itabirite is well founded.

Similarly, although the orthoquartzite forming the
Serra de Tiradentes at Sio Jodo del Rei, some 100 km
to the southwest, is very similar in lithologic and sedi-
mentary features to the main quartzite of the Tamandua
Group and the phyllitic rocks underlying it with angu-
lar unconformity to the Nova Lima Group, elements to
make a secure correlation are not yet available. "he
writer believes, on the basis of discontinuous outcrop of
the characteristic manganese carbonate-silicate beds
associated with graphitic phyllite between the Lafaiete
district and Sao Jodo del Rei (Dorr and others, 1056,
p- 286; Ebert, 1963), that the phyllitic rocks there are
Nowva Lima Group; but until detailed mapping has
proved this, it cannot be considered to have b-en
established.

Correlation over wide areas by the aspect or mineval
composition of quartzites is equally perilous; detailed
tracing of beds in this region shows that facies, thick-
ness, and mineral composition all change rapidly and
that metamorphic and tectonic variation give the seme
stratigraphic unit different aspects at different localities.

The stratigraphic sequence presented in this paper is
the synthesis of the work of many geologists. Those vvho
contributed most to the detailed subdivision of the Minas
Series were G. A. Rynearson and J. B. Pomerene, vho
investigated areas in which the stratigraphic sequence of
the Minas Series was not severely deformed, faunlted, or
highly metamorphosed. J. E. Gair and J. E. O’Rourke
made the greatest contributions to the understanding of
the Rio das Velhas Series, and G. C. Simmons and C. H.
Maxwell described and named the Tamandui Group.
A. L. M. Barbosa, P. W. Guild, R. M. Wallace, and
C. H. Maxwell contributed most to a fuller understand-
ing of the Itacolomi Series. Naturally, the DNPM-
USGS staff drew on the valuable stratigraphic informa-
tion provided by predecessors in the region, particularly
Derby, Guimarées, Harder and Chamberlin, Freyberg,
L. J. Moraes, F. Lacourt,and O. Barbosa.

RIO DAS VELHAS SERIES

The Rio das Velhas Series was defined by Dorr, Gair,
Pomerene, and Rynearson (1957) as comprising those
schistose metasedimentary and metavolcanic rocks in
the Quadrilatero Ferrifero older than the Minas Series.
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These rocks were then divided by those authors into two
groups: the Nova Lima Group, the older, and the
Maquiné Group, the younger. In 1961 Simmons and
Maxwell defined a still younger group which they in-
cluded in the Rio das Velhas Series and named the
Tamandud Group, which did not crop out in the area
previously studied. The writer considers these rocks to
be Minas Series, and they will be discussed under that
heading.

The Rio das Velhas Series, as shown on plate 1, is the
most widespread stratigraphic unit in the Quadrilatero
Ferrifero and occurs in generally anticlinal areas. These
rocks have locally been subjected to strong metamor-
phism and metasomatism. It is possible that much of the
area shown on plate 1 as granite was derived through
ultrametamorphism or granitization from the Rio das
Velhas Series, for locally the granitic gneiss grades into
rocks of this series (Dorr and Barbosa, 1963, p. 41-12;
also fig. 24, thisreport).

The rocks of the Rio das Velhas Series can be traced
out of the Quadrilatero Ferrifero to the south, to the
west for an unknown distance, and to the east, where
they soon give place to younger granitic rocks. They
cannot be traced to the north, where Minas Series rocks
are superposed and granitie rocks intervene,

NOVA LIMA GROUP

Subdivision of the Nova Lima Group into named
formations was not attempted during the mapping be-
cause deep weathering, thick soil, and saprolite cover
made such a separation impractical in the available
time. Rocks believed by the writer to be the equivalent
of the Nova Lima Group were subdivided into forma-
tions in the area to the south and southwest of the
Quadrilitero Ferrifero by Ebert (1963).

As shown on plate 1, many of the more easily map-
pable lithologic units were traced in the Quadrilatero
Ferrifero, giving a general idea of the structure of these
rocks. A. F. Matheson (oral commun.) studied these
rocks for the St. John del Rey Mining Co. and prepared
an unpublished map at a scale of 1: 60,000 of the region
south of Belo Horizonte and north of Ttabirito in which
he distinguished two major units in the Nova Lima
Group rocks, one dominantly quartzose, the other dom-
inantly phyllitic. The quartzose rocks, which crop out
in the axial area of an anticline, are the older.

Simmons (1968a, p. G9), as a result of mapping in the
extreme western part of the Quadrilatero Ferrifero, dis-
tinguished two stratigraphic facies in the Nova Lima
Group by the presence or absence of iron-formation and
ferruginous phyllite in those rocks. The ferruginous
rocks there were believed to be younger than the non-
ferruginous phyllites. Tolbert (1964, p. 780-781), fol-
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lowing Callaghan (private rept.), distinguished three
stratigraphic zones in the Nova Lima group in the .
Raposas-Morro Velho area, two of which contain iron-
formation. He stated that it is impossible tc tell which
zone is the oldest. Others who have mapped in the gen-
eral region have expressed nho opinion as to the divisi-
bility of the rocks into formations, but most have
mapped individual units, including iron-formations,
quartzite and conglomerate zones, graywecke, gray-
wacke schist, and other rocks in the dominant chlorite-
sericite-quartz phyllite and schist.

The writer believes that, when it proves economically
justifiable, the Nova Lima Group will be subdivided
by careful mapping into more than two formations and
that much structural information can be gained in the

process.
CONTACTS AND THICKNESS

The Nova Lima Group is apparently the oldest of the
subdivisions of the Rio das Velhas Series. Gair showed
that it is unconformably overlain by the Maquiné Group
(1962, p. 33) in the type localities of these formations
in the Rio das Velhas valley. To the east, the contact
between these groups in the valley of the Rio Conceicéio
(Capanema, Conceicio do Rio Acima, and Catas Altas
quadrangles) is indeterminate as to age relations be-
cause the contact is poorly exposed and may be faulted
for some of its extent (Maxwell, written commun. 1962) ;
Moore, 1969). In the Antonio pereira and Santa Rita
Durdo quadrangles the contact is also indeterminate.
The simplest structural solutions in these areas would
suggest that the Nova Lima Group is the older, as shown
by Maxwell in a series of block diagrams of the quad-
rangles mapped by him (written commun. 1962).

The base of the Nova Lima Group has not been rec-
ognized anywhere in the mapped area. Th> rocks are
so strongly deformed and weathered that normal top
and bottom criteria are obliterated. Wher> the Nova
Lima rocks are in contact with granitic rocks, the con-
tact is everywhere an intrusive one, as discussed below.

Because the stratigraphic top and bottom of the Nova
Lima Group are both unknown, the original thickness
of the unit is also unknown. Structural complications
make estimates of thickness hazardous, but. it is prob-
able that not less than 4,000 m of sedimentary rock is
exposed in the Rio das Velhas valley. Exposures else-
where are less complete, but an equal or greater thick-
ness may be present in the Caeté quadrangle and in the
Congonhas-Ouro Branco area.

LITHOLOGY

Because of inadequate outcrops, deep weathering,
complex structure, and, particularly, the neture of the
rocks themselves, the Nova Lima Group cannot be sys-
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tematically described from a stratigraphic viewpoint;
only the lithology of the rocks studied can be discussed.
The rocks of the Nova Lima Group have been described
in most detail by Gair (1962, p. 9-29), who was favored
by many extensive underground workings and drill
holes in fresh rock in the vicinity of gold mines. His
work, carried on in the type locality of the group, is the
most complete description of these rocks. Gair also
studied the petrography of the Nova Lima Group as
revealed in drill cores from the Itabira district (in Dorr
and Barbosa, 1963, p. 10-16). O. Barbosa (in Guima-
raes, 1935) published petrographic descriptions of
many of the rock types in the Nova Lima area. (These
rocks were then included in the Minas Series because the
unconformity that is the present basis of the separation
of the Minas Series as now defined from the Rio das Vel-
has rocks had not then been recognized.) Wallace (1965)
was fortunate in having several railroad tunnels and a
few other fresh outcrops available for study in the
Ttabirito quadrangle; Guild (1957, p. 20-22) described
rocks in the Congonhas area, now correlated with the
Nova Lima, as the “greenschist sequence” of the Minas
Series from cores and a few fairly fresh outcrops. Be-
cause little fresh rock of this group has been found
elsewhere in the region, detailed petrographic descrip-
tions are elsewhere unavailable. Easily weathered rocks,
such as graywacke, are undoubtedly much more common
than reported.

Most rocks of the Nova Lima Group weather to buff,
red, pink, and purple saprolite, in many exposures re-
taining a strong banding which is clearly related to
foliation. Weathered chlorite is commonly the cause of
the color; in certain metamorphic zones weathered bio-
tite produces similar red and pink tones. In areas of
deeply weathered rock in the medium and higher grades
of metamorphism, it may be most difficult to distin-
guish between biotite schist of the Nova Lima and bio-
tite gneiss of the granite gneisses. A useful but not
infallible guide is the presence of small muscovite plates
from small pegmatites, which are rare in the Nova Lima
rocks except at the contact with granitic rocks but quite
common in granitic rocks.

In the type area, Gair distinguished the following
varieties of schists and phyllites: Quartz-sericite schists
and phyllites, quartz-chlorite and quartz-chlorite-seri-
cite schists and phyllites, carbonate-rich schists,
quartz-biotite (or stilpnomelane) schists and phyllites,
quartzose and feldspathic schists, graphitic phyllites,
ferrnginous schists, and metavoleanic schists. He also
distinguished other rocks as follows: Carbonate-facies
iron-formation, quartzite, graywacke, quartz-dolomite
and quartz-ankerite rock, sericitic quartzite, and schist-
ose conglomerate. In the Itabira district, meta-arkose
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(?) was also found; conglomerate was mapped in the
Macacos quadrangle (Pomerene, 1964, p. D9) and re-
ported in the Dom Bosco quadrangle (Johnson, 1962, p.
BT). Maxwell (written commun., 1964) and Simmons
(1968a, p. G9) reported chlorite schist and phyllite, and
Simmons (1968a, p. G9) reported carbonaceous phyl-
lite. Wallace (1965) found a thin lens of garnetiferous
limestone in a railroad tunnel. In zones of contact me*a-
morphism, staurolite schist and garnet schist are com-
mon. Thus, the Nova Lima Group contains the
metamorphic equivalent of almost every major type of
sedimentary rock except evaporites and organic fuels.

Much of the widespread talc schist and tale phyllite in
the Nova Lima Group is probably metamorphosed and
highly sheared ultramafic intrusive rock, closely related
to soapstones and thus younger than the Nova Lima
Group.

SCHISTS AND PHYLLITES

The picture of extreme diversity given above by the
recital of lithologies disappears when dominant litholo-
gies are considered, for many of the rock types are
subordinate and known from only a few places.

The dominant lithologies are chlorite phyllite and
schist, quartz-chlorite and quartz-chlorite-sericite phyl-
lite and schist, and sericitic quartzite. Intergradational
ferruginous phyllite and iron-formation are character-
istic although volumetrically minor. All are fine grained
except in metamorphic aureoles. These rocks grade into
one another and undoubtedly represent a great mass of
poorly sorted fine-grained argillaceous sediment, local
accumulations of chemical sediments, and much inter-
mixed material of volcanic origin. A. F. Matheson
(oral commun.) remarked that part of the Nova Lima
Group as exposed in the Gaia Tunnel (Rio Acima qued-
rangle) had the aspect of the metamorphosed andesitic
lavas of the Canadian shield. O. Barbosa (in Gwi-
maraes, 1935) and Guimaraes (1931, 1935, 1958) also
emphasized the voleanic contribution to much of this
rock.

Gair’s description (1962, p. A9) of the dominent
schists and phyllites of the Nova Lima area is as
follows:

Schists and phyllites: Interbedded metasedimentary end
metavoleanic schists and phyllites form the bulk of the Nova
Lima Group. Fresh rocks are mainly green or gray-green, but
at the surface the schists and phyllites commonly are pinkish,
red, maroon, or buff owing to weathering. Secondary concentra-
tions of hydrated iron oxides at or near the surface have modi-
fied the rock to a dense brownish ferruginous schist in places.
Natural exposures are generally small. Graphitic phyllite is
widespread but not abundant. Except for graphitic phyllite,
the weathered rocks generally cannot be related to specific un-

weathered schists and phyllites, making it difficult or impossible
to map varieties of schist or phyllite. Although different types of
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schist and phyllite have been identified at individual locations,
they have been mapped together as a single stratigraphic unit.

Petrographie studies of more than 100 thin sections
of the schistose and phyllitic rocks of the Nova Lima
Group by Gair (1962, p. 12-13) showed that quartz is
a major constituent in almost all types. Sericite and
muscovite are relatively common; biotite occurs in
some types; and fuchsite, the chromian mica, is found
in some. Chlorite is a major mineral in many rocks and
subordinate or minor in others. Sodic plagioclase is not
rare but is a subordinate or minor mineral in most
rocks. Tourmaline in minor amounts was seen in a num-
ber of thin sections. Epidote, graphite, magnetite, and
rutile are accessory minerals in many rock types. Car-
bonate appears in minor quantity in some rock types
and as major mineral in the carbonate-rich schists. Sul-
fides, possibly introduced by hydrothermal fluids, pos-
sibly primary, were seen in some thin sections.

In the Itabira district, similar rock types and also
meta-arkose are found, all coarser grained because of
a higher grade of metamorphism; there, garnets are
abundant and andalusite has been found. Alkali meta-
somatism clearly affected the rocks in that area (Dorr
and Barbosa, 1963, p. 11-12). In the Itabirito quad-
rangle, south of the area studied in detail by Gair,
Wallace found (1965) rocks similar to those reported
by Gair.

Rocks in the Gandarela quadrangle correlated with
the Nova Lima Group are so fine grained that the min-
eral components cannot be identified in thin section.
Herz (1962, p. C75) cited a chemical analysis of an
argillaceous rock collected by J. E. O’Rourke and cal-
culated (written commun. 1960) the probable mineral
composition as follows: Quartz, 38 percent; sericite, 33
percent, chlorite, 28 percent ; iron oxide, 1 percent.

Metavolcanic rocks described by Gair are largely
chlorite schists, with some hornblende, epidote, clino-
zoisite, and subordinate sodic plagioclase and quartz,
indicating an originally mafic rock. “Relicts of inter-
grown and crisscrossing plagioclase laths and possible
stretched quartzose amygdules in some of these rocks are
the only direct evidence of volcanic origin found” (Gair
1962, p. 16). Dorr and Barbosa (1963, p. 13) described
and figured rock from the Nova Lima Group of the
Itabira district believed to be a metatuff because of the
embayed plagioclase crystals and grain-size differences
between feldspars and the chlorite groundmass. Rocks
near Congonhas described by Guild as part of his
“greenschist sequence” (1957, p. 20-22), now correlated
with the Nova Lima Group, also are rich in chlorite,
epidote, zoisite, clinozoisite, and hornblende. They seem
similar to the rocks described by Gair and very possibly
represent metavoleanic rocks. The abundant chlorite and
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chloritic schists and phyllites elsewhere in the region
strongly suggest that the volcanic fraction in the Nova
Lima Group is sizable and occurs everywhere, although
rock fresh enough to permit petrographic confirmation
was scarce.

The widely varying composition of these rocks might
well indicate that the original volcanic contribution was
much mixed with sedimentary material before and dur-
ing deposition, locally being a rather pure tuffaceous
rock, locally flows, and elsewhere a siltstone mixed with
voleanic ash.

Although the dominant rock types described above
account. for the great bulk of the Nova Lima Group,
other rock types to be described below are important
from a genetic and economic viewpoint. Furthermore,
they occur in relatively narrow bands and thus are most.
useful in mapping the internal structure of the other-
wise nondescript rocks.

IRON-FORMATION

Thin discontinuous lenses of iron-formation charac-
terize the Nova Lima Group in this region. They are
found from the Itabira district to the Sousas quadrangle
and from the Belo Horizonte to the Congenhas quad-
rangles and farther to the south in the Lafaiete area.
Near Nova Lima, in part of the valley of tI'» Rio Con-
ceicio, in the area north of Gandarela, and in the
Sousas area, these lenses reach thicknesses of some tens
of meters and can be traced continuously for several
kilometers; many of these are shown on plate 1, and
more were shown on the individual quadrangle maps
by Gair (1962, pls. 1 and 2) and Pomerene (1964, pl. 2).
Elsewhere, as in the Itabira district, the Congonhas
area, southwest and southeast of Caeté, and east of Mari-
ana, they may range from a few centimeters or tens of
centimeters to more than 10 m in thickness. Most thin
lenses are not shown on plate 1, and most were too thin
to show on the individual quadrangle maps. The num-
ber of individual lenses in a ferruginous zone is difficult
to establish because of structural complexities, but Alves
(oral commun., 1954) found as many as seven in the
Caeté quadrangle; more may be present in the Nova
Lima and Macacos quadrangles, where they seem to be
most numerous.

All specimens of iron-formation from the Nova Lima
Group obtained from below the surface zone of oxida-
tion proved to be either carbonate facies (James, 1954)
or carbonate-magnetite facies. Carbonate-facies iron-
formation was first recognized in the reg'on by Gair
(oral commun., 1955; 1962, p. A16-A22) and Matheson
(1956). This discovery was so belated because on out-
crop it is most difficult to distinguish between oxidized
carbonate-facies iron-formation, characteristic of the
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Nova Lima Group, and the better exposed oxide-facies
iron-formation, characteristic of the overlying Minas
Series.

Below the zone of oxidation most of the iron in car-
bonate-facies iron-formation (quartz plus siderite plus
magnetite) is in bivalent form. On the outcrop and in
shallow openings, most of the iron in such rock has oxi-
dized to the trivalent form, either as limonite or martite.
Fresh dolomitic oxide-facies iron-formation (quartz
plus dolomite plus hematite plus varying quantities of
magnetite) contains most of its iron in trivalent form
but on the outcrop appears very similar to oxidized
carbonate-facies iron-formation, as the weathering
products of siderite and dolomite are stmilar and both
rocks contain magnetite which alters to martite. Mobile
limonite on the outcrop hides primary mineral identi-
ties and relations in both facies.

Analyses and thin-section study of fresh rock from
the Raposas and several other mines in the Nova Lima
and Rio Acima quadrangles and from the Sao Bento
mine, Santa Barbara quadrangle, show clearly that the
iron occurs both as magnetite and siderite, the two min-
erals varying widely in relative abundance (Gair, 1962,
p- A19; Simmons, 1968b, p. H9). Quartz content ranges
from 38 to 60 percent in the unweathered rock. Although
no other completely unweathered material is known, it
seems probable that most if not all of these Nova Lima
iron-formations were carbonate facies or carbonate-
magnetite facies. There is no good evidence to the
contrary.

Pomerene (1964, p. D7) listed useful criteria for dis-
tinguishing the carbonate from the oxide facies on the
outcrops. Another criterion is that graphitic and carbo-
naceous phyllite is closely associated with carbonate-
facies iron-formation in many localities, whereas these
rocks are not known to be associated with dolomitic
oxide-facies iron-formation, as predictable from the Eh
environment of these facies (James, 1954; Castafio and
Garrels, 1950).

In places, bands of iron-formation grade, with an in-
creasing content of aluminous material and decreasing
quartz and iron, into ferruginous phyllite. Such rock
is very common in the Sousas area (Simmons, 1968a)
and in the Santa Bérbara (Simmons, 1968b), and
Gongo Séco (Moore, 1969) quadrangles and is known in
many other places. Gair described the carbonate-facies
iron-formation as being closely related spatially with
metavolcanic rocks (1962, p. 21 and 22). This is in strong
contrast to the oxide-facies iron-formation found in the
Minas Series, which is not so associated.

The carbonate-facies iron-formation of the Nova
Lima Group has been the host rock for widespread
hypothermal gold mineralization in the region. The
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most important gold mines with this host rock are the
Raposas (Nova Lima quadrangle) (Gair, 1962; Tolkort,
1964) and the Séo Bento mine near Barra Feliz (Santa
Barbara quadrangle) (Simmons, 1968b).

QUARTZ-DOLOMITE AND QUARTZ-ANKERITE ROCK

In the Nova Lima and Rio Acima quadrangles Gair
described a peculiar rock as “a gray, massive quertz-
carbonate rock that resembles dolomite” associated vith

“schist of somewhat similar composition into which it

grades (1962, p. A23). It consists of a mosaic irter-
growth of quartz and carbonate with minor plagioclase,
chlorite, and graphite and occurs in discontinuous lenses.
The sedimentary origin of this rock type has not always
been recognized, but both Gair (1962, p. A26) and
Matheson (1956) showed clearly that it is an intexral
part of the Nova Lima Group. In the Morro Velho mine
the rock is called “lapa seca.” The premetamorvhic
nature of this rock is not clearly apparent, nor is it
known why the iron carbonate should be ankerite rather
than-siderite or Terrodolomite:

This rock crops out poorly but has been mapped in the,
Rio Acima and Nova Lima quadrangles. It is the host
rock for the gold ore in the Morro Velho, Bela Fema,
and Bicalho mines and, judging from description= of
mines now collapsed, may have been the host rock% in
other gold mines in the Caeté area (Moraes and O.
Barbosa, 1939) and at Bico de Pedra (Guimaraes, 1961,
p- 229).

QUARTZITE

Quartzite in the Nova Lima Group crops out wicely,
but because it is commonly very impure, it weathers
easily, breaks down to a saprolite, and is not essily
mapped as a lithologic unit. Where badly weathered,
such rock has the aspect of quartz-sericite schist. This
highly impure quartzose rock crops out near and south
of the highway between Sabard and Caeté and is a
prolongation of the quartzose zone mapped by Mathe-
son in the vicinity of Sabara. (See p. A16.)

Rather pure, locally resistant, massive quartzite was
mapped by Wallace in the Itabirito quadrangle. This
green and gray slightly chloritic and sericitic quartzite
shows well-preserved crossbedding, locally highly intri-
cate, in roadcuts along the Rio Acima-Itabirito High-
way. To the west this feature is obliterated by shearing,
and the rock becomes schistose. Gair also mapped
quartzite lenses in the Rio Acima and Nova Lima
quadrangles.

Many schistose rocks of the Nova Lima Group are
quartzose and grade into impure quartzites and bock
into quartz-mica schists both along and across the strike.
Systematic separation of such rocks must await more
detailed mapping. '
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Metachert, now pure fine-grained white quartzite,
grades laterally into iron-formation in many localities,
notably in the Caeté quadrangle.

CONGLOMERATE

Conglomerate is a very nnecommon rock in the Nova
Lima Group, but a large exposure of coarse conglom-
erate occurs in the Macacos quadrangle along the Rio
de Janeiro-Belo Horizonte Highway (Pomerene, 1964,
pl. 2 and fig. 3). One contact of this rock is exposed in
a roadcut, where there is an abrupt transition from
weathered red phyllite to boulder conglomerate; here,
boulders of quartzite up to 50 em in diameter are found
in a phyllitic matrix. Away from the contact, which is
believed to be the stratigraphic base of the zone, the
size of the detrital material grades through cobble size
to pebble size. The zone can be traced for 3,000 m. with
an outcrop width of 200-500 m. (Pomerene, 1964, D10).
The coarse detrital material is well rounded and makes
up 20-50 percent of the rock.

The coarse boulders are medium-grained quartzite
and vein quartz; the smaller cobbles and pebbles higher
in the section consist of vein quartz, smoky quartz,
quartzite, phyllite, schist, and highly weathered mate-
rial that may have been granite or other feldspathic
rock. Some schist and phyllite fragments are angular
and probably fractured.

The smaller pebbles are oriented parallel to foliation
and conceivably may have been somewhat squeezed, al-
though their axial ratios of 1:2-1: 3 are not unusual in
stream or beach pebbles. The larger boulders are well
rounded.

The conglomerate is overlain by a sheared gray phyl-
lite, typical of the Nova Lima Group, and a short but
thick lens of pure white quartzite containing some
fuchsite.

This conglomerate corresponds closely to the material
termed “paraconglomerate” or “tilloid” by Pettijohn
(1957, pp. 261-265) and attributed by him to subaqueous
density currents, and it is believed by the writer to be of
this origin.

This rock is unique in the region. The writer knows
of no other conglomerate bed with similar lithologic
features either in the region or in adjacent areas, al-
though polymictic conglomerates are not rare in
younger rocks.

Four small lenses of schistose pebble conglomerate
were mapped in the Nova Lima Group in the Nova Lima
quadrangle (Gair,1962,pl. 1).

GRAPHITIC AND CARBONACEOUS PHYLLITE

Graphitic and carbonaceous schists and phyllites are
rather common in the Nova Lima Group. They are gray
to black except at the surface, where they may be
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bleached, and are normally very fine grained. In the
lower levels of the Morro Velho mine, which extends to
more than 2,500 m. below the surface, methene has been
reported, perhaps derived from the organic content of
such rocks. Simmons (written commun., 19€2) reported
the extraction of small quantities of orgrnic matter
from carbonaceous phyllite in the Nova Lima Group.

ENVIRONMENT OF DEFPOSITION AND NATURE OF ORIGINAL
SEDIMENTS

The generally sparse outcrops of the Nova Lima
Group and the pervading metamorphism and weather-
ing cause great difficulty in interpreting the original
nature and environment of deposition of these rocks.

The Nova Lima Group consists of the following rock
types: Preponderant fine-grained clastics. lesser vol-
canics, some chemical precipitates, and rare coarse
clastics. The fine-grained clastic rocks were probably
clay and silt, with admixtures of varying auantities of
voleanic ash. O'Rourke (written commun., 1956) was
the first to point out that these fine sediments were the
result of mature weathering; he based his opinion on
the high alumina content of the rock. Herz (1962, p.
C75) recently reemphasized the point.

The volcanic rocks were probably volcanic ash, ap-
parently with some flows, as indicated by probable
amygdules seen in the Gaia tunnel. The source of the ash
and the flows is as yet unknown, for no feeders or
ancient volcanoes have been found.

The coarser grained sedimentary rocks range from
boulder conglomerate (tilloid) to quartzite and include
meta-arkose and graywacke. At least some quartzite is
crossbedded. All purer clastic quartzites are lenticular
and few are as thick as 100 m. Recrystallization of
quartz in micaceous quartzites and quartz-mica schist
destroyed all evidence of original grain siz> and nature
of original sediment. The presence of graywacke and the
tilloid strongly indicates the action of turbidity cur-
rents in the basin of deposition and thus significant
relief in the basin.

The chemical or biochemical sediments are mostly
carbonate-facies iron-formation, quartz-carhonate rock,
chert, and a single known marble zone. V7ere not the
first two the hosts for gold deposits and the last fortui-
tously revealed by a railroad tunnel, little would be
known of these rocks, as they are thoroughly altered at
the surface. James (1954) discussed the gen~tic environ-
ment of carbonate-facies iron-formation and showed
that it is deposited in a relatively reducing environment
with Eh close to or below zero, probably in silled
basins. Restricted circulation caused by voleanic island
arcs was believed by him to favor such an environment,
and the abundant volecanic contribution to the Nova
Lima sediments may well be evidence for nearby
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volcanism. The depositional environment of quartz-
ankerite-dolomite rock may be presumed to have been
similar to that of carbonate-facies iron-formation, al-
though the reason for the strong compositional band-
ing of the one rock and not the other is as obscure as
the reason for the banding of iron-formation in general.

Thus, it can be said that the Nova Lima Group ex-
hibits many characteristics of the sediments of eugeo-
synclinal environment, as pointed out by O. Barbosa
(1954), because they include heterogenous clastic sedi-
ments of many kinds and an important voleanic con-
tribution. A close study of this assemblage must be made
before the group can be divided into smaller strati-
graphic units. This will undoubtedly prove possible, for
certain units have been traced for 100 km and possibly
extend for more than 200 km (Dorr and others, 1956,
p- 293; Ebert, 1963).

METAMORPHISM

The metamorphic geology of the Quadrildtero Ferr{-
fero has been discussed in detail by Herz (written com-
mun., 1966). However, here and in subsequent sections,
distinctive aspects of the metamorphism of each major
stratigraphic unit are noted.

The Nova Lima Group consists largely of pelitic
rocks of sedimentary and voleanic origin, providing
a mineral assemblage and bulk composition particularly
sensitive to dynamic and contact metamorphism. Its per-
vasive metamorphism and recrystallization, which
obliterated most primary sedimentary structures, is thus
attributed more to bulk composition than to intense
deformation or repeated deformation. Contact zones
bordering intrusive granitic rock contain wide bands of
garnet and staurolite schists, in contrast to overlying
less reactive rocks.

In the Ttabira district, in the northeastern part of the
Quadrilatero Ferrifero, Dorr and Barbosa (1963) de-
scribed the transition from a biotite schist of the Nova
Lima Group into granitic gneiss, also biotitic. The folia-
tion of both rocks is parallel, the contact crosscuts
structure, and the granitic rock is at least in part formed
from the Nova Lima rocks.

In the Monlevade district, just to the south, Reeves
(1966) considered the Monlevade Gneiss to have formed
from rocks of the Rio das Velhas Series and, because of
the presence of lenticular iron-formation, quartzite,
and amphibolite, probably equivalent to the Nova Lima
Group. This rock occupies large parts of the Monlevade
and Rio Piracicaba quadrangles and extends to the
west, where it was not differentiated from the granitic
rocks mapped there by Herz. The undoubted metasedi-
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mentary units (quartzites and iron-formations) of the
Monlevade Gneiss are clearly unconformable with the
overlying Minas Series, and thus the tentative correla-
tion of these rocks with the Nova Lima Group by Re>ves
seems reasonable both on stratigraphic and struct—ral
grounds.

In the Gandarela quadrangle, in the central part of
the region, the pelitic rocks of the Nova Lima Group,
which there also contain lenses of iron-formation, are
at a very low rank of metamorphism and are classified
as slates or argillites. The area is far from known
granitic bodies, and the rocks appear to be at the lovest
rank of metamorphism in the region. Quartzose rocks
in the area are strongly sheared, however. The dezree
of metamorphism there seems to be independent of the
intensity of mechanical deformation.

MAQUINE GROUP

The rocks now included in the Maquiné Group
(Dorr and others, 1957) overlie those of the Nova Lima
Group in the type locality, the east side of the Rio das
Velhas valley. The group was mapped by Gair in the
Nova Lima and Rio Acima quadrangles; by Maxwell
in the Capanema, Santa Rita Durfo, and Catas Altas
quadrangles; by Moore in the Conceicao do Rio Acima
quadrangle; by O’Rourke in the Gandarela and Rio de
Pedras quadrangles; by Alves in the Caeté quadrangle;
and by Barbosa in the S&o Bartolomeu, Antonio Per-
eira, and Mariana quadrangles.

Relations between the Maquiné and Nova Lima
Groups in the type area, and particularly in the Rio
Acima and Nova Lima quadrangles, were believed by
Gair (1962, p. 29-30, 33) to show a slight angular un~on-
formity. He suggested alternatively that relations
there could be explained by expectable slippage betveen
rocks of unlike competence during severe folding.
Moore (1969) considered that the Maquiné Group lies
unconformably on the Nova Lima Group in par* of
the area mapped by him and to be in thrust faulted con-
tact elsewhere. Maxwell (written commun., 1962) con-
sidered that the obscure contact in the central part of
the Capanema quadrangle is probably strongly dis-
cordant but may be faulted; in the southern par* of
this quadrangle it is faulted. O’Rourke (written
commun., 1956) believed the contact in the areas he
mapped to be slightly unconformable. Neither Alves
nor Barbosa have described the contacts in the areas
mapped by them, but the writer, although more
familiar with the contact in the Caeté than in the Sio
Bartolomeu quadrangle, believes that no strong anglar
unconformity exists in these areas and has observed a
gradational contact. In summary, it seems prob-~ble
that (1) locally an erosional unconformity certainly
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exists, (2) it is not strongly angular, (3) the contact
is in part gradational, and (4) the Maquiné rocks were
deposited on a surface of low relief. The amount of
erosion that may have taken place between Nova Lima.
and Maquiné sedimentation is now impossible to
evaluate because of the lack of regional stratigraphic
horizons in the Nova Lima rocks.

The Maquiné Group is divided into two units: the
Palmital Formation (O’Rourke, written commun.,
1958) and the overlying Casa Forte Formation (Gair,
1962, p. 31). This division can only be followed for a
strike length of some 20 km in the Vargem do Lima syn-
cline in the valley of the Rio das Velhas (plL 1). It
proved impossible to map these units separately in
other parts of the Quadrilatero Ferrifero. Around the
Serra do Caraca the lower part of the Maquiné Group
has certain similarities to the Palmital Formation.

The Maquiné Group is set off from the Nova Lima
Group by being characteristically quartzose and con-
glomeratic, which makes the rocks relatively resistant
to erosion. They stand above the Nova Lima in bold
scarps or steep slopes where the rocks are juxtaposed.

PALMITAL FORMATION

The Palmital Formation has been mapped in the
Caeté, Gandarela, Rio Acima, and Rio de Pedras quad-
rangles. Its characteristic lithology is also present in
the southeastern part of the Capanema quadrangle but
was not mapped separately there.

The Palmital Formation was described by O’Rourke
(written commun., 1958) as the lower lithologic unit of
the Maquiné Group. It consists dominantly of sericitic
quartzite and quartzose phyllite and contains some
phyllite and slate beds. The formation overlies rocks of
the Nova Lima Group with local angular unconformity,
but in some places, with apparent angular conformity.
It is conformably overlain by the Casa Forte Forma-
tion.

CONTACTS AND THICKNESS

The contact between the Palmital Formation and the
underlying Nova Lima Group is concealed in most
places by the debris derived from the more quartzose
Palmital beds. In the Rio Acima quadrangle Gair traced
a basal conglomerate along this contact, which he con-
sidered to be probably unconformable with a low angle.
In the western part of the Gandarela and Rio de Pedras
quadrangles, O’Rourke (written commun., 1958) found
that quartzose schist and phyllitic quartzite of the
Palmital overlie the Nova Lima Group without angular
unconformity or a basal conglomerate. The contact as
exposed in the vicinity of Gandarela N. 12,500, E. 2,000
was interpreted by Dorr to be gradational over several
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tens of meters, marked by increasing numbers of thin
quartzose beds in the phyllitic transitional zone until
the whole rock was quartzose. Near Caeté N. 5,000,
E. 8,310, the contact was abrupt, as observec by Alves
and Dorr, but no basal conglomerate was seen. Thus
the Palmital lies on the Nova Lima Group with locally
unconformable, locally conformable, and locally grada-
tional contacts.

The contact of the Palmital Formation with the over-
lying Casa Forte Formation is gradational and marked
by conglomeratic and conglomerate beds.

The Palmital Formation ranges in thickness from a
feather edge in the southern part of the Rio de Pedras
quadrangle to about 1,400 m in the Rio Acima quad-
rangle. The apparent thickness of about 2,107 m in the
Gandarela quadrangle is possibly due to tectonic repe-
tition of some beds, indicated by complex local folding
near Gandarela N. 5,000, E. 3,500.

The formation feathers out on the west limb of the
Vargem do Lima syncline near Rio de Pedras N. 3,500,
E. 12,000; to the southeast the Casa Forte Fermation is
in contact with the Nova Lima Group. This i a wedge-
out caused by nondeposition of the Palmital sediments,
for no sign of significant faulting which could have cut
out the formation was seen, and the formation grad-
ually thins on this limb from the Rio Acima cuadrangle
across part of the Gandarela quadrangle tc the place
in the Rio de Pedras quadrangle where it disappears
entirely. The Palmital on the east limb of tI'» syncline
also thins to the southeast across the Rio de Pedras
quadrangle but is in fault contact with adjacent rocks in
the Capanema quadrangle. Maxwell (writter commun.,
1962) did not separate the Palmital and Casa Forte
Formations in the Capanema quadrangle along the west
side of the Serra Geral, nor did Barbosa in the S&o Bar-
tolomeu quadrangle to the south. Maxwell’s descrip-
tions indicate a possible wedgeout in the Capanema
quadrangle of rocks corresponding in lithology to the
Palmital (written commun., 1962). Extreme deforma-
tion of the rocks in those areas make interpretation
difficult.

LITHOLOGY

Lenses of quartzite in quartzose phyllite characterize
the Palmital. The quartzitic beds range from a few
meters to more than 75 m in thickness and in length
from a few meters to more than a thousand. In the
Gandarela and Rio de Pedras quadrangles these quartz-
ites are somewhat coarser than to the southeast. In
many areas the quartzite now is composed of perhaps
15 percent of angular quartz grains averaging, accord-
ing to O’'Rourke, about 0.3 mm in diameter in a matrix
of very fine (0.01 mm) quartz; the rock contains about
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12 percent sericite. Original more homogenous quartzite
was crushed during the tight folding.

Gair (1962, p. A30-A31) described the petrography
of the Palmital Formation in some detail. He found by
thin-section study that at least one bed was graywacke
and suggested that closer study might reveal that this
rock is more common than now known. Chloritoid in
quartzose rock is more abundant on the east side of the
Vargem do Lima syncline than the west and occurs in
rosettes and blades comprising as much as 30 percent of
the rock. The mineral is easily confused with kyanite in
the field. Small amounts of kyanite also have been
found. Gair also tentatively identified some fuchsite.

As originally mapped by O’Rourke, the Palmital
Formation contained a number of conglomeratic lenses
and beds, some traceable for many kilometers. Gair,
subdividing the Maquiné Group in the area immedi-
ately to the west of the area mapped by O’Rourke, by
definition included all conglomeratic beds except the
basal conglomerate in the Casa Forte Formation, thus
redefining the then unpublished definition of the Pal-
mital Formation. Gair’s usage is here followed. The
contact as mapped by O’Rourke in the Gandarela and
Rio de Pedras quadrangles was readjusted in the field
by the writer to fit Gair’s usage, the contact being
placed at the lowest conglomerate of the Casa Forte.

CASA FORTE FORMATION

The Casa Forte Formation as defined by Gair (1962,
p. A31-A33) is separated from the Palmital Formation
on the basis of the included conglomerate beds. It is
generally more quartzose and less sericitic and phyllitic
than the older rock.

CONTACTS AND THICKNESS

The Casa Forte Formation conformably overlies the
Palmital Formation in the Nova Lima, Rio Acima,
Gandarela, and Rio de Pedras quadrangles. It has not
been mapped separately elsewhere.

The original thickness of the Casa Forte Formation
is unknown, as it crops out only in the center of an
isoclinal syncline. If there is no repetition of beds by
internal folding, the apparent remaining stratigraphic
thickness is about 600 m at maximum outcrop width.

Where the underlying Palmital Formation lenses out
in the Rio de Pedras quadrangle, the Casa Forte For-
mation overlies the Nova Lima Group without apparent
discordance between the two units. The Casa Forte For-
mation gradually narrows in outcrop width toward
the southeast, as the result either of stratigraphic thin-
ning or of structural position in the axial part of an
isoclinal syncline. Because lineation plunges southeast,
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the writer believes the formation thins stratigraph-
ically rather than tectonically.

LITHOLOGY

The Casa Forte Formation consists of schistose and
massive sericitic and chloritic quartzite, conglomerate,
and lesser amounts of sericitic and chloritic schist and
phyllite.

Quartzite of the Casa Forte Formation may be schist-
ose to compact and massive. Locally it is in beds several
meters thick, some of which are conspicuously cross-
bedded. Massive beds crop out boldly and form pecvliar
haystack hills 20 m or more above surrounding terrain
(Gandarela N. 5,300, E. 3,350). (See pl. 5.) Where
schistose or more thinly bedded, the quartzite crops
out as low ridges scarred by solution pits, and these
ridges may look much like outcrops of Moeda quar‘zite
and Itacolomi quartzite. The rock ranges from white
through buff and brown, depending on accessory and
subordinate minerals. It may contain sparse well-
rounded pebbles of vein quartz and smaller angular
quartz fragments.

Quartzite of the Casa Forte Formation is charactoeris-
tically sheared into a microaugen structure, as empha-
sized by O’Rourke and Gair. Angular grains of quartz
up to 1 em across occur in a groundmass of fine-grained
comminuted quartz having a grain size of a few hun-
dredths of a millimeter; folia of sericite cut across the
groundmass and wrap around the larger fragments.

Conglomerate zones are lenticular but, particular'y in
the Gandarela and Rio de Pedras quadrangles, can
be traced for several kilometers. They can be used for
deciphering structure if care is exercised not to con-
fuse different zones, for all are very similar lithologi-
cally. Most conglomerate beds are dark brown to buff
on the outcrop and form low scarps or linear ridges
clearly apparent in aerial photographs. The cong'om-
erate consists of rounded vein-quartz pebbles and
elongate pebbles of phyllite, iron-formation, and fine-
grained white quartzite, probably metachert, in a
matrix of quartzite or ferruginous quartzite. Pebbles
of phyllite and metachert ( ?) are found throughout, but
those of iron-formation are much more abundant ir. the
northern part of the belt than in the southern part.

O’Rourke (written commun., 1956) stated that peb-
bles are elongated as much as 10:1. It seems certain
that some elongation is the result of tectonic strest on
originally plastic pebbles and cobbles, but it is also
probable that many fragments originally were platy
rather than rounded, because most vein-quartz pebbles
are undeformed.

Chloritoid is present in both the conglomerate and
the quartzite; Gair stated that it occurs in fractures in
the conglomerates and both concordant to and cross-
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cutting the foliation of the quartzite. Locally, the more
phyllitic quartzite may contain much chloritoid, which
imparts a splintery fracture to the rock.

The Casa Forte Formation apparently changes in
composition along strike from north to south. Con-
glomerate lenses are more continuous but thinner, and
pebbles and cobbles smaller, toward the south. The
lenses are more continuous in the Gandarela and Rio
de Pedras quadrangles than in the Rio Acima quad-
rangle. This lack of continuity may be due to increasing
tectonic disturbance in the axial zone of the Vargem do
Lima syncline, for the north end of this feature is
twisted to the east and cut by many more cross faults
than are apparent in the southern quadrangles (pl. 1).

MAQUINE GROUP UNDIVIDED

In the Conceicio do Rio Acima, Capanema, Sio
Bartolomeu, (Catas Altas, Santa Rita Durdo, Mariana,
and Antonio Pereira quadrangles, the thick quartzite
formation overlying the Nova Lima Group was mapped
as Maquiné Group undivided by Moore, Maxwell, and
A. L. M. Barbosa. There the strata consist largely of
quartzite. The quartzite may be chloritic, pyritic, serici-
tic, or rather pure; locally it contains chloritoid. All
these types may be conglomeratic. Quartz-chlorite schist,
quartz-sericite schist, and phyllite also occurred toward
the bottom of the section.

The easternmost part of the Maquiné Group undi-
vided in the southwestern part of the Capanema quad-
rangle (the continuation of the Vargem do Lima syn-
cline) is composed of schistose rocks that correspond
in lithology to the Palmital Formation and are contigu-
ous with the formation as mapped in the Rio de Pedras
quadrangle. Maxwell (written commun., 1962) stated
that these schistose rocks pinch out to the southeast.
It will be remembered that the Palmital also wedged
out to the southeast in the adjacent Rio de Pedras quad-
rangle on the west side of the syncline. The Maquiné
Group in the type locality in the Vargem do Lima syn-
cline is nowhere contiguous with the rocks mapped as
Maquiné Group undivided on the north and west flanks
of the Serra do Caraca or to the southeast of that range,
and thus the correlation is not absolutely certain.

CONTACTS AND THICKNESS

In the area east of the Vargem do Lima syncline,
deformation is strong and horizon markers absent;
therefore, measurement of thickness of the stratigraphic
section is unreliable. Maxwell (written commun., 1962)
estimated that the stratigraphic thickness of the rocks
may be about 1,400 m in the area mapped by him.

The contact relations with the underlying Nova Lima
Group rocks are most obscure because of faulting and
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poor exposures. The rocks are certainly in fault contact
in some places and are apparently structurally and
stratigraphically conformable in others. Although Max-
well found in the Capanema quadrangle one locality
showing strong angular discordance, he could not be
certain whether this was a sedimentary or fault contact
because of pogr exposures; in view of the general con-
cordance elsewhere, it may be considered a fault contact
until proved otherwise. Contacts with the overlying
rocks in this area are probably unconformable.

In a small area in the southeastern part of the Santa
Rita Durdo and the northeastern part of the Antdnio
Pereira quadrangles, an isolated patch of gray quartzite
crops out boldly but with little relief. It was correlated
with the Maquiné Group undivided by Maxwell and
Barbosa because of its lithologic similarity with the
upper part of the Maquiné quartzites exposed along the
road that climbs the north face of the Serra do Caraca.
There is no way of deciphering the thickness or contact

relations in this area.
LITHOLOGY

The quartzose rocks in the southeast extension of the
Vargem do Lima syncline were reported by 1Maxwell as
essentially similar to the Casa Forte Formation to the
west and northwest. They include the same type of de-
formed conglomerate beds, contain chloritoic' and chlo-
rite, and show microaugen structure and extreme inter-
nal crushing and shearing. With the exception of the
absence of iron-formation cobbles reported to the north
by Gair and Dorr, the conglomerates seem entirely sim-
ilar to those described above. Maxwell found subgray-
wacke to be present in thisarea.

Rocks mapped as Maquiné Group undivided in the
area of the Serra do Caraca differ somewhat in lithol-
ogy, possibly in part because shearing was here less
intense. Quartzites are more massively beddec where not
schistose, locally contain much more chlorite, and are
locally pyritic; true conglomerate 1s not common. Near
the base of the section, Moore and Maxwell found chlo-
ritic and sericitic quartzose schists, brown, gray, and
green on the outcrop, in some zones with scattered peb-
bles of vein quartz. Overlying is a sequence of chloritic
and sericitic quartzite, some highly pyritized. Maxwell
(written commun., 1962) also reported subyraywacke
and graywacke. Still higher in the section, th» quartzite
contains less micaceous minerals and is a gray to white
massive sericitic to nearly pure quartzite that crops out
in rugged scarps and crags. Scattered small pebbles also
occur in these strata.

ENVIRONMENT OF DEPOSITION

Sedimentation in Maquiné time evidently changed
abruptly in environment and source of materials from
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that which produced the much more argillaceous rocks
of the underlying Nova Lima Group. This change is
attested to by the more quartzose composition of the
rocks, by the conglomeratic zones and beds, and by the
apparent lack of voleanic contributions or of chemical
sediments such as iron-formation or carbonate-rich
rocks. The Maquiné Group evidently represents a
nearshore environment.

An erosional unconformity, perhaps with some struc-
tural disturbance of strata below the Maquiné, is masked
by the intense deformation of the whole Rio das Velhas
Series; it is indicated by the presence of a basal con-
glomerate beneath the Palmital Formation on the west
side of its outcrop. That erosion of the Nova Lima con-
tinued during deposition of the Casa Forte Formation
is suggested by pebbles and cobbles of iron-formation
and metachert in the conglomerates of that formation.
Both chert and iron-formation are characteristic of the
Nova Lima Group. That these rocks were lithified but
not yet recrystallized when eroded is suggested by the
latter extreme deformation of these pebbles in the same
outcrops where relatively undeformed vein-quartz peb-
bles are found, deformation of the same order of com-
plexity as that of the phyllite cobbles occurring with
them.

The wedgeout of the Palmital Formation to the
southeast, as shown on both the east and the west sides
of the Vargem do Lima syncline by O’Rourke and Max-
well, is a strong indication of nearshore conditions. The
location of the shoreline during C'asa Forte time is not
known, but the absence of the Maquiné on the west side
of the Rio das Velhas Valley suggests, but does not
prove, that it was somewhat to the west of present ex-
posures of those rocks. The change in type of sedimen-
tation and particularly of the distribution, size, and
frequency of pebbles in the rocks toward the east is also
suggestive of a source from the west. The changes in
rock type from east to west are expectable under near-
shore conditions, as is the apparent thickening east-
ward in the Capanema and Concei¢io do Rio Acima
quadrangles. The rocks thin abruptly eastward in the
Catas Altas quadrangle and were not found in the east-
ern part of the Quadrilitero Ferrifero. Whether this
eastward thinning was caused by nondeposition or
post-Maquiné erosion cannot, be stated ; the latter seems
the more probable because of the major unconformity
above the Rio das Velhas Series to be discussed in later
pages.

Although the presence of phyllite, iron-formation,
and metachert cobbles in the Maquiné clearly indicate
that some of this rock was derived by erosion of the
Nova Lima Group, a second source of sediments, par-
ticularly during deposition of the Casa Forte, seems
probable because the Nova Lima Group as now exposed
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cannot be considered a probable source of coarse-
grained highly quartzose sediments because quartrose
Nova Lima rocks are characteristically fine graired.
Whether or not this other source rock was granitic is
unknown. Although careful search was made by the
staff, only Maxwell (oral commun., 1964) found any
evidence in the conglomeratic rocks for granitic peb-
bles and this in only one locality.

The presence of chloritoid in very significant amounts
suggests a highty aluminous source, conceivably deeply
weathered Nova Lima Group rocks, for the sediments
metamorphosed into such rock. O’Rourke (written
commun., 1957) was the first to call attention to the
evidence for mature weathering of some of the source

rock.
METAMORPHISM

The Maquiné rocks have generally been metarror-
phosed to the greenschist facies, and, except for the
presence of chloritoid and kyanite in areas of maximum
stress discussed above, there is nothing else particularly
noteworthy about them. Their bulk composition,
dominantly quartzitic, precludes the formation of a
wide suite of metamorphic minerals.

In the isoclinal Vargem do Lima syncline, the mrost
striking result of the dynamic metamorphism on the
Maquiné Group rocks is the tremendous degree of crush-
ing undergone by these rocks. The quartzose rocks were
brittle and therefore shattered ; the more sericitic rocks
sheared. In many places all original sedimentary strmc-
tures that might have been present, such as crossked-
ding, have been obliterated, and metamorphic strme-
tures superimposed. Top and bottom criteria are
destroyed. Bedding has likewise been destroyed to a
considerable extent.

In the less deformed areas, as in the Serra do Car~c¢a
and southeast of that range, bedding has survived the
metamorphism in many localities, and crossbedd'ng
can be seen in some rocks.

INTERPRETATION OF THE RIO DAS VELHAS SERIES

The major gaps in our knowledge of the Rio das
Velhas Series are caused in large part by three factors:
first, the type of lithology that results, under the cli-
matic and physiographic conditions of the region, in
poor exposures; secondly, the obliteration of sedim~n-
tary structures by the extreme deformation; snd
thirdly, the lack of mineral resources, except gold de-
posits, which would justify expensive geologic explora-
tory effort. Until the present program of mapping,
these rocks had been studied only in the vicinity of gold
deposits; they had not been mapped at detailed sceles
except locally; and there was no appreciation of the re-
lations between these rocks and other metasedimentary
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units of the region, with which they had been confused.

Because the work of the DNPM-USGS team was
focused on the iron and manganese resources of the
region, primary effort was not devoted to unraveling the
problems of the Rio das Velhas Series; information
gained was in the normal course of regional mapping.
A fertile field remains for future generations of
geologists.

The Rio das Velhas Series was separated from the
Minas Series (Rynearson and others, 1954; Oliveira,
1956 ; Dorr and others, 1957) because a profound un-
conformity was discovered at the base of a persistent
quartzite zone in rocks of the Minas Series as originally
defined by Derby in 1906. Strata above that uncon-
formity fitted closely the lithology and succession of the
subdivision of the Minas Series made by Harder and
Chamberlin in 1915. Below the unconformity the strata
form a suite which differs in lithology from the Minas
Series as defined by Harder and Chamberlin and others.
A remaining problem which we had to consider was
whether all the rocks here included in the Rio das
Velhas Series are so related in time and environment of
deposition that they should be included in one major
unit or whether they should be divided into separate
units,

The use of radiometric dating can be quite deceptive
in this area (Hurley, 1961), but future refinements may
solve many age relations in the Rio das Velhas Series.
As of this writing, the only available determination on
these rocks is a rubidium-strontium age of some 2,800
million years on mica from the Nova Lima Group just
west. of the Rio de Pedras reservoir, Rio de Pedras
quadrangle (Aldrich and others, 1964, p. 329). This
specimen was taken in the contact aureole of the Bacao
complex, indicating an older age for the Nova Lima
Group. It is quite possible that age determinations on
rocks from other parts of the Rio das Velhas Series may
show younger ages in other localities, for the rocks have
been affected by a more recent orogeny and metamor-
phic events. These may have imposed their ages on the
minerals in the rocks and probably obscured the effects
of the older metamorphism. The absolute age of the
metasedimentary rocks cannot be established by avail-
able methods; only the age of their metamorphism can
be determined.

In considering the relations between the two groups
of rocks here included in the Rio das Velhas Series and
m trying to decipher whether they represent a single
evolutionary sedimentary unit or whether they repre-
sent units widely separated in time and genetically un-
related, two major lines of approach seem most likely
to provide reliable information. The first is the nature
of the sediments themselves and the relations between
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the lithic units; the other is a structural approach stress-
ing the nature of the contacts between the groups. All
clastic sedimentary rocks are ultimately a result of dia-
strophism ; therefore the lithic content of the formation,
and particularly of conglomerates, affords much
information.

The Nova Lima Group consists dominantly of chlorite
schist and phyllite, sericitic phyllite, quartz-sericite
schist and phyllite, graphitic phyllite, and graywacke
and graywacke schist. It contains small amounts of
quartzite and characteristic thin lenses of carbonate-
facies iron-formation and lesser amounts of tilloid con-
glomerate and quartz-ankerite rock. Only one marble
bed was found in the whole region. A considerable ad-
mixture of tuffaceous material was found in the few
areas where fresh rock could be studied.

The total assemblage is similar to that cescribed by
Pettijohn as the graywacke (flysch) suite (1957, p. 615-
616). Pettijohn stated that this suite is marked by great
thickness, by its predominantly argillaceous character,
by carbonaceous shales, by the relative absence of car-
bonate rocks, and by subordinate quartzite. Bedded
cherts are said to be present, and waterlaid mafic tuffs
are said to grade into and resemble the coarser gray-
wackes. The average ratio of sandstone to shale in the
flysch facies is about 1: 2 in sections cited by Pettijohn
and may be of this order of magnitude in the Nova Lima,
Group as a whole, if the sericite-quartz phyllites are
considered as impure sandstone. Although graywacke
is found in few exposures, the rock type is particularly
susceptible to deep weathering. Considering the abun-
dance of other lithologies of the suite, it is probable
that a much higher percentage of this roc may exist
than appears at the surface.

Carbonate-facies iron-formation in the Nova Lima
Group indicates local reducing environments expectable
in the type of sedimentary environment giving rise to
the graywacke suite. The ubiquitous association of
graphitic phyllite with what were originally silty man-
ganese carbonate beds (Dorr and others, 1956) about
10 km south of the Quadrilatero Ferrifero also indicates
such an environment. Carbonaceous and graphitic phyl-
lite are locally associated with the carbonate-facies iron-
formation. For reasons still hotly debated, iron-forma-
tion is characteristic of Precambrian rocks; in the Nova
Lima Group that material, which grades into metachert,
may be equivalent to the bedded cherts cited by Petti-
john as typical of the flysch unit in younge~ rocks.

Above the Nova Lima Group lies the Maquiné Group,
consisting of quartzose rocks, subgraywacle, and con-
glomerates. Pettijohn said (1957, p. 616):

the typical graywacke (flysch) assemblage commonly increases
in coarseness upward. Conglomerates, if any, appear high in
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the section. The upward increase in coarseness is associated
with an increase in the proportion and coarseness of the sands.
The sands, moreover, become cleaner and are subgraywackes
and even protoquartzites rather than graywackes * * * The
typical fiysch facies has been displaced by the molasse facies—
a product of paralic sedimentation.

This statement well describes the Maquiné Group, which
is characterized by, in ascending order, a local basal
conglomerate, phyllite, phyllitic and schistose rocks
with increasing quartz, subgraywacke, conglomerates,
sericitic and chloritic quartzite, and clean quartzites
and grits. Despite the masking effects of metamorphism
and strong deformation, there is little possible question
of the nature of these rocks or of the fact that they form
a molasse suite coherent with the underlying flysch fa-
cies of the Nova Lima Group.

The contacts between the two groups of rocks forming
the Rio das Velhas Series are of significance in this
analysis. On the west side of the Vargem do Lima syn-
cline the contact between the Nova Lima and Maquiné
rocks is essentially concordant, perhaps with a slight
angular and erosional discordance. On the northeast
side of the Vargem do Lima syncline the contact is gra-
dational. Further southeast it is a fault contact or a
suspected small angular discordance.

Fragments of rock believed to have come from the
Nova Lima Greup have been reported in the Casa Forte
Formation in the Vargem do Lima syncline. The Pal-
mital Formation wedges out in the southern part of that
syncline. Thus, it seems certain that locally an erosional
unconformity exists between the Maquiné and Nova
Lima Group, but elsewhere sedimentation may have
been essentially continuous. Given the environment of
deposition of these rocks—the upper unit, a nearshore
or continental suite, and the lower, a geosynclinal basin
suite—local erosional unconformities and small angular
unconformities are to be expected. The gradation be-
tween the phyllitic rocks and the quartzose rocks, so
well exposed at the northeast corner of the Vargem do
Lima syncline, and the wedgeout of the Palmital For-
mation and overlap of the quartzose Casa Forte rocks
on the argillaceous rocks of the Nova Lima Group are
also congruent with the inferred environment.

The lithology of strata here included in the Rio das
Velhas Series, and evidence provided by contacts be-
tween its two groups, indicate that the Rio das Velhas
Series rocks seem to form a single evolutionary strati-
graphic entity reflecting a progression from eugeosyn-
clinal to paralic sedimentation.

MINAS SERIES

The Minas Series was first named by Derby in 1906,
was divided into five formations by Harder and Cham-
334-413 0—69——3
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berlin in 1915, was restricted at the top by Guimaraes
in 1981, was restricted at the base by Oliveira in 19£6,
was divided into three groups by Dorr and colleagu-s
in 1957, and was subdivided into nine formations Iy
Wallace (1958), Maxwell (1958), Dorr (1958a, b),
Pomerene (1958a, b, ¢), Simmons (1958), and Gair
(1958) . The Tamandué Group, here included as a fourth
group of the Minas Series, was first described by Sim-
mons and Maxwell (1961), who assigned it to the Rio
das Velhas Series.

As a whole, the Minas Series is quite different in na-
ture from the underlying Rio das Velhas Series, for it
consists largely of blanket and tabular formations
(Pettijohn, 1957, p. 618) relatively consistent in lith-
ology for great lateral extent, a type of formation not
found in the Rio das Velhas Series. The Minas sedi-
mentary rocks are well differentiated, except the highest
formation, also in contrast to most of the Rio das Vel-
has rocks. The uppermost {formation of the Minas Se-
ries, the Sabard Formation, is poorly sorted and con-
tains much graywacke and tuffaceous rock.

Thus, as illustrated in the stratigraphic column pre-
sented on plate 12, the series is here divided into four
groups, composed respectively of two lower groups of
two clastic formations each, separated by a probable
erosional unconformity; a gradationally overlying
group composed of two formations of dominantly cher-
ical or biochemical origin; and an upper group com-
posed of five clastic formations, the uppermost quite
different in general environment from the other forma-
tions of the series.

CONTACT WITH THE RIO DAS VELHAS SERIES

The contact of the Minas Series with the underlying
Rio das Velhas Series is structurally and stratigraph-
ically unconformable, but the extent and degree of the
unconformity is difficult to establish with precision in
all localities. That unconformity was first demonstrated
in the Moeda Plateau and along the south side of the
Serra do Curral by Rynearson, Pomerene, and Dorr in
1954. Plate 1 shows that mappable lithologic zones in
the Nova Lima Group strike nearly at right angles to
the Minas Series in the Itabirito quadrangle. Lenses of
iron-formation in the Nova Lima Group strike at high
angles into the trend of the Minas Series in the Ser-a
do Curral both to the west in the Sousas quadrangle and
in the Macacos quadrangle in the central part of the
range. The angle of intersection between iron-formation
of the Nova Lima Group and the Minas Series in the
Gandarela and Ttabira quadrangles is lower. Reeves
(1966) discussed evidence pointing toward an angular
unconformity between the Minas and Rio das Velhas
Series rocks in the Monlevade district.
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Along the Serra do Itabirito and in other localities
where a strongly angular unconformity can be proved,
the two series are also locally conformable. This sug-
gests that the pre-Minas folding there was rather tight.
On the other hand, the apparent conformity between
the Minas Series and the underlying rocks in that part
of the Gandarela syncline where rocks trend northwest
by north (Gandarela quadrangle), contrasted with the
30° angular unconformity where the Minas beds turn
toward the northeast (pl. 1), indicates that the older
beds had been strongly tilted in th's area before Minas
sedimentation started. The tight folds found in these
older rocks 20 km to the west are not here present.

In other areas, as along the south flank and eastern
part of the Gandarela syncline, near the axis of the
Mariana anticline (Anténio Pereira quadrangle), and
south of Serra da Piedade (Serra da Piedade quad-
rangle), bedding is obscure in the Nova Lima Group,
and foliation is essentially parallel to the bedding in
the Minas Series. Angular relations are strongly indi-
cated by the more complex folding of the Nova Lima
Group rocks in some of those areas, and Simmons (writ-
ten commun., 1964) stated that there is an angular dis-
cordance of about 20° in the Santa Barbara area.

Profound erosion of the Rio das Velhas Series before
Minas sedimentation began is certain. The only place
where a minimum absolute value of such erosion could
be calculated is in the northwest corner of the Gan-
darela syncline; there marker beds in the Nova Lima
Group show that not less than 1,000 meters of sediments
was removed. More than 1,000 meters of quartzose rock
of the Maquiné Group must have been eroded between
the Vargem do Lima syncline and the Serra da Ouro
Fino; very probably all of the Maquiné Group was
removed in extensive parts of the region before Minas
sedimentation began.

Wherever the contact of the two series can be traced,
it 1s evident that the pre-Minas surface was one of very
low relief. The maximum local relief on the old erosion
surface of perhaps 50 m was produced on a hard quartz-
ite of the Nova Lima Group (fig. 5). The irregular
accumulation of polymictic basal conglomerate in the
Minas Series is an indication of old valleys, a few of
which were several tens of meters deep but most of
which were much shallower. Presumably the surface
had been peneplaned, as suggested by Harder and
Chamberlin (1915).

Regional evidence shows that a great time interval
elapsed between Rio das Velhas and Minas Series sedi-
mentation to permit folding of the older rocks and
beveling of them to a nearly plane surface. Part of the
Bag@io granitic complex and probably some of the gra-
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nitic rocks to the north and west also fcvmed or were
emplaced during this interval.

DISTRIBUTION, WEATHERING, AND
METAMORPHISM

The Minas Series is preserved only in synclinal struc-
tures in the Quadrilatero Ferrifero, in the complex mass
of the Serra do Caraca, and in the Serra das Cambotas.
The Minas rocks commonly lie in orderly sequence, al-
though in many of their exposures they are inverted, for
most of the synclines are overturned to the north and
west. Many relatively thin lithologic units of the Minas
Series can be traced for tens of kilometers along strike
without change in lithology except that resulting from
variation in metamorphic grade.

Thickness of some of the units varies radically; in
most places this is clearly caused by tectonic deforma-
tion of the rocks. Formations characteris*ically thicken
in the axial zones of folds and thin on the flanks within
a few hundred meters to a few kilometers; the Cauné
Ttabirite varies in apparent thickness from a few meters
to more than 1,400 m. Such variations are not confined
to the plastic iron-formation and argillaceous rocks but
are also found in more massive quartzites. Naturally this
tectonic deformation obscures the originel sedimentary
features of the rock in many areas.

Most strata of the Minas Series are deeply weathered ;
exceptions are the massive quartzites, locally the itabi-
rite, and still more locally the dolomite lenses. The only
rocks which could be satisfactorily studied petrograph-
ically are the monomineralic rocks, some ferruginous
rocks, and a few phyllites and schists incised by recent
rapid mechanical erosion. Thus, our petrographic knowl-
edge of the Minas Series rocks is uneven ; some we know
well, but most we know poorly.

The metamorphic grade of the Minas Series ranges
from the greenschist facies to the amphibole-almandine
facies (Herz, written commun., 1965) and increases gen-
erally toward the southeast and east. Variation depends
upon the regional position and proximity to younger
granitic bodies. Certain formations have been metamor-
phosed to granitic gneisses in the Monlevade and Itabira
areas. Shearing was strong in places. Both shearing and
metamorphism obscure sedimentary features, and the
greater the degree of metamorphism and shearing, the
deeper the weathering.

TAMANDUA GROUP

The Tamandud Group was defined by Simmons and
Maxwell (1961) as comprising the quartzites, quartzose
and argillaceous schists, and phylitic and dolomitic
itabirite stratigraphically between the Maquiné Group
of the Rio das Velhas Series and the Caraca Group of
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conglomerate and very coarse grained quartzite, 40 m.
Maxwell, who mapped the Serra do Caraca, elsewhere
stated (written commun., 1962) that there

the thickness of the Cambotas Quartzite is variable and no-
where certain * * * The only locality in the Alegria district
which has younger pre-Minas rocks overlying the Cambotas
Quartzite is in a zone of complex faulting, so complex that meas-
urement of thickness is impossible. There are no definitive
marker beds in the quartzite * * *. The maximum apparent
thickness is about 1.000 m.

In the Serra do Tamandui the outcrop width ranges
from 0 to 1,900 m. The thickness is at least 200 m. in
much of the range, but the rocks disappear abruptly to
the east.

CONTACTS

The Cambotas Quartzite was said by Simmons
(1968b) to overlie granitic gneiss with metasomatic con-
tact wherever the contact between those rocks is ex-
posed in the Cocais and Santa Barbara quadrangles.

To the west, Moore mapped a normal discordant sedi-
mentary contact between the Cambotas Quartzite and
the Nova Lima Group in the Gongo Sdco quadrangle;
the quartzose grit and conglomeratic grit are there
apparently concordant in strike with underlying rocks,
but dips may or may not be concordant. An erosional
contact between the two groups is proved by the pres-
ence of fragments of a distinctive thin-bedded Nova
Lima iron-formation in the basal conglomerate of the
Cambotas at Gongo Soco N. 8,100, E. 6,800. The iron-
formation crops out about 50 meters to the north. Max-
well (written commun., 1962) stated that in the Catas
Altas quadrangle the Cambotas may overlie the Nova
Lima Group with unconformable contact. Simmons and
Maxwell (1961, p. 9) stated that the Tamandud Group
near its type locality discordantly overlies the Nova
Lima Group.

The Cambotas Quartzite overlies the Maquiné Group
with apparently concordant contact in most places in
the Catas Altas and Capanema quadrangles, but the
regional outcrop pattern was said by Maxwell (written
commun., 1962) to show a discordance which could be
either erosional or structural. At Capanema N. 5,400, E.
6,600, the contact between these rocks is said to be an
angular unconformity of 60°. Elsewhere in these quad-
rangles there are suggestions of a fault contact. Sim-
mons and Maxwell (1961, p. 10) stated that the
Tamandud Group discordantly overlies the Maquiné
Group in the western part of the Serra do Caraca.
Moore (1969) stated that in the Conceigio do Rio Acima
quadrangle there is a discordance in dip of 5°-30° and in
strike of 10°-80°.

The Cambotas Quartzite thins abruptly to the west
in the Serra Geral and disappears a few hundred meters
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west of the point where the road to Gongo Soco from the
Caeté-Barao de Cocais highway crosses the serra.
Moore, who mapped this area, stated (written commun.,
1962) that the formation is cut out by a thrust fault;
Bélau (1952, p. 482) considered that the formation
wedges out to the west. The writer, after a careful field
check in 1966, believes that a sedimentary wedgeout is
the more probable, for the formation does not reappear
west of this area and the postulated thrust fault was not

found.
LITHOLOGY

The Cambotas Quartzite is largely an orthoquartrite.
Maxwell stated that in the Serra do Caraca the rock is
relatively pure quartz with minor amounts of sericite-
muscovite, chlorite, clinozoisite, and kyanite. Kyanite is
present only in zones of intense deformation (Maxwell,
written commun., 1962). Rock types present are pel-ble
conglomerate, grit, and fine- to coarse-grained quart-
zite; some layers are crossbedded. A few thin zcnes
consist of quartzose sericite phyllite.

In the Serra das Cambotas the unit is lithologically
similar, although Simmons reported no chlorite or clino-
zoisite. There, the most distinctive feature of the rock
is the preservation of original sedimentary structures,
including ripple marks, scour and fill, and crossbedding.
These are preserved despite the fact that the strata have
been so crushed that a microaugen texture has resulted
and, on weathering, the rock breaks down to silt-sized
particles (Simmons, 1968b). In the Serra do Tamandua
the lithology is apparently similar to that in the Serra
das Cambotas.

Simmons found that the Cambotas Quartzite in the
Cocais area was strongly metasomatized. The partial
alteration of the quartzite to granitic rock can be seen
a few hundred meters west of the Bardo de Coceis—
Cocais road, just north of the Serra do Tamandué,
where quartzite occurs as isolated remnants in the gneiss.
Bolau (1952, p. 488) determined that feldspar occurs
locally in rocks now called Cambotas Quartzite, which
he correlated with the basal Minas Series. Simmons &nd
Maxwell also mentioned the presence of this mineral; in
some rocks the feldspar is sedimentary in origin, but in
others it is a metasomatic product. Its presence or ab-
sence has no diagnostic value from a stratigraphic

standpoint.
UNNAMED FORMATION

DISTRIBUTION, LITHOLOGY, AND THICKNESS

The unnamed formations of the Tamandud Group
(Simmons and Maxwell, 1961) overlie the Cambctas
Quartzite in the type locality in the Gongo Séco and
Santa Bérbara quadrangles, in the Cocais quadrangle,
and at all observed localities in the Santa Rita Durio
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and Catas Altas quadrangles. Simmons originally sepa-
rated these formations in the Santa Bdrbara and Cocais
quadrangles, but they have not been separated else-
where ; they crop out only in roadcuts or other artificial
exposures or, rarely, in gullies. For this reason, Simmons
later (1968b, p. H11-H13) considered the three forma-
tions as members of a single formation, despite their
varying lithology.

As described in the type locality, the upper unit is
phyllitic schist, 35 m thick ; the middle unit is dolomitic
and phyllitic iron-formation, 41 m thick ; and the lowest
unit is phyllitic and quartzitic schist, 211 m thick. Sim-
mons stated (written commun., 1964) that the upper
formation may be divided into nine lithologic units 2.5
km west of the type locality, but that none of the units
could be correlated with those of the type locality. From
this it would appear that the lithology of the formation
is highly variable. The thickness of these rocks in the
Catas Altas and Santa Rita Durdo quadrangles was not
mentioned by Maxwell (written commun., 1962), but the
maximum outcrop width is perhaps 200 m in a place
where dips are steep.

In these rocks white mica is second in abundance to
quartz ; small quantities of chlorite are also present. The
iron content of the iron-formation is not known ; some
28 m of the total of 42 m of this formation at the type
locality 1s dolomitic and phyllitic itabirite, and the rest
is dolomitic phyllite. The writer believes, but cannot
prove, that the iron-formation was oxide facies. A single
analysis presented by Simmons (1968b, p. H13) showed
71 percent iron; this was from a small soft high-grade
iron ore body in the Serra do Tamandué. Such high-
grade iron deposits are known only from oxide-facies
iron-formation elsewhere in the region. The rapidly
changing lithology as most recently described by Sim-
mons might indicate nearshore sedimentation.

CONTACTS

The contact between the unnamed formation and the
Cambotas Quartzite was seen in only two places. In
one, at the type locality, it was interpreted as a bedding
fault (Simmons, 1968b, p. H13). At the other, in the
Santa Rita Durfo quadrangle near Morro da Mina, the
relations are obscured by severe shearing and faulting,
and the fundamental nature of the contact could not be
deciphered (Maxwell, written commun., 1962). Sim-
mons (1968b, p. H13) believed that the contact is prob-
ably essentially conformable.

The contact between the unnamed formation and the
overlying rock of the Caraca Group of the Minas Series
was believed by Simmons (1969b, p. H14) to be struc-
turally conformable where observed. At the type locality
the contact is marked by several centimeters of quartz
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but the two units are conformable (Sirnmons and Max-
well, 1961). Simmons cited no locality wlere known
upper Tamadu4 is in angular sedimentary contact with
known Minas Series rocks. The persistence of this thin
and relatively soft formation for some 35 km across
the Santa Bérbara and Cocais quadrangles indicates
that if the contact is an angular unconformity, the angle
must be less than 8°, hardly noticeable witl such poor
exposures, and of minor significance. According to Sim-
mons (oral commun., 1964), not only the upper forma-
tion of his then threefold division, but all the formations
thin to the east, which suggests to the writer a wedgeout
rather than an angular or erosional unconformity. Max-
well (written commun., 1962) implied that the uncon-
formity was an erosional one in the quadrangles mapped
by him, but did not advance specific evidence. The per-
sistence of thin soft rocks along the east side of the Serra
do Caraca indicates that erosion there mus* have been
minor if it occurred.

ROCKS TENTATIVELY CORRELATED WITH THE TAMANDUA
GROUP

The Serra do Ouro Branco in the southwestern part
of the region is an isolated large mass of quartzite which
Simmons and Maxwell (1961) and this writer tenta-
tively correlate with the Cambotas Quartzite of the
Tamandud Group. This most impressive mountain is
composed of white and gray sericitic quartzite with an
apparent maximum thickness of about 1,400 m (John-
son, 1962, p. 10 and fig. 2), bounded on the north by a
major fault. To the south, the quartzite is in contact
with gneiss at least in part formed by metasomatism of
the Nova Lima Group and, with angular unconformity,
the Nova Lima Group. This great quartzite mass wedges
out gradually to the east, as in the Serra do Tamandu4,
and abruptly to the west, as in the Serra Geral.

The quartzite of the Serra do Ouro Branco is com-
posed, according to Johnson, of gray to white sericitic
coarse-grained quartzite and grit. The coarse quartz
grains, some well rounded, others angular because of
crushing, are in a matrix of fine-grained crushed quartz
and sericite. Hematite and magnetite, zircon, and locally
feldspar are accessory minerals. Well-rounded quartz
and quartzite pebbles as much as 10 cm long are reported
but sparsely scattered pebbles of vein quartz and quartz-
ite about 1 centimeter in maximum dimension are more
common. Ferruginous quartzite and phyllite pebbles
also are present. One conglomerate bed 5 m thick com-
posed of 50-70 percent rounded pebbles wes found by
Johnson, who suggested that the quartzite pebbles may
be recrystallized chert. Pebbles in this bed are squeezed
and alined parallel to schistosity rather than to bedding.

Bedding in the quartzite is nearly obliterated by
schistosity, which may cross the bedding at a large
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angle. Compositional banding, reflecting original bed-
ding, is locally several meters or more across. Because of
the strong foliation in this area, crossbedding is difficult
to identify with confidence; many structures in the
rock which appear to be crossbedding are due to tec-
tonic causes. Johnson did not definitely identify cross-
bedding and the writer believes that, although the na-
ture of the rock indicates that the beds were probably
crossbedded originally, this feature cannot now be
identified.

The isolated quartzite mass of Ouro Branco was cor-
related with the basal Minas Series by Harder and
Chamberlin (1915) and by Guild (1957). Barbosa (pl.
9) mapped it as Maquiné Group, queried. Guimaraes
(1931) correlated it with the Itacolomi Series. As
pointed out by Johnson (1962, p. 10-12), who tenta-
tively correlated it with the basal Minas Series, the
stratigraphic position of this rock is indeterminate. It
1s here correlated with the Cambotas Quartzite on litho-
logic grounds; it can hardly be Itacolomi because of
stratigraphic relationships. The wedgeouts to the east
and west are more characteristic of the Cambotas than
of the Moeda Formation quartzites. The lack of chlo-
rite and the relative purity of the quartzite strongly sug-
gest that the rock is not Maquiné Group, for it is a
paralic orthoquartzite rather than a molasse
protoquartzite.

Two arcuate masses of quartzite isolated in granitic
gneiss in the Floralia quadrangle were mapped by Herz,
who correlated them with the Cambotas Quartzite.
These are said to lie with angular discordance on the
Nova Lima Group of the Rio das Velhas Series (Herz,
oral commun., 1965).

ENVIRONMENT OF DEFPOSITION

The rocks of the Tamandud Group differ from those
of the underlying Maquiné and Nova Lima Groups in
that they are shelf deposits dominantly composed of
orthoquartzite, quartzose phyllite, and phyllite. The
Cambotas Quartzite is a prismatic paralic deposit; the
overlying phyllitic and dolomitic rocks might indicate
deeper water, although the rapidly varying lithology
indicates nearshore deposition also. The group overlies
the older eugeosynclinal and molasse rocks, certainly
with deep erosional unconformity and probably with
an angular unconformity. Wherever observed, it under-
lies the Minas Series with angular conformity; no sig-
nificant erosional unconformity has been certainly
demonstrated although it may well exist.

Minor chlorite present gives no hint of the volcanic
activity which characterizes the underlying sediments,
and the coarse quartzites must have been derived from
the erosion of a granitic terrane, for the Nova Lima and
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probably the Maquiné rocks are too fine grained to sup-
ply coarse sediments of this nature. The source of the
sediments is not clear, but distribution of the coarser
sediments might suggest a source to the west.

CARACA GROUP

The Caraga Group was established by Dorr, Gair,
Pomerene, and Rynearson (1957) to include the clastic
rocks above the major regional unconformity exposed
in the western Quadrildtero Ferrifero and below the
chemical sediments of the overlying Itabira Group. As
originally defined, it included the Caraca Quartzite and
the Batatal Schist of Harder and Chamberlin. The
Batatal Schist was renamed the Batatal Formation by
Maxwell in 1958 because it is largely phyllite and con-
tains other lithologies. The basal quartzite formation
as then known, called the Caraca Quartzite by Harder
and Chamberlin, was renamed the Moeda Formation
from the Serra da Moeda (Wallace, 1958), where the
structure is simple and where there can be no question
as to its stratigraphie position and its relation to other
rocks of the Minas Series and the Nova Lima Group. In
1957 the quartzite making up the main mass of the Serrz
do Caraca was still unmapped and its age was moot, as
Guimardes (1931) considered it to be Itacolomi.

In the course of mapping the Serra do Caraga, Max-
well perceived that the quartzites making up the main
mass of the mountain were somewhat different from the
quartzite immediately below the Batatal Formation in
that area. At the same time, Simmons, mapping in the
Santa Bérbara and Cocais quadrangles to the north,
found that the principal quartzite in the Serra do Ca-
raca was lithologically similar to that in the Serra das
Cambotas and the Serra do Tamandué and that in the
latter ranges two phyllite and one iron-formation zones
separated that quartzite from thin quartzite and phyl-
lite zones which he correlated with the Moeda and Ba-
tatal Formations. The major quartzite underlying the
Serra do Tamandud, the Serra das Cambotas, and the
Serra do Caraca and the phyllitic and iron-formation
zones were grouped by Simmons and Maxwell (1961)
as the Tamandud Group, and the major quartzite called
the Cambotas Quartzite.

The Caraca Group must be redefined because the origi-
nal definition was made before the presence of older
rocks above the regional unconformity and below the
type Caraga Group had been established. The Caraca
Group is here redefined as comprising the metasedimen-
tary quartzitic and phyllitic formations conformably
underlying the chemical sediments of the Itabira Group
of the Minas Series and overlying with essential con-
cordance either the quartzose and phyllitic rocks of the
Tamandud Group or, commonly with angular and ero-
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sional discordance, the rocks of the Rio das Velhas
Series.

The type locality of the group was originally re-
stricted (Dorr and others, 1957) to the south flank of
the Serra do Caraca in the Capanema quadrangle, fol-
lowing the definition by Harder and Chamberlin (1915)
as closely as possible, because of the uncertainty of the
age assignment of the main mass of quartzite in that
mountain. Subsequent mapping proved the wisdom of
this restriction, for the main mass of the Serra do
Caraca is now assigned to the Tamandud Group. The
Caraca Group is present in the area cited in 1957, and
the type locality may be maintained there. The best,
most typical, and most accessible exposures of this
group are in the Serra da Moeda and in the thinner,
platform faciesto be described, in the Ouro Préto region.

At least two geologists on this project believe that the
rocks of the Tamandui Group should be included in the
Caraca Group. As will be demonstrated, the rocks of
the Caraga Group as here defined are blanket sediments,
whereas the rocks included in the Tamandui Group are
lenticular prismatic sediments in the Quadrilitero Fer-
rifero. The different environment of the two divisions
and the fact that an erosional interval possibly separates
them seems to the writer to justify the preservation of
the divisions as two groups.

MOEDA FORMATION

In the Quadrilitero Ferrifero the Moeda Formation
occurs in two intergrading facies. The more prominent
is a thick coarse-grained quartzite that crops out
boldly; a thin fine-grained facies that crops out ob-
scurely is at least as extensive. In part of the region it
was impossible to separate the thin facies from the over-
lying Batatal Formation because of poor exposures; in
such areas the two formations were mapped together as
Caraca Group undivided. To the west, north, and east
the transition {rom the thick coarse-grained to the thin
fine-grained facies is relatively abrupt, occurring over
3-10 km. This is perhaps best illustrated in the Ibirité
quadrangle, where the transition from a thickness of
perhaps 500 m to about 100 m or less takes place in
about 3 km. In the Bagio quadrangle the diminution is
slightly less abrupt but better exposed. At the south end
of the Serra da Moeda the thinning is much more
gradual, however,

DISTRIBUTION AND THICKNESS

The coarse-grained facies of the Moeda Formation
crops out in a roughly triangular area with the base in
the Serra da Moeda and adjacent parts of the Serra do
Curral and the apex to the east in the east end of the
Gandarela syncline and the Serra do Ouro Fino. Within
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this area the formation averages more than 300 m in
thickness, with the maximum apparent thickness greater
than 1,000 m (See fig. 8.) The coarse-grained facies also
occurs in the Monlevade area ; there, the marimum thick-
ness of some 500 m is attributable to both tectonic and
original stratigraphic thickening.

The thinner, fine-grained facies is peripheral to the
coarser facies and has been mapped in the eastern, west-
ern, northern, and southern extremities of the region,
as illustrated in figure 8. The fine-grained facies is less
than 100 m thick but, because of the obscure outcrops,
could not be located with certainty in many places and
may average less than 50 m in thickness. Ir the western
part of the Serra do Curral, it is between 30 and 70 m
thick according to Simmons. In the eastern part of the
Serra do Curral, it cannot be more than a few tens of
meters thick and locally may be absent. In the east end
of the Gandarela syncline it was mapped with the Ba-
tatal Formation and may be a few tens of meters thick or
less. In the Ouro Préto area, it averages perhaps 50 m
thick and may be missing in part of the Dom Bosco
quadrangle. However, it thickens to the norh in the Sao
Bartolomeu quadrangle. Around the Serr~ do Caraca
the fine-grained facies crops out only sporadically and
is only 10 m to a few tens of meters thick.

LITHOLOGY

The two facies of the Moeda Formation have in com-
mon a dominantly quartzose composition. The lithology
varies with the thickness, and the two facies will be
described separately. They are intergradational along
strike.

The coarse-grained facies is composed of quartzite,
grit, conglomerate, and phyllite. The rock types are
commonly well differentiated, and some of the quartzite
approaches orthoquartzite, although nearly all contains
varying and locally large quantities of ser‘cite or mus-
covite. Both quartzite and grit have been sheared and
crushed to a microaugen texture in many localities, and
the larger grains are there very angular. Were original
constituents of the rock can be distinguished, grain size
can be seen to change rapidly and widely both along
and across the strike of the beds.

The grit and quartzite both contain widely varying
quantities of iron oxides, in many places concentrated
on shear planes and bedding planes; it is impossible to
be certain how much of the iron has beer moved and
recrystallized during the metamorphism an local meta-
somatism to which the rocks have been subjected. For
the same reason, it is most difficult to be certain how
much of the feldspar found in the rock is original detri-
tal feldspar; this mineral is most abundant in proximity
to granitic rocks, as is the locally abundant tourmalinite
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mation is thin and itself somewhat argillaceous. The
Batatal varies directly in thickness with the Moeda,
being thinnest to the south and east.

Harder and Chamberlin (1915) were the first to point
out that the quartzose sediments are transgressive over
an old peneplaned surface; it seems probable that the
transgression was from west to east, The Moeda Forma-
tion preserves the transition from paralic to stable shelf
environments in its transition from coarse to fine quartz-
ose sediments. The argillaceous Batatal may be at least
in part contemporaneous with part of the Moeda, an
offshore sediment deposited on a slowly sinking wide
shelf or platform. The presence of lenticular masses of
metachert and the gradational contact with the overly-
ing chemical sediments of the Itabira Group also point
toward this environment. Both formations are blanket
formations, having great lateral extent in comparison
with their average thickness.

METAMORPHISM

The Moeda Formation, having a bulk composition
not sensitive to metamorphic effects, contains few and
simple minerals and does not vary widely with changing
metamorphic environment. Argillaceous minerals were
changed to sericite and muscovite, their grain size vary-
ing directly with the intensity of metamorphism, which
increases to the east. Locally, biotite is formed at the
appropriate metamorphic grade.

The pelitic Batatal Formation, however, is more com-
plex in its metamorphic reactions. In the Monlevade
district, much of the rock was converted to a laminated
quartz-muscovite schist containing as much as 10 per-
cent almandine garnet (Reeves, 1966). In the Itabira
district garnets also are found in this unit, although
the rock is a phyllite rather than a schist. Further to the
west this mineral has not been observed in the Batatal.
Graphite and carbonaceous matter in certain zones of
the rock inhibited recrystallization. Such zones look like
argillite where adjacent formations show the grade of
regional metamorphism to be well up in the greenschist
facies.

Guild (1957) and O’Rourke (written commun., 1954)
noted the presence of kyanite in this formation as well
as in the Moeda Formation in some localities. Both
Guild (1957) and Dorr and Barbosa (1963) cited the
locally abundant tourmaline in the Batatal Formation
and, in the Congonhas area, in the Moeda Formation.
Guild (1957, p. 12) attributed the tourmaline to meta-
somatic addition of boron from emanations or solutions
from post-Minas granitic rocks; Dorr and Barbosa
envisaged the same source and related the mineral to the
fluids that produced hematite ore bodies in the overlying
Itabira Group.
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ITABIRA GROUP

The Itabira Group was so named by Dorr, Gair,
Pomerene, and Rynearson (1957) and comprises the
itabirite included in the Itabira Formation of Herder
and Chamberlin (1915), as well as closely related dolo-
mitic rocks in part included by Harder and Chamb~rlin
in their Itabira Formation and in part probably in-
cluded in their Piracicaba Formation. The older de-
scriptions are rather vague as to exactly what rocks were
included in specific formations. The Itabira Group is
separated from the Caraca Group because it is domi-
nantly composed of chemical sediments whereas the
Caraca Group is dominantly composed of clastic sedi-
ments. In 1958 the Itabira Group was divided by the
writer into two intergradational units: the Caué
Itabirite, a metamorphosed oxide-facies iron-formation,
and the Gandarela Formation, in large part composed
of carbonate rocks of various types.

Because the two formations are intergradational, and
particularly because the weathering products hide the
contact zone in most places, it is difficult or impos-ible
in certain areas to separate the two formations. In 18
quadrangles they were separated; in 10 they were
mapped together as Itabira Group undivided. This dif-
ficulty led Simmons (1968b, p. H15) to suggest that the
rocks should be considered a single formation; other
geologists do not concur because the units can be s3pa-
rated in most places, because the economic products
from each of the units are different and it is therefore
important to make the separation where possible, and
because the difficulty in separation is caused more by
weathering products than by lack of distinguishing
features in the fresh rocks.

The Itabira Group is the most important in the region
from an economic point of view. It contains great. re-
serves of high-grade iron ore of metasomatic origin and
weathering of the Caué Itabirite has produced enormous
reserves of lower grade but potentially very useful iron
ore. Much manganese ore has been produced from hoth
formations of this group, different in nature and use in
each formation. Tens of tons of gold were extracted
from ores in the Caué Itabirite during the 19th century.
The element palladium was first isolated by W. H. V7ol-
laston from palladic gold from the Gongo Séco deposit
(Henwood, 1871). Bauxite is derived from the Gan-
darela Formation in many localities. Building stone,
road metal, paving stone, and fine ornamental stone, as
well as dolomite for metallurgical and refractory pur-
poses, are extracted from the Gandarela Formation. In
many localities the Caué Itabirite can be an ample
source of underground water, an economic asset as yet
practically untouched. The economic geology of the Ita-
bira Group will be discussed in another paper; in this
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report the rocks are considered only from a strati-
graphic, structural, and physiographic standpoint.

CAUE ITABIRITE

The type locality of the Caué Itabirite is in Caué
Peak in the Itabira district, where the formation is thick
and is well exposed by surface and underground work-
ings. Elsewhere the formation is poorly exposed except
in roadcuts, tunnels, adits, and a few canyons, because
canga, the weathering product of itabirite, conceals its
lithology and contacts.

DISTRIBUTION AND THICKNESS

The Caué Itabirite crops out almost everywhere in
the Quadrilatero Ferrifero where structurally expect-
able and was mapped along some 540 linear kilometers
of outcrop. Iron-formation believed by most geologists,
including the writer, to correlate with the Cauné Itabirite
also has been traced for tens of kilometers to the north
on the east flank of the Serra do Espinhaco, where the
typical quartzite-phyllite-itabirite sequence is found.
Isolated occurrences of gneissic iron-formation, simi-
lar to the Caué where that formation has been highly
metamorphosed, are found in the granitic gneisses for
tens of kilometers to the east and northeast of the Quad-
rilatero Ferrifero. (See map in Harder and Chamber-
lin, 1915, p. 347.) Similar rocks are known in the grani-
tic gneisses some tens of kilometers west of the region
mapped, near Oliveira. Iron-formation has also been
reported some tens of kilometers to the southeast. It is
not known whether these isolated occurrences of highly
metamorphosed iron-formation are correlative with the
Caué Itabirite.

The Caué Itabirite is quite variable in thickness (fig.
12). Where the formation is essentially undisturbed by
local deformation, as on the limbs of the Moeda syncline
and on the upright limb of the Gandarela syncline, it
ranges from 300 to 500 m in stratigraphic thickness. In
axial areas of folds—such as the west end of the Gan-
darela syncline, in the Alegria syncline, in the Conta
Historia area, in the vicinity of Morro do Chapeu, and
at the north end of the Serra da Moeda—it may have an
apparent thickness of more than 1,000 m. In contrast,
the formation may thin radically on the flanks of tight
folds. Near the main church in Itabira, the formation
on the overturned limb of the major syncline is only
about 15 m thick, whereas on the upright limb of the
syneline near the axial zone in Caué Peak it is appar-
ently almost 500 m thick. Clearly the formation was
highly plastic during deformation.

The formation does not crop out in its expectable posi-
tion for several kilometers along the south edge of the
Bacao complex. This area may well have been a positive
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area during early Minas sedimentation; and the forma-
tion may never have been deposited there; both the
Moeda and Batatal Formations are also thin end locally
missing in that area.

Comparison of figure 12 with figure 8 shovs that the
areas of maximum thickness of the Moeda Formation
and of the Caué Itabirite to a large extent coincide.
Despite the very different nature of the two formations,
this may well indicate the zones of maximum subsidence
during early and middle Minas time.

There is no way of knowing what the original strati-
graphic thickness of the Caué Itabirite may have been.
Because the rock was originally a blanketing oxide-
facies iron-formation, a chemical sediment (Tyler,
1948) underlain by claystone and overlain by dolomitic
rocks also of great lateral extent, wide primary varia-
tion in thickness is not to be expected, and therefore the
general thickness of between 200400 m in relatively
undisturbed areas may be considered to approximate
original stratigraphic thickness. The only observable
systematic thinning is at the west end of th~ Serra do
Curral, the south end of the Serra da Moeda, along the
south margin of the Bagdo Complex, and possibly at the
east end of the Gandarela syncline.

CONTACTS

The contact between the Caué Itabirite and the Bata-
tal Formation is gradational over a few centimeters or,
in very few places, 1 or 2 m. Commonly the gradation
is marked by the appearance of hematite in the Batatal,
gradually increasing in quantity toward the Caué. The
rock becomes banded by the appearance of quartz lay-
ers; and phyllite disappears, generally abruptly. In
some places there may be one or more bands of iron-
formation up to tens of centimeters thick, overlain by
thinner bands of phyllite. Locally the iron mineral near
the contact is coarse euhedral magnetite, particularly
where the Batatal is graphitic. Where the Caué Itabirite
overlies quartzose rocks the contact is abrupt.

The Caué Itabirite grades upward into the Gandar-
ela Formation. This contact is described in more detail
in later pages. The contact is in many places indefinite,
as the transitional zone may be tens of meters wide.

LITHOLOGY AND COMPOSITION

The Caué Itabirite is composed of itabirite, dolomitic
itabirite, and amphibolitic itabirite, with very small
lenses of phyllite and marble. The rock itabirite has
been defined (Dorr and Barbosa, 1963, p. 18) as follows:

The term itabirite denotes a laminated, metamorrhosed, oxide-
facies formation, in which the original chert or jasper bands
have been recrystallized into granular quartz and in which the
iron is present as hematite, magnetite, or martite. The quartz
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bands contain varied but generally minor quantities of iron-
oxide, the iron-oxide bands may contain varied but generally
minor quantities of quartz. The term should not include quartz-
ite of clastic origin with iron-oxide cement even though such
rocks are sometimes grossly banded. It should include only
rocks in which the guartz is megascopically recognizable as
crystalline, in order to differentiate it from unmetamorphosed
oxide-facies iron formation. A certain amount of impurity in
the form of dolomite or calcite, clay, and the metamorphic min-
erals derived from these materials may be included, but these
may never be dominant constituents over any notable thickness.
Where they are, the rock term must be qualified by the use of
the appropriate mineral name as a qualifier (for example, dolo-
mitic itabirite, a rock in which the dolomite largely takes the
place of the quartz). Rarely itabirite grades into ferruginous
chert which, when recrystallized, may look like low-grade ita-
birite, although commonly it is finer grained and whiter. To pre-
vent confusion, a cutoff point of about 25 percent iron should be
established. This figure is a practical one, as few itabirites are
80 lean in iron and most ferruginous cherts do not contain so
much iron.

Thus, the normal fresh itabirite of the Caué Itabirite
is a very simple rock from a petrographic viewpoint,
being composed almost entirely of quartz and hematite,
and locally, magnetite. Such rock makes up by far the
major part of the Caué Itabirite in the Quadrilitero
Ferrifero. The chemical composition of unweathered
normal itabirite averaged (Dorr, 1964, p. 1212) : iron,
37.9 percent; SiO,, 44.7 percent; Al,O;, 0.5 percent;
phosphorus, 0.05 percent; H,O+, 0.3 percent. Assum-
ing all the iron to be present as Fe,O; and all the phos-
phorus as P,O;, the total is 99.7 percent, leaving 0.3
percent for other elements, probably largely calcium
and magnesium. An average of 11 random samples in
which FeO was determined, taken in widely separated
parts of the region by the writer, showed 0.54 percent
FeO and 55.0 percent Fe,0;, indicating the great pre-
ponderance of hematite. The range of the individual
analyses was not great.

Dolomitic itabirite is widely present in the Caué
Itabirite, particularly in the upper third of the forma-
tion. Fresh rock is exposed in few places for it weathers
to great depth. The variations in chemcial composition
are still unknown; most of the analyses available were
of samples taken in areas of metasomatic enrichment
and therefore cannot be assumed to be of unaltered rock.
Moore (1969) cited the following analysis of a sample
taken in a deep canyon away from areas of known
metasomatism in the Concei¢cdo de Rio Acima quad-
rangle: Tron, 29.4 percent; SiO,, 47.8 percent; ALO;,
0.5 percent; CaO, 3.2 percent; and MgO, 1.6 percent.
This is the only analysis of fresh dolomitic itabirite
sampled away from areas of metasomatic enrichment
known to the writer, despite the many references to
this rock in recent literature (Pomerene, 1964; Guild,
1957; Simmons, 1968a, b).
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As first pointed out by Guild (1957, p. 15), dolomitic
itabirite in many places contains magnetite or mixtures
of that mineral and hematite. This is thought to be a
primary rather than a metamorphic feature of the rock.
Guild also noted that tale may accompany dolomitic
itabirite; it is believed to be a metamorphic product.
As shown by thin-section study, dolomite substitutes in
part for quartz in the quartz bands of the rock and less
generally for the iron minerals, and in som~ places oc-
curs as separate thin bands, forming a trioly layered
rock.

A third general type of itabirite is amphibnlitic. Field
evidence indicates that this type forms by ccntact meta-
morphism of dolomitic itabirite by nearhy granitic
rocks and thus it does not correspond to the silicate-
facies iron-formation of James (1954). Typical local-
ities may be observed where the Itatiaiugu-Ttauna road
crosses the west end of the Serra do Curral (Itatiaiugu,
N. 500, E. 1,600), in roadcuts on the east banl- of the Rio
Paraopeba (Fécho do Funil quadrangle), and along
Br-31 north of Serra de Piedade (Serra da Piedade,
N. 9,500, E. 5,750). At other localities, such as south of
Sédo Julido in the quadrangle of that name, such a rela-
tion cannot be demonstrated, but at what depth the
nearby intrusive granitic rock may lie is, of course,
unknown.

The amphiboles which have been identified are cum-
mingtonite, tremolite, and actinolite. Most ar so weath-
ered that identification is not possible, but cummington-
ite apparently is the most common. The iror. mineral of
amphibolitic itabirite is generally magnotite. Five
samples were taken which were fresh enough to make
chemical analyses worthwhile, The average composi-
tion, in percent, was: iron, 81.9; SiO,, 50.8; Al,Os, 0.7;
Ca0, 2.2; MgO, 2.0; phosphorus, 0.08; FeC was deter-
mined as 13.2 percent.

Tt should be emphasized that none of those samples
were of completely unweathered rock and tl ~t original
magnetite probably was in part oxidized to martite.

Tt is believed that only dolomitic itabirite gives rise
to amphibolitic itabirite upon metamorphism. Where
normal itabirite was intruded by granitic rocks, it did
not form significant amounts of amphibole. Grunerite,
a common amphibole in the Lake Superior area—there
thought by some to be a metamorphic product, by
others to be primary—has not been found desmite search.
Other iron silicate minerals, such as riebeckite, chamo-
site, and greenalite, known in iron-formatiors elsewhere
in the world, are unknown in this region. Stilpnomelane
was tentatively identified in two areas but is not
abundant.
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The south limb of the Gandarela syncline is strongly
faulted in many places, and the true thickness of the
formation is there unknown. In the Gongo Séco quad-
rangle a broad plateau marked by three large sinkhole
lakes has developed on the outerop belt. Farther east in
the Santa Barbara and Cocais quadrangles the forma-
tion was estimated by Simmons to range between 40-70
m in thickness.

In the Ouro Préto-Mariana area, as calculated from
mapping by A. L. M. Barbosa, the Gandarela Formation
is on the order of 75 m in thickness; to the north in the
region of Antonio Pereira it may be on the order of
200-500 m. Westward along the south edge of the Quad-
rilatero Ferrifero the structure is so complex that no
firm estimate of thickness is possible; Johnson (1962)
estimated a thickness of perhaps 200 m in the northern
exposures in the Dom Bosco quadrangle and more than
400 m in the southern.

CONTACTS

The Gandarela Formation lies with gradational con-
tact on the Caué Itabirite and is overlain with local
disconformable contact by the Piracicaba Group of the
Minas Series. The disconformity is an erosion surface;
no angular discordance is known.

The contact with the Caué Itabirite is an arbitrary
one. The original definition stated (Dorr, 1958b, p. 63) :
“The contact of the Gandarela Formation with the
underlying Caué Itabirite is commonly gradational over
a few meters to tens of meters. The boundary should
be drawn where dolomitic itabirite or dolomite becomes
predominant over normal itabirite.” It is now known
that dolomitic phyllite of the Gandarela Formation may
lie directly on Caué Itabirite, although this is not
common.

As stated in the description of the Caué Itabirite, that
formation may be dolomitic in part, and, where it is
dolomitic, the dolomitic itabirite is more common in the
upper part of the formation. Similarly, the Gandarela
Formation in many localities contains lenses and lentils
of dolomitic itabirite and normal itabirite. Such lenses
may occur anywhere in the formation but are more com-
mon in the lower part. Were the rocks everywhere visible
in fresh outerops there probably would be little difficulty
in seperating them, but unfortunately they are com-
monly covered by canga and are thoroughly leached and
hydrated ; thus, much uncertainty is introduced. Where
marble or dolomitic phyllite overlies itabirite, contacts
are drawn with little question, for marble weathers to a
characteristic soil, and dolomitic phyllite is covered by
soil quite different from that on most normal itabirite.

Where the contact between normal itabirite and
dolomitic itabirite is gradational, much difficulty fol-
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lows. The weathering product of dolomitic itabirite,
where not hidden by canga, is more hydrated than that
of normal itabirite. It is ocherous, tends to be yellow
instead of dark brown, may be porcellaneous witk an
aluminous aspect—although chemical analyses (Pomer-
ene, 1964, p. D20) showed little more Al.O; than the
normal weathered itabirite in such material—and may
be magnetic from the higher original magnetite content
of dolomitic itabirite. Magnetite octahedra may be visi-
ble. The presence of amphibole replaced by limonite is
a sure sign of dolomitic itabirite. The canga overlying
dolomitic itabirite may be denser and may contain less
quartz and commonly contains more alumina than that
over normal itabirite. Where slopes are gentle, the
variety “chemical canga” (Pomerene, 1964, p. D30;
Dorr, 1964, p. 1224) is common over dolomitic itabirite.
So many exceptions to all these guides are known that
no single one can be blindly followed; field experience
is the best guide in separating the Caué Itabirite from
the Gandarela Formation.

LITHOLOGY AND COMPOSITION

The Gandarela Formation consists largely of dolo-
mitic and caleitic strata. The most conspicuous rock in
the type locality is marble, for the most part dolomitic.
Elsewhere in the region, dolomitic phyllite, dolomitic
iron-formation, and phyllite may be dominant rock
types.

In the type locality the marble is red, white, and
gray; O’Rourke (written commun., 1954, and pl. 5)
divided the formation in the Gandarela quadrangle into
three members on the basis of color. These mem}rs
were separated one from another by thin but extensive
lenses of itabirite, in part dolomitic. In other quadran-
gles the marble cannot be so separated, and elsewlere
color has no discernible stratigraphic significance; the
itabirite lenses are absent or too random in distribution
to correlate with those in the type locality.

The red marble is generally somewhat higher in iron
content than the other colors, but all types may contain
several percent of iron or manganese. The iron is pres-
ent both as ferroan dolomite and calcite and as firely
divided hematite and magnetite. Manganese minevals
are not megascopically or microscopically visible in the
marble, and the element undoubtedly occurs as man-
ganoan dolomite or caleite (O’Rourke, written commun.,
1954 ; Dorr and others, 1956, p. 303).

The marble is fine grained and dense, in many locali-
ties showing strong flow structures and healed breccias.
Bedding is obscure in many outcrops. Hundreds of
chemical analyses of these marbles have been published ;
these indicate that for the most part the rock is dolo-
mite or dolomitic marble but that locally it is pure cal-
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cite marble. Whether the original sediments were
dolomite or calcite is not known; the irregular distri-
bution of calcite marble would suggest that dolomitiza-
tion occurred. If so, this must have taken place before
or during metamorphism, as the rock is now dense and
equigranular. The widespread presence of talc also sug-
gests that magnesium-bearing solutions once permeated
the rock. No vestige of organic life now remains,
although the abruptly lenticular nature of some marble
lenses suggests either giant boudinage or original
bioherms.

An unusual lithologic zone in the Gandarela Forma-
tion marble is a sharpstone intraformational conglom-
erate composed of tabular fragments of metachert and
dolomite in a dolomite matrix. This zone ranges from
a few centimeters to more than 1 meter in thickness
and has been located in the Sdo Juliio, Dom Bosco,
Lagoa Grande, Belo Horizonte, Gandarela, and Gongo
Soco quadrangles. The rock was well described and il-
lustrated by Guild (1957, p. 16). Outcrops are too scat-
tered to indicate whether the sharpstone conglomerate
occurs at one horizon or at several horizons in the
marble beds; if further work proves it to be confined
to a single zone, it would be a most useful marker in
regional correlation. Wherever observed, it was in the
upper part of the Gandarela Formation.

Pyrite is a widespread but sparse constituent of the
marble and is associated with sparse chlorite in some
exposures. Talc is also a common associated mineral ; it
occurs on shear and bedding planes and, to a lesser ex-
tent, disseminated in the marble. Phlogopite was re-
ported by Moore (1969) in the Gongo Séco quadrangle,
and amphibole was noted by Guild in the Congonhas
area. The marble is host for various introduced sulfied
minerals, notably the copper sulfieds, but these have
not been found in commercial quantities. A small de-
posit of stibnite and its oxidation products was found
near Belo Horizonte, presumably derived from an epi-
genetic deposit in marble (I. S. Coelho and Luis de
Castro, oral commun., 1965). Fluorite lenses were re-
ported by Pomerene (1964, p. D18) near Acaba Mundo
in the Belo Horizonte quadrangle and by Johnson
(1962, p. B15) near Dom Bosco.

In much of the region, particularly in the southern
part, phyllite and dolomitic phyllite > are important
rock types in the Gandarela Formation. Dolomitic
phyllite weathers rapidly and deeply to a saprolite simi-
lar in appearance to, but somewhat more spongy than,
that formed from other phyllites. Such rock can be cor-

21n this weathered terrain, identification of carbonate minerals in
the outerop of complex rocks is usually impossible. Because dolomite is
the most common carbonate in those few places where determination is
possible, geologists of the DNPM-USGS team arbitrarily considered all
phyllite containing carbonate to be dolomitie phyllite.
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related only on the basis of the general stratigraphic
succession.

Johnson (1962, p. B15) described fresh grayish-green
dolomitic phyllite in the Dom Bosco quadrangle as
being composed of sericite or chlorite witk some dolo-
mite, enclosing leuses and streaks of granular quartz,
with much magnetite and some epidote. Bedding is dis-
tinguished by color banding and may be either essen-
tially parallel to or may crosscut foliation at a high
angle. He also described greenschist of possible vol-
canic origin in two outcrops in the same area. These are
the only known occurrences of such rock in the Gan-
darela Formation in the region and wer~ also men-
tioned by Guild (1957, p. 48-49). This material occurs
in bands a few tens of centimeters thick and consists
dominantly of chlorite, which constitutes as much as
80 percent of the rock, with quartz, biotite, nd enhedral
magnetite.

The basal beds of the Gandarela Formation are dolo-
mitic itabirite in much of the region. In some parts of
the region, notably in the Serra do Curral in the Nova
Lima, Ibirité, and the eastern part of the Fé-ho do Funil
quadrangles and in the quadrangles immediately south
of the Serra do Caraca, substantial parts of the whole
formation may be composed of dolomitic itabirite, and
the marble facies of the formation may be very sub-
ordinate or absent. Elsewhere the Gandarela Formation
characteristically contains lenses and bands of dolomitic
itabirite and, more rarely, normal itabirit>. Most such
lenses are small, ranging in thickness from a few centi-
meters to a few meters and in length from a few meters
to a few hundred meters; but at the west end of the
Gandarela syncline, O'Rourke (written commun., 1954)
mapped two outcrop bands which he traced for more
than 10 km with few interruptions (pl. 5).

Simmons (1968b) pointed out that in the Bardo de
Cocais area, dolomitic itabirite is much more coarsely
banded in the Gandarela Formation than in the Caué
Itabirite. Guild (1957, p. 49) earlier reported a similar
relation in the Congonhas district.

Pomerene (1964, p. D20) described a “dolomite iron-
stone” in the lower part of the Gandarela Formation
that consists of grossly banded siliceous limonite and
some hematite and magnetite. He believed it represents
limonitized and silicified weathered dolomite.

PHYSIOGRAPHIC EXPRESSION

The Gandarela Formation stratigraphically overlies
the most resistant formation in the region and underlies
a ridge-forming formation. Thus, its physiographic ex-
pression is to some extent controlled not only by its own
lithology but also by the structure, thickn=ss, and atti-
tude of adjacent units. Almost everywhere it lies at
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lower elevations than the stratigraphically underlying
Caué Itabirite, and, in such localities as the west end of
the Gandarela syncline, drainage follows the contact as
a preferred zone. Where the marble is thick and over-
lying units thin or soft, drainage follows the upper
contact, as the Rio Socorro in the central part of the
Gandarela syncline. Where marble predominates and the
sequence is upright, the land surface is hummocky and
marked by isolated craggy outcrops. Where the rock
sequence was rotated well beyond the vertical, asin part
of the Serra do Curral, the topographically overlying
Caué Ttabirite forms great scarps which, except in a
few localities of rapid mechanical erosion, supply debris
that conceals the topographically lower rocks. Where
the formation is nearly vertical, scattered outcrops may
be found in stream valleys and at the base of cliffs in
the Caué Itabirite. Along the inface slope of the Moeda
Plateau, the Gandarela Formation is covered by soil
and canga and is marked by a gentle slope and small
local relief. Where the formation is dominantly phyl-
litic, as in the Dom Bosco quadrangle, it is indistin-
guishable topographically from the other phyllitic
formations of the region.

Sinkholes develop on the marble, and locally lakes
of some size are found in them. The largest are the
Lagoa das Antas, on the south limb of the Gandarela
syncline, which is some 500 m in diameter, and the
nearby Lagoa das Coutas, which is more than 600 m
long Gongo S6co quadrangle). Other smaller lakes oc-
cur near Pico de Itabirito and near Fazenda Gandarela.
Shallow undrained depressions without permanent
water are known elsewhere, as at Lagoa Séca south of
Belo Horizonte.

Thus, the topographic expression of the Gandarela
Formation is distinctive and may be used with confi-
dence for mapping, although the characeristically poor
exposures prevent accurate location of its contacts and
soil and canga conceal the greater part of the unit.

ENVIRONMENT OF DEPOSITION

The Caué Itabirite once covered almost completely
the 7,000 square kilometers of the Quadrilitero Ferri-
fero, 155 km from east to west and 100 km from north
to south. If itabirite near Serro and Morro do Pilar
(towns north of Itabira) was once continuous with that
of the Quadrildtero Ferrifero, as believed by the writer
and other geologists (Harder and Chamberlin, 1915;
O. Barbosa, 1954), the maximum known north-south
extent was another 100 km. There is good reason to
think the formation may have continued at least 200 km
more to the north. The formation seems to thin to the
southwest near Jeceaba, but John Forman (oral
commun., 1965) reported highly metamorphosed
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itabirite on trend with the south end of the Serra da
Moeda some 40 km southwest of the Quadrilatero Ferri-
fero. The formation thins radically to the northwest at
the west end of the Serra do Curral. On the east end
north sides of the Quadrilitero Ferrifero, however, no
signs of a wedgeout are known. The structure of the
south side is too complex to permit judgment as to
probable continuity southward; in the Ouro Préto-
Mariana area the formation is prominent and persistent.
Thus, the Caué Itabirite can be classified as a sheet or
blanket deposit (Pettijohn, 1957, p. 618).

The Gandarela Formation is not knoewn to be as
extensive as the Caué Itabirite; however, it is known
for a distance of 130 km from east to west (assuming
the equivalence of the Sitio Largo Amphibolite with
the Gandarela Formation) and 65 km from north to
south ; it, too, Tulfills Pettijohn’s definition of a blanket
deposit. The formation has not yet been recognired
outside the Quadrilitero Ferrifero, but, because the
outerops.are obseure and the formation has been recog-
nized as a unit within the Quadriltero Ferrifero only
in recent years, it may be present. Simmons (196¢a)
considered the erosional disconformity at the top of the
Gandarela to be responsible for its absence at the wost
end of the Serra do Curral; this might be the situation
elsewhere.

All formations of the Caraca and Itabira Groups sre
intergradational blanket deposits, and the two forming
the Caraga Group are normal transgressive stable-shelf
deposits. The Gandarela Formation is also a typical off-
shore stable-shelf deposit, and thus it seems probable
that the Caué Itabirite, too, was deposited on a stalle
shelf.

The worldwide occurrence of banded iron-formation
in the Precambrian and the almost complete abserce
of this rock type in post-Algonkian sediments has long
been known. No completely satisfactory hypothesis of
the genesis of this rock has yet been advanced, and the
problem of source of the enormous quantities of iron
involved (for the Caué Itabirite, some 5X10*? tons of
elemental iron) remains enigmatic. As shown above,
there is no internal evidence that the Caué Itabirite and
the Gandarela Formation were deposited in other than
a stable-shelf environment or that they were related
to island arcs or volcanism, were estuarine or fresh-
water deposits, or, in fact, were other than normal
epicontinental marine deposits. Thus, it is here assum-d
that they were deposited as chemical or perhaps bio-
chemical deposits in a normal marine environment.
The origin of iron-formation is discussed in more detsil
elsewhere, where the various types present in tlis
region are examined as a group.
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The Gandarela Formation, with its intercalations of
original claystone, now phyllite, and intraformational
sharpstone conglomerate in the dominantly carbonate
sediments, appears to have been deposited in epiconti-
nental seas which in the central part of the region were
free from fine detrital sediments. In the southern part
of the area considerable quantities of fine detrital
material were deposited. The single, very local occur-
rence of rock of possible volcanic origin emphasises that
strong contemporaneous volcanism was not prevalent
in the region.

Contemporaneous sedimentation in an environment
of overall marine transgression of the Caraca and
Ttabira strata in different parts of the area is possible.
The Moeda Formation would represent nearshore
deposition, the Batatal Formation offshore deposition,
and the Caué Itabirite and Gandarela Formation
deposition well offshore. The transgressive sea would
produce an on-lap sequence. Oscillations and regres-
sions would be indicated by phyllitic zones in the
dominantly quartzose Moeda Formation, by metachert
and minor hematite in the dominantly phyllitic Batatal
Formation, by rare shale beds and dolomite lenses in
the Caué Itabirite, and by itabirite lenses and zones in
the dolomitic Gandarela Formation. Elements to prove
or disprove this possible contemporaneity are missing
because of the absence of throughgoing marker beds
or fossils; in any one locality, the formations are
systematically superposed, and the lower formations
are there older than the overlying formations.

All formations of the Caraga and Itabira Groups in
the Quadrildtero Ferrifero are thickest in a zone extend-
ing across the middle of the region in a roughly east-
west direction and curving northward on the east side.
This may indicate that the area was the site of major
introduction of sedimentary materials and of sub-
sidence, particularly in Caraca time.

METAMORPHISM

Metamorphism of the Caué Itabirite produced a
radical increase in grain size with increasing meta-
morphic grade. Specific data on this variation through-
out the region was summarized by Dorr (1964, table 2)
and Herz (written conunun., 1964) and show that such
variation, although qualitatively similar to that
described by James (1955) in the Lake Superior region
of the United States, is anomalously greater. The
increase in grain size has important economic effects;
supergene enrichment of the iron-formation is rather
closely controlled by this phenomenon.

Amphibolitic itabirite is believed to be a product of
the contact metamorphism of dolomitic itabirite. Meta-
morphism completely recrystallized the carbonate rocks
of the Gandarela Formation.
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PIRACICABA GROUP

The Piracicaba Group was named by Dorr, Gair,
Pomerene, and Rynearson (1957) and is roughly equiv-
alent to the Piracicaba Formation as defined by
Harder and Chamberlin (1915, p. 362-363). The latter,
however, may have included part of what is now called
the Gandarela Formation in their Piracictba Forma-
tion, for at that time the erosional disconformity at the
top of the Gandarela Formation had not been discov-
ered ; moreover, it was not known that units with sim-
ilar lithologies occur in both the Itabira and the
Piracicaba Groups. The type locality of the Piracicaba
Formation chosen by Harder and Chamberlin is in
the headwaters of the Rio Piracicaba soutl west of the
Serra do Caraca, where it is now known that much of
the group has been removed by erosion. The varied and
persistent lithologic units comprising the Piracicaba
Group, so well exposed in the Serra da Moeda and on
the north side of the Serra do Curral, were not studied
in detail by Harder and Chamberlin.

It seems very probable that Harder and Chamberlin
considered the ferruginous quartzites here included in
the Cercadinho Formation of the Piracicaba Group to
be part of their Itabira iron-formation, for they refer
to rounded quartz grains in itabirite. Careful search
during this mapping program revealed no single in-
stance of rounded quartz grains in the rocl- here called
the Caué Itabirite, whereas such material is very com-
mon in, if not characteristic of, the ferruginous quartz-
ite of the Cercadinho Formation. Because Harder and
Chamberlin considered the iron-formation to be a clastic
deltaic formation rather than a chemical precipitate,
the presence of rounded quartz grains in iron-formation
seemed a congruent rather than exotic occurrence, and
they had no reason to reexanine their stratigraphic con-
clusions because of the presence of clastic auartz.

The Piracicaba Group overlies the Itebira Group
with structural conformity but erosional disconformity
in the west side of the Quadrildtero Ferrifero. This
erosional disconformity has not been found east of the
Moeda Plateau and the vicinity of Sabar4 in the Serra
do Curral. It is quite possible that in the east side of
the region the group may be in conformable and gra-
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