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ABSTRACT

The part of the Guiana Shield situated iIn northwestern
Brazil is one of the least geologically known regions of the
country. It is characterized by a complex association of
gneissic and granitoid rocks of middle Proterozoic age
(Guianens® Complex), which are not individually recognized
as distinct units in the geologic map published by the
RADAMBRASIL Project at 1:1,000,000 scale. The area 1is
completely covered by rainforest. Lithologic contacts and
geologic structures have no obvious geomorphic expression.

In 1984, the Shuttle Imaging Radar-B (SIR-B) acquired
digital data over the Guiana Shield. This L-band, HH
polarization synthetic aperture radar system operated at a
fixed incidence angle of 35.7 degrees on flat terrain. The
semivariogram textural classifier (STC) was employed to
discriminate and map flooded vegetation and water, which
were considered the key cover types for the recognition of
subtle topographic relief (up to 8.0 meters) in the study
area. Linearly arranged floodplains were interpreted as
linear geomorphic features. In addition, tonal linear
features were identified on the SIR-B image using a contrast
stretching technique (trackball linear mapping; TLM). A
final map was developed including both STC-mapped and TLM-

enhanced linear features, 1in order to display landscape
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patterns indicative of subtle structural discontinuities in
the crystalline terranes of the Guiana Shield.

The digital aeromagnetic data used In this research
were obtained iIn 1987. Measurements were made using a
proton-precession magnetometer with sensitivity of l.o
nanoTesla (nT). Flight-lines were flown north-south at a
2 .0-km spacing; tie-lines were flown east-west at a 20.0-km
spacing. The survey was performed in a draped mode 150 m
above relatively flat terrain. The following products were
derived as a result of digital data manipulation: @) a
grey-scale image of the reduced-to-pole magnetic anomalies,
in order to highlight zones of distinct magnetic signature;
(2) a terrace—magnetization map that delineates induced
magnetization boundaries and theoretically outlines geologic
structures and varying magnetic terranes; (3) a map showing
the location of maximum values of the horizontal component
of the pseudogravity gradient (boundary lines) that
represent abrupt lateral changes iIn magnetization that are
interpreted as steep structural or lithologic contacts.

Comparison of the magnetic and remote sensing results
with the geologic data acquired in the field by the
RADAMBRASIL Project allowed broad terrane categories in the
study site to be delineated for the first time: (@ areas
characterized by intermediate brightness levels on the grey-

scale magnetic image and by low to intermediate
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magnetization values on the terrace map (-0.00018 emu.cm'3
to 0.00090 emu.cm"3) correspond to migmatites and
metamorphic rocks devoid of muscovite with Rb-Sr radiometric
age of 1640 + 26 m.y. and mantle derivation (I.R. = 0.703 +
0.001); () areas characterized by very bright signatures on
the grey-scale magnetic i1mage and by high terrace-
magnetization values (greater than 0.00090 ernu.cm'3®
correspond to granitoids devoid of muscovite of unknown age
cutting the mantle-derived migmatites and metamorphic rocks.
Geologic faults with both topographic and magnetic
expression were identified in the study area through the
comparison of SIR-B linear features, terrace map, and

magnetization boundary lines.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES
This dissertation documents the result of a

reconnaissance geologic mapping carried out in the Guiana
Shield using digital aeromagnetic and spaceborne radar data.
Its objective is to demonstrate that the integrated analysis
of these data fTacilitate the development of geologic
information on subtle geologic features in heavily forested
and deeply dissected crystalline terranes of Precambrian

age.

STATEMENT OF PROBLEM

Notwithstanding the great contribution made by the
RADAMBRASIL Project in the 1970s, geologic knowledge of the
Guiana Shield is still incomplete. Detailed studies are
only available in areas where exploration for mineral
deposits has been performed. The Guiana Shield is host to
important reserves of gold, aluminum, diamond, rare earth
elements and manganese.

The portion of the Guiana Shield situated in
northwestern Brazil is one of the least geologically known
regions of the country. The study area was selected for
investigation because it is characterized by a complex
association of gneissic and granitoid rocks of middle

Proterozoic age (Guianense Complex), which are not
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individually recognized as distinct units iIn the RADAMBRASIL
map. The area under investigation is devoid of significant
rock exposures due to dense vegetation and thick soil cover.
The topography has less than 20 m of relief over 10"s of
kilometers. Geologic structures and boundaries between
2ifferent lithologic units have little apparent geomorphic
expression.

Reconnaissance geologic mapping is usually the fTirst
step of mineral exploration projects in tropical, remote
regions of South America. The objective of such an
enterprise is to find out as much as possible about the
geology of an unknown area as quickly as possible (Barnes,
1981). Scales are generally 1:250,000 or less. Some
reconnaissance maps are mostly based on photogeology, with
only a minimum amount of work done on the ground to identify
rock types (e.g-, RADAMBRASIL Project). However, a
reconnaissance geologic map is more reliable when it
incorporates information derived from regional
aerogeophysical surveys. This is particularly true in
rainforest-covered areas such as the Guiana Shield.

Spaceborne radar images are considered to be a valuable
data set for geologic mapping in cloud-covered, heavily
forested tropical regions. They are quite sensitive to
surface slope, surface roughness, and the presence of water.

They also have the capability of penetrating clouds. in



this study, images obtained by the shuttle imaging radar
system SIR-B were used for discrimination of vegetation
types and delineation of geologic structures.

The Brazilian portion of the Guiana Shield is
extensively covered by aeromagnetic surveys. Therefore,
part of this research is devoted to the analysis of such

geophysical data. The data analysis delineated

magnetization domains that may be associated with lithologic

units of the Precambrian crystalline basement.

In order to derive a reliable geologic map from the

combined radar and aeromagnetic information It is necessary:

(1) to understand the connection between vegetation,

topography and geologic structure in highly dissected,

densely vegetated Precambrian crystalline terranes;

(@ to devise an image classification technique for SIR-B

data of the Guiana Shield that will display landscape

features of geologic iImportance;
@) to interpret and display aeromagnetic data to
facilitate extraction of useful geologic iInformation;
(@  to incorporate the already existing geologic

information in the final iInterpretation result.



GENERAL EXPERIMENTAL APPROACH

A methodology consisting of three components is

pursued:
Remote Sensing Component: Digital SIR-B Data
a. Development of a strategy for discrimination of

vegetation types and water bodies (rivers) using a

semivariogram-based supervised classification

algorithm.

b. Identification of linear geomorphic features based on
the spatial distribution of cover types (e.g., areas of
flooded vegetation).

C. Identification of tonal linear features using a
contrast stretching technique.

d. Development of a map of SIR-B linear features.

Geophysical Component: Digital Aeromagnetic Data

a. Generation of a grey-scale image of reduced-to-pole
magnetic anomalies.

b. Development of a map showing the terraced pseudogravity

transform (rescaled to units of magnetization) of the
second order residual magnetic field. Magnetization
units are separated by sharp boundaries. Minor within-

unit variation 1is neglected.



C. Identification of maxima of the amplitude of the
horizontal component of the pseudogravity gradient
(boundary lines). They are supposed to represent
magnetization boundaries at steep structural or
lithologic contacts.

d. Development of a map of boundary lines and

magnetization units within the crystalline basement.

Data Integration and Analysis Component

a. Superposition of maps derived from radar and
aeromagnetic information. Areas of agreement are
interpreted as geologic structures with geomorphic
expression. Magnetization units are associated with
Precambrian lithologic units.

b. Comparison of final results with the geologic data
acquired by the RADAMBRASIL Project (field descriptions
of lithology and structure, Rb-Sr isochronic ages

obtained for several rock samples).

MAJOR SCIENCE QUESTIONS ADDRESSED
The fTollowing major science questions are addressed by
this study:
@D 1s geologic mapping a Tfeasible task iIn a relatively low
relief, heavily-forested shield area devoid of

significant rock exposures?
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©)

@
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®)
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6
Can the middle Proterozoic gneissic and granitoid rocks
of the Guianense Complex be individually recognized as
distinct geologic units?
What i1s the connection between vegetation, topography
and geologic structure in the deeply eroded crystalline
terranes of the Guiana Shield?
What image processing technique should be applied to
SIR-B data in order to discriminate vegetation types in
a tropical environment?
Is it possible to map linear geomorphic features by
observing the spatial distribution of cover types
(water and flooded vegetation) on SIR-B images?
Can digital aeromagnetic data be used to outline
lithologic units and geologic structures in the Guiana
Shield?
Is the emerging picture of the magnetic basement
structure consistent with the geomorphic framework
obtained with SIR-B data?
is the reconnaissance geologic map derived from the
combination of radar and aeromagnetic data consistent
with the information collected in the Tfield by the

RADAMBRASIL Project?



STUDY AREA

RATIONALE FOR SELECTION
The site selected for investigation embraces the
confluence of the lgana and Piraiauara rivers (Figure 1).
It covers an area of approximately 658 square kilometers
(23.5 km by 28.0 km). It corresponds to a SIR-B subscene
comprising 1862 x 2268 pixels. This region presents serious
hindrances for geologic studies, such as:
(1) the scale of the only available geologic map is
12 00 000,
(2) dense vegetation and thick soil cover (the area is
devoid of significant rock exposures);
(@) precarious accessibility (field checking is performed
almost exclusively along rivers);
@ flat topography (lithologic boundaries and geologic
structures have no evident geomorphic expression);
(B) almost perennial cloud cover (there are no cloud-free
standard remote sensing products for extended areas in
the visible and infra-red regions of the
electromagnetic spectrum).
However, the crystalline igneous and metamorphic
terranes occurring in this area are representative of a
geologic scenario that prevails throughout most of the

Brazilian portion of the Guiana Shield. In a rainforest
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Figure 1 Location map of the study area



context, the study site constitutes a superior setting 1iIn
terms of available fTield data. Geologic information was
collected along the Ilgana and Piraiauara rivers by the
RADAMBRASIL Project. The area is almost completely
undisturbed. As such, it is an ideal site to QO
investigate the spatial relationship between vegetation,
topography and geologic structure iIn a rainforest
environment; () to develop a model for geologic mapping of
relatively low relief, heavily-forested shield areas using
the complementary capabilities of spaceborne radar and

aeromagnetic data.

CLIMATE

The climate prevailing in the study area is classified
as tropical, with high temperatures and heavy rains (Af type
of the classification scheme proposed by Koppen, 1948) .
There 1is not a well-characterized dry season. Annual
precipitation is about 3,000 millimeters. Temperatures do
not vary significantly throughout the year. Average values
are situated between 24° C and 26° C. The amount of water
vapor present in the atmosphere is high (humidity ranges

from 85% to 90%) -
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PEDOLOGY

Most soils of the Brazilian rainforest have low
potential for supplying nutrients such as calcium and
potassium to plants. This fact is due to the occurrence of
intense weathering and leaching processes caused by high
temperatures and heavy rains (Jordan, 1in Prance and Lovejoy,
1985). Despite the inability of the soil to retain and
supply nutrients, the survival of the undisturbed forest 1is
not endangered. This happens because rainforest tree
species are adapted to the highly leached and weathered
soils of the region. High concentrations of roots near the
soil surface increase the efficiency with which nutrients
are cycled from decomposing organic matter. In this tight
recycling system, fewer nutrients can be leached beneath the
rooting zone and lost from the ecosystem.

High annual rainfall is also responsible for the
occurrence of widespread podzolization in northwestern
Brazil (Silva et al_., 1976). In such a process, a soil
becomes more acid owing to depletion of bases. It also
develops surface layers that are leached of clay, and
presents illuvial B horizons (Bates and Jackson, 1987).

In the study area, the hydromorphic podzol is by far
the most important soil type (Figure 2). It exists iIn
places where the bedrock iIs many meters deep. It is

composed mostly of coarse sand derived from the crystalline
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rocks of the Guianense Complex (Roessing et al., 1976).
Red-yellow latosol is found only in the northernmost part of
the study site (Figure 2). It is highly weathered, with the
predominance of kaolinite among the clay minerals. The iron

content of this soil 1is high.

VEGETATION

Phytoecological mapping of northwestern Brazil at a
scale of 1:1,000,000 was conducted in 1976 by the
RADAMBRASIL Project with the aid of X-band side looking
airborne radar (SLAR) data. The investigated region
embraces 73,200 square kilometers. It is located between
parallels 00° 00" and 02° 0O0°N and meridians 66° 00" and 70°
00"w. It occupies the southern part of Pico da Neblina
quadrangle (NA.19). The research was complemented by low
altitude reconnaissance flights and ground observations
(Silva et al., 1976). From that project, four physiognhomic-
ecological domains of regional significance were recognized:
(1) campinarana (local designation); () closed and open
forests; (3) areas of ecological tension; (@4) ecological
refuges.

The campinarana generally grows over deeply dissected
gneissic and granitoid rocks of the Guianense Complex, in
close association with hydromorphic podzol soils. It is

adapted to various stress factors such as nutrient-poor soil
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and seasonal flooding. In watershed areas, there is a
predominance of tamaquare {Caraipasp and Clusiasp) - Buriti
palms (Mauritia flexuosa) are common along floodplains.

The closed forest is distinguished by the occurrence of
very tall trees arising from an uniform canopy (which is 25
to 35 meters high). The following species are very common:
iebaro or iacano {Eperuaspp) , seringarana {Mabea Taquali) , japura
{Erisma sp) , cabari {Clathrotropsis sp) , cedrorana (Cedrelinga
catanaeformis) , uacu (Monopterix uaucu) , matuti-duro {Swartzia racemosa)
and cunuri (Cunuria crassipes) . In the open forest, clusters of
palm trees are widespread. The most important species are
babagu (Orbygnia cf. racemosa) , pataua (Oenocarpus sp) , agail {Euterpe sp)
and paxiuba {lIriartea ventricosa) .

Areas of ecological tension are characterized by a
gradational change from campinarana to forest or vice versa.
Ecological refuges are found in mountainous regions (1000 to
3000 meters) close to the border with Colombia and
Venezuela. The vegetation in this physiognomic—ecological
domain is predominantly constituted by bushes and herbs.

As i1llustrated in Figure 3, the majority of vegetation
in the study site is classified as an area of ecological
tension, with the predominance of campinarana (Palo and

Palv) over closed forest (Fdae). Campinarana with pluvial
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influence (Pain and Palt) occurs along the Piralauara River.
Restricted patches of campinarana with pluvial influence
(Palo and Palv) are found east of the Ilgana River. Notice
the close relationship that exists between the spatial
distribution of campinarana-dominant areas and hydromorphic
podzol soils (compare Figures 2 and 3).

North of the Ilgana River, the vegetation is classified
as an area of ecological tension with the predominance of
forest (Fama and/or Fdae) over campinarana (Palv). This
region is characterized by the occurrence of red-yellow
latosol (compare Figures 2 and 3).

The large number of vegetation types in the study area
results from very Tine adaptations of the flora to subtle
differences iIn environmental conditions. Even slight
variations in soil quality and relief are reflected in

somewhat diverse plant communities.

GEOMORPHOLOGY

An extensive erosional surface (Rio Branco - Rio Negro
Pediplane) occupies a considerable part of northwestern
Brazil (Nascimento and Prates, 1976). It is associated with
a pediplanation process which took place in Pleistocene
times. Many residual topographic features such as

inselbergs rise abruptly from the surrounding level ground.
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They were fTormed under a regime of concentrated heavy
rainfall related to severe semiarid conditions prevailing
during Pleistocene. According to Nascimento and Prates
(1976), the last episode of dry weather finished 20,000 to
10,000 years ago.

Many rivers show waterfalls along their courses
associated with topographic differences of up to eight
meters. Such streams are using most of their erosional
energy 1in downcutting the bedrock and smoothing out
irregularities in gradient. According to Nascimento and
Prates (1976), this fact suggests that the Rio Branco-Rio
Negro Pediplane 1is being tilted southward as a result of
recent tectonic activity.

The study area is included in the Rio Branco-Rio Negro
Pediplane. An isolated inselberg can be found within it
(Figure 4). The Piraiauara River presents a well developed
floodplain. It is built of alluvium carried by the river
during floods and deposited in the sluggish water beyond the
influence of the swiftest current. Two geomorphological
ev™ences iIndicate that the lgana River 1is downcutting the
bedrock: the presence of the Juriti waterfall and the
absence of alluvial deposits adjacent to the river channel.
This attests that the Rio Branco-Rio Negro Pediplane is
being tilted southward in the study site. The area along

the Piraiuara River may be acting as a local hinge line.
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CHAPTER 11

PREVIOUS GEOLOGIC INFORMATION
The region of study iIs situated in the Guiana Shield
(northwestern Brazil), which is part of the Amazonian
Craton. This chapter includes a brief discussion about the
geotectonic outline of such a craton, as well as about the
regional geology of northwestern Brazil. it also presents

the geologic information available in the study area.

GEOTECTONIC OUTLINE OF THE AMAZONIAN CRATON

The Amazonian Craton is constituted by the Guapore and
Guiana Shields. it is partially overlain by the sediments
of the Amazon and Solimoes Paleozoic basins (Figure 5). it
behaved as a stable foreland for the Paraguai-Araguaia
orogenic belt in late Proterozoic times (Cordani and Brito
Neves, 1982).

The interpretation of isotopic data (mostly Rb-Sr
whole-rock isochrons) led to the definition of several
geochronological provinces iIn the Amazonian Craton. Each of
these provinces 1is characterized by a coherent age pattern
in a regional scale and is associated with a unique
geodynamic event (Teixeira et al., 1989).

At the center of the Amazonian Craton lies the Archean

age Central Amazonian Province (Figure 6). It 1s limited iIn
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Figure 6. Geotectonic outline of the -Amazonian Craton
(after Teixeira et al., 1989). Key: 1-
Phanerozoic sediments; 2-Sunsas mobile belt
(1.1-0.90 b.y.); 3-Rondonian mobile belt
(1.45-1.25 b.y.); 4-Rio Negro-Juruena mobile
belt (1.75-1.5 b.y.); 5-Proterozoic platform
covers (1.9-1.5 b.y.); 6-Maroni-Iltacaiunas
mobile belt (2.25-1.9 b.y.); 7-Central
Amazonian Province (2.5 b.y.); 8-transition
zone between belts; 9-approximate contacts
between belts; 10-national boundaries.
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its eastern and northern part by the Maroni-Iltacaiunas
mobile belt, which developed during early Proterozoic times.
The western and southern margins of the Archean core are
bordered by three provinces: the Rio Negro-Juruena magmatic
arc, the Rondonian mobile belt and the Sunsas mobile belt.
Each of these provinces is located in the western margin of
the preceding one (Figure 6). They constitute a record of
successively younger middle Proterozoic orogenic events
(Teixeira et al., 1989).

Age determinations of 2.70 b.y. have been obtained in
the Central Amazonian Province (Carajas Ridge; see Figure 6
for location). This province is considered to exhibit
cratonic conditions since at least the Lower Proterozoic.
This is corroborated by the occurrence of undeformed
volcano-sedimentary seguences of 1.90 - 1.50 b.y. age
(Teixeira et al., 1989).

The Maroni-Iltacaiunas Province is constituted by

granite-greenstone terranes, granulites, gneisses and
migmatites of early Proterozoic age (2.20-1.90 b.y.).
Several patches of Archean high-grade metamorphic rocks are
found within the Proterozoic terranes. Isotopic data
suggest that the crustal material formed iIn this province 1is
mostly mantle-derived (Teixeira et al., 1989).

The Rio Negro-Juruena Province is composed mainly of

granitoid terranes of middle Proterozoic age (1.75-1.50
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b.y.). So far no indication of older rocks has been found.
Its isotopic character strongly suggests a mantle-derived
magmatic arc origin. Conversely, the Rondonian (1.45-1.25
b.y.) and Sunsas (1.10-0.90 b.y.) provinces are mostly
composed of reworked pre-existing crustal material. They
are considered by Teixeira et al. (1989) to be related to
intracontinental orogenic events.

Each province is characterized by its own syntectonic
granitic plutonism (no granites older than the main orogenic
phase are identified). Periods of anorogenic granitic
plutonism are contemporaneous with tectonic activity Iin

younger neighboring provinces.

REGIONAL GEOLOGY OF NORTHWESTERN BRAZIL
(R10 NEGRO-JURUENA PROVINCE)

In southwestern Venezuela and northwestern Brazil, the
E-W trending Maroni-ltacaiunas mobile belt is truncated by
the NW-SE structures of the Rio Negro-Juruena Province
(Figure 6; see also the location of the study area). The
geology of the latter province in this region iIs represented
by a complex association of gneissic and granitoid rocks
(Guianense Complex; Pinheiro et al., 1976). These rocks are
not individualized as distinct units in the available
RADAMBRASIL geologic map. However, Dall®Agnol and Abreu

(1976) recognized three main lithologic types in this
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region: sphene and amphibole-bearing biotite granitoids and
gneisses; two-mica granitoids and gneisses; amphibolites and
metabasic rocks. The TfTirst type is largely dominant in the
area, while the second one is only important in the
surroundings of the Igana River. Amphibolites and metabasic
rocks are by far the least abundant ones. They won"t be
further discussed iIn the text.

The sphene and amphibole-bearing biotite granitoids
vary from equigranular, coarse to medium grained rocks to
very coarse, porphyritic ones. Megacrysts are represented
by centimetric idiomorphic microcline. They are grey and
relatively mafic rich rocks (io% to 15% modal content). The
modal content of quartz is generally low (15% to 25%).
Petrographic types range from quartz-monzodiorite/

granodiorite to quartz-monzonite/monzogranite. The latter

two are more frequent. The potassium feldspar has always
the clear albite-pericline twinning typical of microcline.
The plagioclase shows well developed normal zoning, with
corrosion of the calcic cores. Its composition varies from
calcic/sodic andesine to sodic oligoclase. Biotite is the
dominant mafic mineral, being accompanied by a bluish green,
low 2V angle amphibole (hastingsitic hornblende, ferro-
hornblende or edenitic hornblende). Several noteworthy

automorphic sphene crystals are also present. Opaque
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minerals, epidote, allanite, apatite, zircon, and monazite
are the accessory minerals (Dall®"Agnol et al., 1987).

The two-mica granitoids are pink, equigranular, medium
grained monzogranites to syenogranites, rarely quartz-
syenites. They are richer iIn quartz than the sphene and
amphibole-bearing biotite granitoids. The potassium
feldspar is microcline. The plagioclase is calcic
oligoclase, less commonly andesine, with more sodic rims.
The mafic mineral content is lower than the sphene and
amphibole-bearing biotite granitoids. Biotite and muscovite
are always important minerals, while opaques, apatite,
zircon, sphene, garnet, fluorite, tourmaline, allanite and
rutile are the accessory ones. Tourmaline-bearing
pegmatites are found associated with the granites. There
are also granoblastic rocks composed of biotite, muscovite,
quartz, sillimanite and andalusite, probably corresponding
to metasedimentary inclusions in the granites (Dall®Agnol et
al., 1987).

The typical sphene and amphibole-bearing biotite
granitoids have low Si0O2content (about 65%) and high TiO2,
FeO + Fe203, MnO, MgO and CaO values. K2 is very high
(about 6%); Na2 is moderate (2.5 to 3%). Such values
indicate the strong potassic nature of these granitoids.

The Rb and Sr values are similar and generally range from
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150 to 350 ppm, resulting in Rb/Sr ratios from 0.7 to 1.5
(Dall*Agnol et al., 1987).

The two-mica granitoids have higher Si02 content than
the sphene and amphibole-bearing biotite granitoids (greater
than 70%, except for the quartz sienites). They are very
aluminous (with significant normative corundum) and show
moderate contents of FeX03 + FeO, MnO, Ti02, CaO0 and MgO.

The K2 percentages are also very high and clearly dominant
over those of NaXh. The Rb content is higher (about 300
ppm) than the Sr one (60 to 100 ppm). This results in
relatively high Rb/Sr ratios (Dall"Agnol et al., 1987).

The two-mica granitoids have very low magnetic
susceptibility values (Sauck and Dall®*Agnol unpublished
data, in Dall"Agnol et al., 1987). Conversely, the magnetic
susceptibility of the sphene and amphibole-bearing biotite
granitoids is reported by these authors to be high.

A Rb-Sr radiometric age of 1640 = 26 m.y. was obtained
by Dall®Agnol and Abreu (1976) for the sphene and amphibole-
bearing biotite granitoids, with Sr*/Sr& initial value of
0.703 + 0.001. These authors also defined two Rb-Sr
isochrons for the two-mica granitoids. The first one shows
an age of 1318 + 22 m.y., with Sr~/Sr& initial value of
0.722 + 0.002. The age of the second one is 1225 + 23 m.y.,
with Sr~/Sr& initial value of 0.713 + 0.002. The low

Sr8/Sr& initial value for the sphene and amphibole-bearing
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biotite granitoids indicates a primary deep-seated origin,
possibly a mantle derivation (Tassinari, 1981). Conversely,
the high value of this parameter for the two-mica granitoids
is consistent with an origin by melting of previously
existent crustal material.

Tassinari (1981) considered the sphene and amphibole-
beanng biotite granitoids to be part of the mantle-derived
Rio Negro-Juruena magmatic arc (.75 - 1.50 b.y.). The two
mica granitoids are supposed to be the result of anorogenic
plutonism taking place in the Rio Negro-Juruena Province
(Tassinari, 1981). This event was contemporaneous with the
development of the Rondonian mobile belt (.45 - 1.25 b.y.)
Figure 7 illustrates the tectonic relationship between the
Rondonian mobile belt and the two-mica granitoids intruding

the Rio Negro-Juruena Province.

GEOLOGIC INFORMATION AVAILABLE IN THE STUDY AREA
The area of study is situated iIn the Pico da Neblina
quadrangle, which embraces 73,200 square kilometers. The
geological reconnaissance of such a region was performed by
the RADAMBRASIL Project, based mainly on the interpretation
of X-band side-looking airborne radar images at 1:250,000

scale. Field checking was carried out almost exclusively
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along the most important rivers of the area. The final map
was presented at 1:1,000,000 scale (Pinheiro et al., 1976).

The region under investigation is underlain by middle
Proterozoic crystalline rocks of the Guianense Complex. The
available geologic map s shown in Figure 8. The numbers

displayed on this map correspond to points along the margins

of the lgana and Piraiauara rivers where field observations

were made by Pinheiro et al., (1976). Information obtained

by the Brazilian governmental mineral research company
(CPRM-Companhia de Pesquisa de Recursos Minerals) 1is also
included (0.S. Santos, CPRM, written communication). The
geologic features reported by these authors will be
transcripted as follows:

Location 1: outcrop of a migmatite with
overall granitic composition. Migmatitic layering
strikes N30-40E. Porphyroblasts of quartz and
feldspar are up to 5.0 cm iIn diameter. They are
not oriented according to the migmatitic layering.
The rock is cut by N85W, N65W, and N30E quartz-
feldspatic and microgranitic veins.

Location 2: outcrop of a migmatite similar
to the one found iIn location 1. Quartz-feldspatic
and microgranitic veins strike N35E, N55W, N70W,

N8OW, N15E. Sample PI/EV/01 was collected at this
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point. It is included in the 1640 m.y. Rb-sr isochron
obtained by Dall“Agnol and Abreu (1976) for the sphene
and amphibole-bearing biotite granitoids.

Location 3: outcrop of axnphibole-biotite

gneiss with overall granodioritic composition.

Porphyroblasts of guartz and alkali feldspar are

present. This rock shows a greater biotite and

amphibole content than the preceding ones. Epidote
occurs as an alteration product. There are
quartz-feldspatic and pegmatitic veins striking
N55W, N60OW, and N65W. Sample P1/EV/04 was
collected at this point, it i1s included in the
1640 m.y. Rb-sr 1isochron obtained by Dall*Agnol
and Abreu (1976) for the sphene and amphibole-
bearing biotite granitoids.

Location 4: outcrop of protomylonitic
biotite-granite (field information obtained by
CPRM) .

Location 5: outcrops of biotite-gneiss with
augen texture are fTound along the river downstream
from this point. The gneissic layering strikes EW
and NB8OE. The rock is cut by N60E and N1OW guartz

veins with thickness ranging from 5.0cm to 20.0cm.

Fractures are oriented according to N55E and N25W.



Location 6: outcrop of biotite-granite with
megacrysts of feldspar reaching up to 4.0 cm.
Fractures strike N65W, N40OE, and EW.

Location 7: outcrop of quartz-monzonite with
fractures oriented according to N50E and N70E.

Location 8: outcrop of porphyritic biotite-
granodiorite with fractures oriented according to
N70E.

Location 9: outcrop of muscovite-biotite
granite (field information obtained by CPRM).

Location 10: outcrop of porphyritic biotite-
granite with muscovite. Fractures are oriented
according to N8OW and N40E. Sample 1?/EA/12 was
collected at this point. It is included in the
1225 m.y. Rb-Sr isochron obtained by Dall*Agnol
and Abreu (1976) for the two-mica granitoids.

Location 11: outcrop of protomylonitic
biotite-granite (field information obtained by
CPRM) .

Location 12: outcrop of muscovite-biotite
granite. The rock is cut by N70E quartz veins
with average thickness of 5.0 cm. Fractures

strike N60OW and N7OE.



Location 13: outcrop of muscovite-biotite
granite. The rock is cut by pegmatitic veins
striking NOSE to N35E.

Location 14: outcrop of protomylonitic
biotite-granite (field information obtained by
CPRM) .

Location 15: outcrop of muscovite-biotite
granite (field information obtained by CPRM).

Location 16: outcrop of biotite-muscovite
gneiss with sillimanite. Fractures are oriented
according to N60OE and N40W. Sample 1£/EA/15 was
collected at this point, it 1s included in the
1225 m.y. Rb-Sr isochron obtained by Dall"Agnol

and Abreu (1976) for the two-mica granitoids.

The area of study is therefore characterized by the

occurrence of migmatites and gneisses in its southern and

central parts (e.g- locations 1, 2, 3, and 5; Figure 8).
These rocks are considered to be representative of sphene
and amphibole-bearing biotite granitoids (as defined by
Dall*Agnol and Abreu, 1976). The protomylonitic biotite-
granite outcropping in location 4 was produced by intense
deformation of such crystalline metamorphic rocks. The
northern part of the area is dominated by granites and

quartz-monzonites (locations 6 and 7; Figure 8). Muscovite
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iIs not as conspicuous in these rocks as in the typicai two-
mica granitoids.

Northwest of the study area, muscovite-bearing granitic

rocks are reported to occur along the lgana River (e.g.

locations 9, 10, 12, 13, 15, and 16; Figure 8). They are

classified as two-mica granitoids by Dall“Agnol and Abreu
(1976).
Major faults mapped by the RADAMBRASIL Project are

presented in Figure 8. These structures were recognized

with the aid of side-looking airborne radar images. They

show predominantly NE-SW or NW-SE orientation. Theilr sense

of movement is not known. A remarkable NW-SE fault controls

the course of the lgana River where the two-mica granitoids

are found (Figure 8). According to Pinheiro et al. (1976),

it may continue southwestward into the study area, 1t 1is

important to mention that the SLAR imagery was acquired by

north-south aircraft flights using a westward look

direction. Therefore, linear features with east-west

orientation were practically invisible on the images. This

introduced a serious bias in the structural interpretation

made by the RADAMBRASIL Project in the Guiana Shield.
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CHAPTER 111

METHODOLOGY

This chapter presents the investigation procedures used

in each major phase of the research: (@) geologic inter-

pretation of spaceborne radar images in heavily-forested

regions; (b) vegetation discrimination in spaceborne radar
images of rainforest areas using the semivariogram textural

classifier; (¢) identification of geologic features in
crystalline basement terranes using grey-scale aeromagnetic
images; (d) delineation of magnetization units in crystal-
line basement terranes using a terracing operator; (e)
integration of information derived from spaceborne radar and

aeromagnetic data.

REVIEW OF PREVIOUS GEOLOGIC INTERPRETATIONS

OF SPACEBORNE RADAR IMAGES IN HEAVILY-FORESTED REGIONS

Imaging radars are very sensitive to surface expres-

sions of present and past tectonic activity (Sabins, 1987).
The ability of such sensors to detect topographic discon-
tinuities (@ key physiographic expression of structural
deformation) has been very useful in the geologic mapping of

heavily-forested regions (NASA, 1989).
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SEASAT. The Tirst spaceborne imaging radar to survey
the Earth was the L-band synthetic aperture system on board
Seasat, an instrument package launched into a 800 km alti-
tude near-polar orbit in June 1978 (Fu and Holt, 1982).

This horizontally polarized instrument operated at a fixed
wavelength (23 cm) and at a fixed look angle (20° from
nadir). The Seasat swath width was 100 km and the theoreti-
cal resolution on the surface was approximately 25 m. The
near-nadir incidence angle of Seasat (about 23° ) was ideal
for acquiring strong oceanic returns, but produced severe
layover distortions on terrain images of high-relief regions
(NASA, 1989).

Although Seasat was launched primarily for oceanograph-
ic studies, radar images were also acquired over land re-
gions iIn the northern hemisphere. Geologic iInterpretation

N1s data set was performed in the surroundings of the
Pine Mountain thrust fault (Tennessee-Kentucky-Virginia).
This feature marks the separation between the Cumberland
Plateau to the north, and the Valley and Ridge Province to
the south (Ford et al., 1980). The area is densely forested
and covered by a mixed deciduous/coniferous canopy. Steep
slopes that face the radar beam appear bright. Folded
strata are enhanced by radar sensitivity to changes of
slope. Many extensive topographic lineaments are related to

major known faults. Geomorphic units are reflected on the
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Seasat iImage as textural domains. They show a good correla-
tion with distinct bedrock associations and bulk lithologic
sequences (Ford, 1980).

SHUTTLE IMAGING RADAR. The next spaceborne SAR to
follow Seasat was the Shuttle Imaging Radar-A (SIR-A). It
was placed by the Space Shuttle Columbia into a 38° inclina-
tion, 259 km altitude orbit in November 1981 (Ford et al.,
1983). The SIR-A swath width was 50 km and the resolution
on the surface was approximately 40 m. The radar system was
similar to Seasat (23 cm wavelength and HH polarization).
However, since the SIR-A mission was to be used primarily
for geological research, the look angle was changed to a
fixed value of 47° . The higher incidence angle (about
50 ) provided enhanced sensitivity to structural features
such as faults and folds (NASA, 1989). SIR-A images showed
less severe layover distortion than Seasat data in high-
relief regions.

Indonesia was selected as a SIR-A test site for the
following reasons (Sabins, 1983): (@ the persistent cloud
cover in Indonesia has hampered the acquisition of remote
sensing information in the visible and infrared portions of
the electromagnetic spectrum; (b) Indonesia provides a
representative test for the geological utility of spaceborne
radar images obtained over rugged, vegetated terrain.

Although radar does not completely penetrate the foliage due
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to volume scattering, geologic features are commonly en-

hanced on radar images by changes in topography underlying

the vegetation canopy; (¢) because of iIts present and poten-
tial petroleum reserves, Indonesia is an excellent site for
evaluating satellite radar data for energy exploration? ()

a wide range of rock types and structures occurs in Indo-

nesia, providing the opportunity to establish the radar

signature of these features; () Indonesia is a key region
to understanding global plate tectonics.

According to Sabins (1983), the vegetation cover in
Indonesia masks the surface roughness of bedrock. However,
under favorable circumstances, broad categories of rocks may
be recognized by their topographic characteristics on radar
images:

(O carbonate terrain: in humid environments, solution and
collapse of carbonate rocks produce Karst topography
which is readily recognized by the distinctive pitted
surface. In Indonesia, carbonate terrain generally
occurs as uplands surrounded by lowlands eroded from
less resistant rocks;

(@ clastic terrain: clastic sedimentary terrain IS recog-
nized by the occurrence of cuestas and hogbacks where
the rocks are dipping. Flat-lying clastic rocks devel-

op terraces and associated erosional scarps. The lack
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of Karst topography generally distinguishes clastic
from carbonate terrains in humid regions;
volcanic terrain: areas formed by young volcanic rocks

are recognized on SIR-A images by irregular lava flows

associated with conical knobs formed by cinder cones or

eroded volcanic necks;

und coastal RgFFalAT ¢nfs category is charac-

terized by uniform image tone, low relief, and the

presence of estuaries and meandering streams;

melange terrain; melange refers to lithologic units

developed in subduction zones. They consist primarily
of clastic sediments as well as of rocks derived from

oceanic crust and mantle. Lenticular rock fragments of

a wide range of sizes, up to kilometers in length, are

enclosed in a matrix of sheared clay which may be slaty

or phyllitic. Erosion of these rocks produces an

irregular, rounded terrain with unsystematic drainage

patterns. Stratification is not recognizable at the

scale of radar images, nor are individual rock frag-

ments detectable;

metamorphic terrain: they are constituted by sedimen-

tary rocks that have been metamorphosed to slate,

quartzite and schist. The highly dissected metamorphic

terrain has high relief and angular ridges that distin-

guish it from the lower relief and rounded appearance
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of melange terrain. Foliation trends are not discer-

nible at the scale of SIR-A images;
() undifferentiated bedrock: because of erosion and
deformation, features of younger volcanic terrains are

lacking in older volcanic areas which cannot be recog-

nized on SIR-A images without additional information.

The radar signature of dipping layers depends upon the
relationship between dip slopes and radar look direction
(Sabins, 1983). if the strata dip toward the radar beam,

dip slopes have bright signatures. Antidip scarps, which

are in the radar shadow, have dark signatures. Where beds
dip away from the radar beam, the antidip scarps are bright
and the dip slopes are dark. These relationships between
look direction, dip slopes, and SIR-A image signature were
seen by Sabins (1983) in Indonesia along the flanks of
folds.

Sabins (1983) reported that lineaments were generally
expressed on the SIR-A images of Indonesia as escarpments,
linear rivers, and aligned drainage segments. He found good
correlation between iImage linear features and previously

mapped Taults.

The next spaceborne mission carried out by NASA was the

Shuttle Imaging Radar-B (SIR-B). It was launched in October

1984 on the Space Shuttle Challenger. SIR-B also used
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Seasat/SIR-A technology (23 cm wavelength and HH polariza-
tion) . However, this system was equipped with an articulat-
ing antenna so that selectable look angles could be obtained
over the 15" - 60" range. In addition, SIR-B data were the
first to be digitally encoded and processed (cimino et al.,

1988) .

The SIR-B system acquired digital data over the heavily
vegetated and cloud-covered Guiana Shield region. It oper-
ated at a fixed look angle of 35° (rather than at a multi-
angle mode as previously planned), what prevented stereo
radar investigations. The iImage swath was approximately 24
km wide. The SIR-B data take extended for many hundreds of
kilometers in length. It may provide only a restricted view
of geological features owing to its limited width (Ford and
Sabins, 1986).

The Ffirst attempt to use such data in local structural
studies was made by Ford et al. (1986). The SIR-B image
analyzed by them covers a portion of the Guiana Shield
localized in northwest Brazil and southwest Colombia. It
displays outcrops of folded Precambrian metasediments (Tunui
Group) that comprises the Serra do Caparro (Brazil) and part
of the Serrania de Nanquen (Colombia). This stratigraphic
unit has very restricted distribution in the Brazilian part
of the Guiana Shield. The Caparro and Nanquen mountains

rise to about 300 m above the level of underlying rocks
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(migm atites, granites and gneisses of the Guianense Com-

plex). The remote, jungle-covered area is inaccessible.
At the 35 degree look angle used in this SIR-B scene,
dip slopes facing the radar beam have very bright signa- ~
tures. This indicates that they are steep, perhaps 30» or
more (Ford et al., 1986). Outcrop patterns and bedding
attitudes of the rocks belonging to the Tunui Group define a
series of small anticlines and synclines. The southern part
of the Serra do Caparro is displaced relative to the north-
ern part by the Caparro fault. This is a right-lateral
strike-slip fault whose extension iIn the crystalline ter-
ranes of the Guianense Complex is scarcely perceptible.
This happens because such fault has no evident topographic

expression iIn the crystalline area and is oriented nearly

parallel to the radar direction of illumination (Ford et
al., 1986). m Tfact, apart from the problem of illumination

geometry, it is much more difficult to identify structural

features iIn the deeply dissected metamorphic areas of the

Guianense Complex than in the relief-forming metasediments

of the Tunui Group.

From the above discussion, it is apparent that visual
interpretation of spaceborne radar images can be very useful
in the geologic mapping of heavily-forested, humid regions.

This is especially true when structural features such as

folds and major faults are enhanced on radar data by changes
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in bedrock topography underlying the vegetation canopy.
Under favorable conditions, broad lithologic categories may
be recognized by their geomorphological characteristics on
radar images (e.g., Karst topography distinguishes carbon-
ate-rich sequences; cinder cones help to identify young
volcanic rocks). However, the deeply dissected crystalline
terranes of the Guiana Shield represent a departure from the
geologic examples presented so far (namely, Pine Mountain
thrust fault, Indonesia, and Caparro/Nanquen mountains), in
this region, relief is completely flat. Lithologic boun-
daries and geologic structures have no evident topographic
expression, what prevents the utilization of classic geomor-
phological criteria in the interpretation of SIR-B iImages.
However, spaceborne radars are an invaluable tool for flood-
ing detection in forested floodplains (Hess et al., 1990).
The bright appearance of flooded forests on L-band, HH
polarization radar images results from double-bounce reflec-
tions between smooth water surfaces and tree trunks or
branches. Enhanced backscattering on SIR-B iImages has been
shown to occur in tropical floodplain forests (Ford and
Casey, 1988). in the Guiana Shield, flooded vegetation was
considered a key cover type for the recognition of minor
topographic differences ((up to 8 m) possibly associated with

underlying geologic structures.
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The identification of spatial radiometric patterns on
the SIR-B image was regarded as important for structural
mapping m the study area. Examples of such patterns are
individual linear features developed on an uniform back-
ground and linear stream channels with bright radar signa-
tures associated with flooded vegetation. This task was
performed using a digital image processing technique (as
suggested by Lowman et al., 1987, and by Masuoka et al.,
1988). A simple contrast stretch program called TLM (track-
ball linear mapping) effectively enhanced remarkable tonal
linear features on the SIR-B image of the study area (as
presented in Chapter 4). The geologic significance of these
features 1is discussed in Chapter 6. The analysis of SIR-B
data was conducted on a VAX 11/780 based Interactive Digital

Image Manipulation System (IDIMS) at the Mackay School of

Mines.
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VEGETATION DISCRIMINATION IN SPACEBORNE RADAR

IMAGES OF RAINFOREST AREAS USING THE

SEMIVARIOGRAM TEXTURAL CLASSIFIER (STC)

Semivariograms are considered to be an important tool
in the analysis of ore deposits (Journel and Huijbregts,
1978). They are also very useful in the study of remote
sensing images (Carr and Myers, 1984; Curran, 1988; Glass et
a2*, 1988; JuPP et al*> 1988* woodcock et al., 1988a; Wood-
cock et al., 1988b; Curran and Dungan, 1989; Jupp et al.,
1989; MacDonald and Carr, 1989; Ramstein and Raffy, 1989;
Rubin, 1989; Wald, 1989; Aymard and MacDonald, 1990). In
this research, a semivariogram-based textural classifier was
utilized to discriminate and map distinct vegetation units
(especially flooded vegetation) 1in the SIR-B data of the
Guiana Shield. The digital number (DN) assigned to each
SIR-B pixel 1is a scaled representation of the integrated
backscatter from the canopy contained within a single ground
resolution cell. in the study site, each ground resolution
cell measures about 20 m in the range direction by 30 m in
the azimuth; a resolution at which the radar does not re-
solve individual trees. Vegetation units were visually
distinguished as groups of pixels with similar DN values

over extended areas (as discussed in Chapter 4).
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According to Matheron (1963), a regionalized variable
is one that has a fixed location in space. By this defini-
tion, the DN (digital number) values in remote sensing
images represent a regionalized variable. The semivariogram

function characterizes the spatial structure of a regional-

ized variable. It has the following form:
Y(h) = [I/2n] S [z(X.) - z(X,+h)12, where:
1=1
Y(h) = semivariogram function
Z () = value at location x-
Z (XJ+h) = value at a location h away from x
n = number of pairs being compared
h = separation or lag distance

shape of the gemjvariogram function is a reflection
of the degree of autocorrelation between samples. The ideal
shape of a semivariogram has a value of zero for h=0 (there
is no difference between any value and itself) , rises
smoothly upwards and curves iInto a straight horizontal
shape. As the value of y(h) increases with the separation
distance, the degree of spatial autocorrelation between
samples decreases until a value of h is reached at which
Y(h) does not increase. This value of y(h) is referred to
as the sill, and represents the variance of the data set.
The value of h at which y(h) no longer increases is called

the range. This semivariogram shape is referred to as
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spherical (Figure 9a). Beyond the range two samples have no

influence upon each other, 1.e., knowledge of one sample
tells us nothing about the value of the other, often there
is an apparent TfTailure of the semivariogram to go through
the origin, in which case a nugget effect is involved (Fig-
ure 9b) . This circumstance is believed to be the result of
spatial randomness within the data set. A completely random
data set would result in a semivariogram defined by a
straight horizontal line at y(h) = variance (Figure 10).

A simple experiment was performed by MacDonald et al.
(1990) m order to determine whether semivariograms contain
textural information. The black and white horizontal
striped image shown in Figure 11 was randomly scrambled.
The resultant image 1is depicted iIn Figure 12. Semivario-
grams were then calculated for the original and scrambled
images. The semivariogram of the original image presented a
cyclical character (Figure 13a). It converged to a point
corresponding to the variance of the data. The scrambled
image semivariogram was a straight line at the level of the
variance (Figure 13b). It is similar to the pure nugget
effect semivariogram displayed in Figure 10. Note that the
overall mean and variance of the digital images were not

affected by the scrambling process. MacDonald et al. (1990)



(a) Semlvariogrom possingthrough the

(b) Semlvariogrom showing a nugget effect.

Figure 9. Spherical model of semivariogram.
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Figure 10
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variance of data set

Horizontal semivariogram at the level of
the variance. It Is produced by a data
set having no spatial autocorrelation.



Figure 11. Horizontal striped image (mean = 127.50;
variance = 16289.91; size = 22 by 22 pixels).



Randomized horizontal striped image (nean =
127.50; variance = 16289.91; size = 22 by 22
pixels).
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(b) Semivariogram of randomized horizontal striped image.

Figure 13.

Semivariogram behavior (a) of a horizontal
striped image and (b) of a spatially ran-
domized image. Straight lines in both dia-
grams show variance of data sets.
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concluded that semivariograms indeed capture textural infor-
mation. They suggested that this capability can be used for
image classification purposes.

The semivariogram textural classifier (STC) was pro-
posed by MacDonald et al. (1990). it is a supervised paral-
lelepiped type classifier with a minimum distance to mean
check for overlapping classifications. This is a strictly
deterministic classifier and therefore provides the option
of combining textural and radiometric information. Textural
information is expressed by the spatial structure of a
surface cover type (which is described by the shape and
value of the semivariogram function). Radiometric informa-
tion is conveyed by the mean DN value of the cover type.

The classification process consists of two major subproces-
ses: training and classification.

Miranda et al. (1990) presented the results of an STC
application to SIR-B data. Ford and Casey (1988) performed
a visual 1interpretation of a SIR-B image of a tropical rain-
forest of Borneo in which they recognized and mapped three
units of forest canopy (coastal lowland forest, tidal forest
and swamp) and two units of open areas (clearcut and wet-
land) . The resultant map is shown in Figure 14. Miranda et
al- (1990) classified the same SIR-B image using STC in an

attempt to emulate Ford and Casey"s interpretation.
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explanation

L
E 3

j
~ 3

Figure 14.

TIDAL FOREST
SWAMP

COASTAL LOWLAND FOREST
WETLAND (DEVELOPED AND INHABITED)

Surface units mapped from SIR-B image of
coastal lowlands, Borneo. After Ford
and Casey (1988).



Four classes selected by Ford and Casey (1988) were
used by Miranda et al. (1990, in this experiment (Figure
15): water (1), tidal forest (2), coastal lowland forest
), and swamp or flooded vegetation (4). The training
subprocess began with the definition of a mask (22 by 22
pixels) for each class, under which the training was per-
formed (Table 1) . The STC then calculated a semivariogram
within a moving window (7 by 7 pixels) for each pixel iIn the
training mask. This procedure resulted iIn a mean and stan-
dard deviation value for each separation distance (up to
six) 1In each class. A mean and standard deviation were also
calculated for the DN values of each class.

The classification subprocesses began with the defini-
tion of a parallelepiped (PPD) . The PPD established boun-
dary conditions for each class (Figure 16) based upon a
multiple of the standard deviation from the mean (in that
case, this value was 2.00). Then, beginning in the upper
left corner of the scene, a semivariogram was calculated for
the window surrounding each pixel (keeping the same dimen-
sion as the moving window used in the training subprocess) .
The resulting semivariogram, along with the DN value of the
central pixel, were compared with the PPD values. IT the
value of each separation distance and the DN were situated

between the minimum and maximum boundaries for any class,



Figure 15.

velocity illumination

Training masks for water (1), tidal
forest (2), coastal lowland forest (@),
and swamp (4). After Miranda et al.
(1990) .
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Surface cover type DN Mean DN Variance

Water i
Tidal forest 38.17 12-11

83.58 85.43
Coastal lowland forest 110.81 131.25
Swamp 161.34 471.43

Table 1. Borneo image: statistical moments for water and
119907MtI0n training masks- After Miranda et al



LEGEND:

Figure 16.

water _

tidal forest Area = 7
coastal forest Mult =2.00
swamp

Borneo image: decision boundaries for
parallelepiped classification (mult-

iplier = 2.00). After Miranda et al.
(1990) .
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then the pixel was defined as belonging to that class. m
the event of overlapping classification, a minimum distance
to mean calculation was performed for each possibility, with
the lowest value determining the assigned class.

The results of the classification showed a high cor-
relation with the map published by Ford and Casey (compare
Figures 14 and 17). This is especially true with respect to
swamp (flooded vegetation), coastal lowland forest and tidal
forest in the upper left portion of the image. According to
Miranda et al. (1990), the STC improved the discrimination
between swamp and coastal lowland forest in some areas
(e.g-, location A in Figure 17). Regions of open area units
(wetlands and clearcuts) were not included in the training
process. As a result, they tended to be associated with
clusters of non-classified pixels (B, C, and D). The clas-
sification results also suggested that coastal lowland
forest and tidal forest occur interspersed with each other
in the central portion of the image (E). This result was
not portrayed in Ford and Casey"s map. Water constituted
the worst classification result of that study due to noise
m the data. Increased local DN variance (as a result of
noise) in the bottom portion of the image resulted in the
misclassification of water as tidal forest (location F).

Finally, Miranda et al., (1990) concluded that the STC 1is a






valuable tool for mapping rainforest environments using L-
band/HH polarization spaceborne radars.

All computer programs used by Miranda et al. (@990)
were written in Borland®s Turbo Pascal 5.5 by John A. Mac-
Donald and implemented on a 20 MHz 80386 based personal
computer at the Mackay School of Mines. This software was
utilized iIn the vegetation study of SIR-B data presented in

Chapter 4.

REVIEW OF IDENTIFICATION OF GEOLOGIC FEATURES
IN CRYSTALLINE BASEMENT TERRANES USING
GREY-SCALE AEROMAGNETIC IMAGES

Grey-scale 1Images depict aeromagnetic data in 256
brightness levels ranging from black (the lowest value) to
white (the highest value). The images are usually displayed
at small scales, so that as many features as possible show
up hard-edged and photograph-like (Cordell and Knepper,
1987) .

The analysis of aeromagnetic grey-scale images can
reveal new iInformation even iIn well studied areas. These
products are especially suited to emphasize high-frequency
features and to discriminate zones of anomalous sighature.

With the aeromagnetic data in image format, a wide
variety of digital processing techniques is available as an

aid to iInterpretation. Edge enhancement and contrast
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stretching are two possible examples. This approach is
routinely used iIn remote sensing studies, but is seldom
applied iIn potential field geophysics.

Cordell and Knepper (1987) displayed aeromagnetic data
from the Rolla 1 by 2 quadrangle, Missouri, as a small-
scale, grey tone image. It provided a clear picture of
basement features beneath the sedimentary cover. Late-
stage, tin-bearing granites of the Proterozoic St. Frangois
magmatic terrane were sharply outlined. The plutons aver-
aged about 11 km in diameter and occupied 12 percent of the
surveyed area. That study also revealed unreported magnetic
patterns in the crystalline basement, possibly related to
lead-zinc-copper mineralization in overlying carbonate
strata of Cambrian age. Lack of confirmation of linear and
curvilinear features previously interpreted from contour
aeromagnetic maps showed that the improved high-frequency
resolution of image data provided effective constraints on
the delineation of anomaly edges and boundaries of signature
zones.

The aeromagnetic data of the Guiana Shield were con-
verted to a grey-scale image using software developed by the
United States Geological Survey and implemented on a VAX
11/750 at the Branch of Geophysics, Denver. The procedures
involved in the analysis of this data are discussed 1in

Chapter 5.
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REVIEW OF DELINEATION OF MAGNETIZATION UNITS IN

CRYSTALLINE BASEMENT TERRANES USING A TERRACING OPERATOR

The terracing operator converts smoothly varying poten-
tial fTields into a step function composed of flat segments
separated by steeply dipping zones. Such a denomination is
intended to evoke an image of rice-paddy terraces where, by
an analogous process of cut and fTill, originally smooth
hillsides are similarly transformed (Cordell and McCafferty,
1989). For a complete description of data processing proce-
dures pertaining to the terrace method see Phillips (1990)

The terracing operation is an iterative process that
seeks to define abrupt boundaries between homogeneous do-
mains. Transitional borders are inadmissible. The results
have discontinuous first derivatives and cannot be depicted
as contour lines (they are only displayed by color levels).
The magnetization distribution obtained by the terracing
method is not necessarily an "equivalent source”™. There-
fore, forward calculations based on such a distribution may
not give rise to an exact fit with the observed data
(Cordell and McCafferty, 1989).

The terrace method yields a highly useful geologic-like
wap, where structural features and magnetization units
within the magnetic basement are outlined. This 1is an

invaluable product for the study of (1) Precambrian crystal-
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line terrenes covered by flat-lying sedimentary sequences,
and (2) tropical rainforest shield areas where outcrops are
scarce. Examples of geologic applications of this technique
are discussed in the following paragraphs.

The terracing operator was applied separately to aero-
magnetic and gravity data from a 136 km by 123 km area 1in
eastern Kansas (Cordell and McCafferty, 1989). The region
consists of undisturbed Paleozoic strata overlying a Proter-
ozoic crystalline basement (granites and rhyolites of 1 .35-
1.40 b.y. age). Supracrustal metamorphic rocks as old as
early Proterozoic have also been drilled in some places.

The basement is about 1000 meters deep and has no more than
a few hundred meters of local topographic relief. Results
provided a reasonably good physical representation of both
gravity and aeromagnetic information. Superposition of
terrace maps from the two data sets showed many areas of
agreement that were referenced to geologic features within
the buried Precambrian crystalline terranes. The emerging
picture of basement geology was much better portrayed if
compared with the interpretation derived either from the
scanty available drill data or from the visual 1inspection of
gravity and aeromagnetic contour maps.

The United States Geological Survey maintains a resi-
dent advisory group iIn Venezuela as part of a cooperative

project. One of the objectives of such an enterprise is to
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apply state-of-the-art technology to mineral exploration in
the Venezuelan portion of the Guiana Shield (Wynn et al.
1989) . As much as 25% of the aeromagnetic data available in
this region may be found in digital form. The remainder is
constituted by published contoured maps or analog records.
With hand-contoured data, subjective iInterpretation 1is
usually the only kind of analysis that can be done. While
not completely satisfactory, it provides information about
the location of discrete geologic bodies and about boun-
daries between different magnetic terranes. Despite these
limitations, a single quadrangle at 1:50,000 scale covering
the Bochinche area (eastern Bolivar State) was chosen by
Wynn et al. (1989) for manual digitization. A terrace map
was one of the products derived from the digitized data. It
allowed the identification of many discrete geologic struc-
tures. Their boundaries were defined much more precisely in
the terrace map than in the original contoured data. The
terrace map was divided into 13 different levels of modeled
magnetization contrast, expressed in terms of emu.cm*3 (cgs
system). Such a representation provided useful insights to
geologic mapping in that Precambrian area characterized by
sparse outcrops and nearly 100% forest cover.

A terrace map of the Guiana Shield digital aeromagnetic
data was produced using software developed by the United

States Geological Survey. Such programs are implemented on
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a VAX 11/750 at the Branch of Geophysics, Denver. The

procedures involved in this analysis are discussed in Chap

ter 5.

ANALYSIS AND INTEGRATION OF SPACEBORNE RADAR

AND AEROMAGNETIC DATA: SUMMARY OF PROCEDURES

The research was performed according to the following
steps:

(@ Discrimination and mapping of standing water beneath
canopy layers on the SIR-B iImage using the semivario-
gram textural classifier (STC). Flooded vegetation
was considered indicative of subtle topographic relief
(up to 8 m );

(@ ldentification of linear geomorphic features based on
the spatial distribution of STC-mapped flooded vegeta-
tion;

@ Ildentification of tonal linear features on the TLM-
stretched SIR-B image. Special interest was devoted to
(@ individual linear features developed on an uniform
background, and (b) linear stream channels with bright
radar sighatures associated with forested floodplains;

@ Development of a map of SIR-B linear features including

(@ linear geomorphic features defined on the basis of
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the spatial distribution of flooded vegetation, and (b)
tonal linear features;
Production of a grey-scale image of reduced-to-pole
magnetic anomalies, 1in order to highlight zones of
distinct magnetic signature;
Production of a terrace-magnetization map that delin-
eates induced magnetization boundaries and theoretical-
ly outlines geologic structures and varying magnetic
terranes;
Production of a map showing the location of maximum
values of the horizontal component of the pseudogravity
gradient (boundary lines). They represent abrupt
lateral changes in magnetization that are interpreted
as steep structural or lithologic contacts;
Comparison of aeromagnetic and SIR-B interpretation
results with the geologic data acquired in the field by
the RADAMBRASIL Project. Geologic structures and broad
terrane categories were delineated for the fTirst time
as a result of this comparison. RADAMBRASIL field
samples showed similar petrographic characteristics
within specific terrace-magnetization units. Areas of
agreement between magnetization boundary lines and SIR-
B linear features were interpreted as structural dis-
continuities iIn the magnetic basement having topograph-

ic expression.
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(© Development of a reconnaissance geologic map based g,

the information derived in step (8).
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CHAPTER 1V

SPACEBORNE RADAR ANALYSIS

This chapter presents the results of the SIR-B iImage
analysis, which was performed in the initial stages of the
research (i.e., prior to the interpretation of aeromagnetic
data and without any information about the surface geology
of the study area). The main topics to be discussed are (@)
discrimination of vegetation types and water bodies using
the semivariogram textural classifier (STC); (b) identifica-
tion of tonal linear features using a contrast stretching
technique; and (c) development of a map of SIR-B linear

features.

CHARACTERISTICS OF SIR-B DATA

In 1984, the Shuttle Imaging Radar-B (SIR-B) acquired
~Ni~Nital data over an inaccessible, heavily-vegetated and
generally cloud-covered region of the Guiana Shield in
northwestern Brazil (Figures 1 and 18; Table 2). Available
natural resource information in this area is limited to a
reconnaissance survey conducted by the RADAMBRASIL Project
at a 1:1,000,000 scale with the aid of X-band SLAR imagery.
Digital conversion and subsequent quantitative analysis of
this analog airborne data set is not a feasible task. It is

very difficult to correlate tonal information between



Figure 18.

AN

velocity

IHlumination

SIR-B i1mage of the study area, Guiana Shield,
Brazil (data take MC 118.30; portion of scene
107). Raw data. Image size is 1862 by 2268

pixels. W=water; O = open vegetation; D =

dense vegetation, and F = flooded vegetation.
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Table 2. SIR-B data characteristics in the study area

Data take
Scene

Center
latitude/longitude

Swath width
Sampling
Track
Look direction
Center incidence angle

Center resolution

Pixel size
Polarization
Wavelength
Signal to noise ratio

Number of looks

OO

MC-118.30
107

58.0" () /7 67° 36.0"

25 km
5 BPS (bits per sample)
147.0° (to true north)
N 57° E
35.7°

24.1 m (Range) X 29.5 m
(Azimuth)

12.5 m
HH
23.4 cm (L-band)
8.91 dB

4

w
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distinct radar strips due to differences in photographic
processing (Correa, 1979).

The acquisition of SIR-B data over northwestern Brazil
was hindered by arcing in the antenna feed, resulting in a
reduction of swath width and image contrast (Elachi et al._,
1986). In addition, the Guiana Shield was i1maged using only
a single i1ncidence angle (as opposed to multiple iIncidence
angles as initially planned), which prevented stereo inves-
tigations. In spite of these inadequacies, the digital
analysis of SIR-B data provided excellent results in the
study area.

A further comment about the Guiana Shield SIR-B data
refers to speckle, which can be described as the granular
noise associated with imaging radars. It is expressed as
random high and low intensity pixels on the image (Mueller
and Hoffer, 1989) . Skolnik (1980) states that constructive
and destructive interference result iIn a breakup of dis-
tributed scatterers, causing the speckled appearance of
radar imagery. There are two general ways of suppressing
radar speckle: pre-image correlation (multi-look approach)
and post-image correlation (low-pass spatial filtering).
SIR-B image contrast in the Guiana Shield is already reduced
due to problems in data acquisition. The application of
low-pass fTilters to minimize speckle noise would make image

interpretation extremely difficult. Therefore, only multi-
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look processing (4-look imagery) was used In order to reduce

speckle on the SIR-B data of the Guiana Shield.

DISCRIMINATION OF VEGETATION TYPES AND WATER BODIES USING

THE SEMIVARIOGRAM TEXTURAL CLASSIFIER (STC)

Within the study area, the backscattered energy
measured by the SIR-B antenna 1is primarily influenced by the
following environmental conditions:

(O the topography is predominantly flat as a result of
extensive erosion, hence there is a negligible modula-
tion of the radar backscatter by slope effects;

(@ the cover types are exclusively composed of vegetation
and water, with a complete lack of consolidated and
unconsolidated rock cover, soil cover and cultural
features.

The SIR-B ground resolution cell in the investigation
site measures about 24 m iIn the range direction by 30 m in
the azimuth direction (Table 2) . At this resolution, the
sensor does not resolve individual trees. The digital
number (DN) assigned to each pixel is a scaled representa-
tion of the iIntegrated backscatter from the canopy within a
single ground resolution cell (Ford and Casey, 1988).
Vegetation units were visually distinguished on the SIR-B
image as groups of pixels with similar DN values over ex-

tended areas (Figure 18) . They were designhated as (& dense
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vegetation, (b) open vegetation, and (c) fTlooded vegetation.
Water was included as an additional surface cover type.

Water constitutes smooth surfaces of mostly specular
reflection. It consists of very low DN values on the SIR-B
image. Backscatter from dense vegetation iIs considered to
be predominantly diffuse. In fact, previous radar observa-
tions of deciduous forests have indicated that microwave
energy at L-band with HH polarization is scattered back
diffusely from stems and branches (Sieber, 1985). It is
also assumed iIn this study that the relatively thinner and
more sparse canopy of the open vegetation unit produces
lower levels of diffuse backscatter (and therefore lower DN
values than dense vegetation). Flooded vegetation presents
the strongest backscatter in the iInvestigated area (high DN
values; see Figure 18). The SIR-B scene shows that brighter
image tones outline the floodplains of some streams. This
occurs due to the presence of standing water below the
canopy iIn the floodplains, as suggested by the idealized
profile of Figure 19.

Previous studies have indicated that standing water
beneath a canopy strongly reinforces backscatter at L-band,
HH polarization radar images (MacDonald et al., 1980; Waite
et al., 1981; Krohn et al., 1983; Ormsby et al., 1985;
Place, 1985; Hoffer et al., 1986; Imhoff et al., 1986;

Richards et al., 1987; Ford and Casey, 1988; Imhoff and
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Gesch, 1990; Hess et al., 1990). The reinforcement has been
shown to come from an additional component of microwave
energy that penetrates vegetation and is returned by double
forward reflection at the smooth interface beneath the
canopy layers (Engheta and Elachi, 1982).

According to Ford and Casey (1988), vegetation iIs more
deeply penetrated at longer wavelengths (L-band). The radar
energy at shorter wavelengths (X-band) is more attenuated in
the upper part of the canopy. This difference in penetra-
tion capability was verified by Ford and da Cunha (1985) at
the i1ntersection of SIR-A data takes 24C and 31 (Santa
Helena and Taxidermista rivers; Amazonian region of Brazil).
In this area, which is underlain by a Precambrian basement
complex, alluvial forest associated with floodplains ap-
peared very bright on SIR-A images (L-band, HH polariza-
tion) . Corresponding RADAMBRASIL data (X-band, HH polariza-
tion) showed no significant tonal differences along flood-
plains and failed to discriminate areas of alluvial forest.
The same result was obtained by Ford and da Cunha (1985) at
the intersection of SIR-A data takes 24C and 34 (Rio Negro
forest reserve; northern Brazil). In the Guiana Shield,
RADAMBRASIL mosaics also failed to discriminate areas of
flooded forest associated with tributaries of the Piralauara
River (Figure 20). Conversely, such features are remarkably
portrayed in the corresponding SIR-B image (compare Figures

18 and 20).
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Figure 20. RADAMBRASIL X-band image showing the con
fluence of Piraiauara and lgana Rivers.
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Data sets for semivariogram calculations (hereafter
referred to as training masks) were extracted from selected
portions of the SIR-B image considered to be representative
of specific vegetation units (Figures 21 and 22). Water was
also included iIn such a semivariogram analysis. The size of
all training masks is 22 by 22 pixels. Histograms and DN
statistics (mean and variance) for the training masks are
shown in Figure 23.

The semivariogram calculations used iIn this study are
isotropic and hence contain no directional information.
This is done by computing the semivariogram value for every
direction and grouping separation distances into their
integer parts (e.g., a separation distance of 3.7 is con-
sidered as 3) .

Results obtained for separation distances up to 22
pixels (Figure 24) indicate that each cover type in the
study area has a distinctive semivariogram:

(@ water: the semivariogram for water is essentially
flat, exhibiting behavior similar to that expected for

a random data set. There is a small drop from the

random expectation at a separation of 1 pixel, but for

greater lag distances the semivariogram has only minor

fluctuations around the estimated sill;



Figure 21.

velocity

illumination

Training masks for water (1), open vegetation
(2), dense vegetation (3), and flooded vegeta-
tion (4). Training masks are 22 by 22 pixels
large. Image size is 480 by 512 pixels. See
Figure 22 for location.
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Location map of the SIR-B subscene where
training masks were selected.
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open vegetation: this semivariogram is higher than the
previous one, due to the increased variance of open
vegetation in relation to water. There is no indication
of a nugget effect (y(h) is zero for h = 0) . Subse-
guently, the semivariogram rises smoothly upwards,
curving into a flat plateau fairly coincident to the
estimated sill. This behavior indicates a spherical
structure for this cover type;

dense vegetation: the semivariogram for dense vegeta-
tion also displays a spherical shape, with no indica-
tion of a nugget effect. The estimated sill is higher
than the open vegetation one, as a result of the in-
creased variance of dense vegetation in relation to
open vegetation;

flooded vegetation: this semivariogram shows a dis-
tinctive wave shape. This behavior indicates a period-
icity within the training mask, which is related to
boundaries on the ground surface (as suggested by
Woodcock et al., 1988b, when interpreting a wavelike
semivariogram). The location of such boundaries 1is
possibly controlled by the spatial distribution of
standing water beneath the canopy. Flooded vegetation
presents the highest variance among the cover types of
the study area (Figure 23). This is why It is asso-

ciated with the highest values of y(h) iIn Figure 24.
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Differences iIn semivariogram behavior within the SIR-b
image of the Guiana Shield were first reported by Miranda
and MacDonald (1989). They recommended the application of
geostatistical classification techniques to this data set,
since significantly distinct cover types presented unique
semivariograms. In fact, the results obtained by Miranda
and MacDonald (1989) provided the motivation for the devel-
opment of the semivariogram textural classifier (STC).

The STC was employed in this research to discriminate
and map vegetation units and water bodies. As discussed 1In
Chapter 3, the classification process consists of two major
subprocesses: training and classification. The training
masks used in the training subprocess were the ones shown 1in
Figure 21. The STC calculated a semivariogram within a
moving window (7x7 pixels) for each pixel 1In each training
mask. This procedure resulted in a mean and standard devia-
tion value for each separation distance (up to six) 1In each
class. A mean and a standard deviation were also calculated
for the DN values of each class (Table 3).

The classification subprocess began with the definition
of a parallelepiped (PPD). The PPD established boundary
conditions for each class (Figure 25) based upon a multiple
of the standard deviation from the mean (in this study, such
a multiplier was 1.00). Then, beginning in the upper left

corner of the scene, a semivariogram was calculated for the
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Table 3, Decision boundaries (Guiana Shield)

Cover DN T(H)
Type

h=I h=2 h=3 h=4 h=5 h=6
Water
Mean 29.18 17.76 41.33 55.30 64.10 74.54 88.11
Min. 22.83 0.00 0.00 0.00 0.00 0.00 0.00
Max. 35.54 40.29 108.61 166.95 220.13 290.32 380.40
Open
Veg.
Mean 63.87 64.82 140.88 174.93 184.08 189.86 198.99
Min. 49.66 44.39 91.91 107.35 101.50 92.71 93.46
Max. 79.07 85.26 189.85 242.52 266.65 287.01 304.53
Dense
Veg.
Mean 85.57 126.68 278.88 343.18 349.14 342.06 346.26
Min. 66.65 92.63 194.51 225.74 216.79 206.40 203.67
Max. 104.49 160.72 363.26 460.62 481.49 477.73 488.84
Flooded
Veg.
Mean 139.46 352.40 835.60 1107.8 1201.02 1193.70 1154.91
Min. 104.34 246.44 492.13 535.25 493.72 458.59 448.41

Max. 174.58 458.36 1179.06 1680.36 1908.32 1928.82 1861.41
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Figure 25. Guiana Shield image: decision boundaries for

para;lelepiped classification (multiplier =
1.00).
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window surrounding each pixel (keeping the same dimension as
the moving window used iIn the training subprocess). The
resulting semivariogram, along with the DN value of the
central pixel, were compared with the PPD values. IT the
value for each separation distance and the DN were situated
between the minimum and maximum boundaries for any class,
then the pixel was defined as belonging to that class. In
the event of an overlapping classification, a minimum dis-
tance to mean calculation was performed to each possibility,
with the lowest value determining the assigned class.

The STC was fTirst applied to the SIR-B subscene of
Figure 21. The size of the image is 480 by 512 pixels.
Results are portrayed in Figure 26. Pixels classified as
water (dark blue) are restricted to the course of the Ilgana
River. Pixels along the "radar far-range™ margin of this
river are classified as flooded vegetation (e.g., location A
in Figure 26). This 1is possibly caused by radar reflections
off the water surface in the river onto the trees on the
river margin and back to the SIR-B antenna (double-bounce
effect). This effect is not observed along the opposite
('near range') margin. Locations B and C represent areas of
predominantly open vegetation. This cover type also occurs
interspersed with dense vegetation (E). Flooded vegetation
outlines the alluvial plain of a stream in the lower left

bottom of the image (D). It is interesting to note the



Figure 26.
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Guiana Shield: classification results includ-
ing all classes. Image size is 480 by 512

pixels (for location see Figure 22). Water =
dark blue; open vegetation = light blue; dense
vegetation = yellow, flooded vegetation = red.
See text for explanation about A, B, C, D, and

E.
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absence of major concentrations of flooded vegetation as-
sociated with the Igana River. Unclassified pixels (black)
are randomly distributed through the image. This means that
their spatial disposition does not provide any additional
information about the cover types of the area being studied.

Areas of interspersed open and dense vegetation in
Figure 26 are tentatively associated with dense campinarana
typical of watersheds. Zones of predominantly open vegeta-—
ti°n are iInterpreted as areas of highly leached soil where
the campinarana has a relatively thinner and more sparse
canopy. Flooded vegetation on the SIR-B image is related to
dense campinarana with alluvial influence and standing water
beneath the canopy.-

The objective of SIR-B data analysis is to display
landscape patterns indicative of subtle structural features
in the crystalline terranes of the Guiana Shield. The
capability of mapping standing water beneath canopy layers
makes SIR-B an useful tool for geomorphic studies in rela-
tively flat, heavily-vegetated areas. It is considered in
this research that water and flooded vegetation are the key
cover types for the recognition of minor topographic differ-
ences (up to 8 m) in the investigated area. With such an
assumption in mind, the STC was applied to the SIR-B image
that embraces the study site (Figure 18). The size of this

data set is 1862 by 2268 pixels. Classification results
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including only water and flooded vegetation are shown 1in

Figure 27. Geomorphologic information obtained with this

procedure can be described as:

)

&)

&)

the course of the lgana River is perfectly outlined by
pixels classified as water (compare Figures 18 and 27).
Conversely, only few pixels along the Piraiauara River
are ascribed to this cover type. Recall that during
classification a semivariogram was calculated for a 7
by 7-pixels window surrounding each pixel. Because the
Pirartauara River 1is narrow, contamination within the
moving window by non-water pixels was severe;

flooded vegetation conspicuously outlines the alluvial
plain of the Pirarauara River. The same does not
happen with the lgana River. This is consistent with
the hypothesis that such a river is actively downcut-
ting the bedrock, as a result of the southward tilting
of the Rio Branco-Rio Negro Pediplane. The area along
the Piraiauara River may be acting as a local hinge
line;

a very subtle topographic high subparallel to the
course of the Piraiauara River 1is defined by the spa-

tial distribution of flooded vegetation. Location A in
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Guiana Shield: classification results includ-
ing only two classes (water and flooded vege-
tation) . Image size is 1862 by 2268 pixels.
Water = blue; flooded vegetation = red. See
text for explanation about A and B.

Figure 27.
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Figure 27 is situated within the limits of this fea-
ture, which acts as a local barrier for the flow of
water toward the Piraiauara River;

(@ rectilinear streams parallel to the lgana River are
noticeable in the lower left bottom of the image
(Figure 27). These streams are offset by linear drain-
age segments oriented iIn the same direction of the
Piraiauara River;

(B) location B in Figure 27 refers to the only prominent
positive topographic feature in the study site (@n
inselberg). Several pixels in this place are misclas-
sified as water. They actually correspond to radar
shadow (slopes facing away the radar antenna). Slopes
facing the radar beam have high DN values and are
erroneously attributed to flooded vegetation. Clas-
sification mistakes of this kind are unlikely to occur

elsewhere iIn the investigated area.

Geomorphologic information derived from the STC-mapped
landscape patterns (flooded vegetation and water ) was
utilized in the development of a map of linear geomorphic
features (Figure 28). These features are described as

follows:



Figure 28.
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illumination

Linear geomorphic features defined on the ba-
sis of the spatial distribution of flooded
vegetation.
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(1) features A, B, C, and D: rectilinear streams parallel
to the course of the Ilgana River (compare Figures 27
and 28) ;

(@ features E, F, and G: [linear drainage segments orient-
ed in the same direction of the Piraiauara River (com-
pare Figures 27 and 28). They offset the rectilinear
streams parallel to the Ilgana River;

() feature H: subtle topographic high subparallel to the
course of the Piraiauara River (compare Figures 27 and

28) .

IDENTIFICATION OF TONAL LINEAR FEATURES
USING A CONTRAST STRETCHING TECHNIQUE

The identification of spatial radiometric patterns on
the SIR-B image (e.g., individual linear features developed
on an uniform background) was considered iImportant in this
study for structural mapping purposes. This task was dif-
ficult because (@) geologic structures and boundaries bet-
ween different lithologic units have little apparent expres-
sion in the study area; (b) the DN range of the Guiana
Shield SIR-B data 1is rather restricted due to problems 1in
data acquisition. A digital image-processing procedure had
to be used before photogeologic interpretation was possible.

The analysis of SIR-B data was conducted on a VAX
11/780 based Interactive Digital Image Manipulation System

(IDIMS) at the Mackay School of Mines. A simple linear
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contrast stretch program called TLM (trackball linear mapp-
ing) was applied to expand the originally narrow range of
SIR-B DN values. This IDIMS function allows the user to
interactively apply a linear intensity transformation to the
currently displayed image. The trackball and the cursor are
utilized to control the slope (contrast) and intercept
(fcri-?thtness) of the linear transformation. The user can
adjust the contrast of the image by moving the cursor verti-
cally up and down. Image brightness can be regulated by
moving the cursor horizontally from left to right (VAX-IDIMS
Functional Guide, 1987).

erences between contrast-stretched images originat-
ed from the same raw data are sometimes subtle. Selection
of the "best" enhancement is a subjective decision taken by
the interpreter (Masuoka et al., 1988). The image shown in
Figure 29 was considered to be the best result obtained with
TLM in the study area. Spatial radiometric patterns identi-
fied on this TLM-stretched image can be described as (@)
linear stream channels with bright radar signatures associ-
ated with flooded vegetation, and (b) dark linear features
developed on an uniform background. Attempts to perform
directional filtering in order to highlight tonal features

with specific orientations were not as successful.
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Figure 29.

SIR-B contrast-stretched

image using TLM

(trackball linear mapping).-
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Tonal linear features identified on Figure 29 are*

(O features 1, J, K, and L: bright linear features asso-
ciated with floodplains. They correspond, respective-

ly, to geomorphic features A, B, C, and D on Figure 28;
(@ features M and N: bright linear features offsetting

the previous ones. They correspond, respectively, to

geomorphic features F and G on Figure 28;

(3 feature 0: dark linear feature developed on a water-

shed zone (notice how it truncates feature K);

(@ feature P: dark linear feature aligned with feature O;

(B) features Q1 to Q10: dark linear features parallel to
the course of the lgana River. They define a trend on
the i1mage whose individual elements do not cross fea-

tures 0 and P.

The photointerpreter has always to take into account
the influence of radar look direction in the detection of
structural trends. Unless there are compensating factors
such as roughness (as along linear clearings) or dielectric
properties (as In bodies of water), features within 20° of
parallelism to the radar illumination are practically invis-
ible (Lowman et al., 1987). The look direction of SIR-B in
the study area is N57E, what results in detectability re-
strictions for features striking N37E to N77E. This fact

was thoroughly considered when aeromagnetic and SIR-B data

were jointly analyzed (Chapter 6).



97
An additional remark refers to the X-band SLAR imagery

acquired by the RADAMBRASIL Project. According to Correa
(1979), anomalous features can be found in the RADAMBRASIL
SLAR images which are not related to any of the terrain
types present in the surveyed region. Figure 20 illustrates
some of these artifacts in the study area: (@ fTine lines
along the radar azimuth direction (N-S) which indicate that
the data TfTilm was scratched during processing; () part of
the mosaic showing two radar strips separated by a straight
line; (3 strong banding along the range direction (E-W)
observed when the radar system did not compensate for exces-
sive aircraft flight instability. These problems made the
identification of tonal linear features using RADAMBRASIL
images a difficult task. Figure 30 shows that the SLAR
mosaics corresponding to the investigated site are severely
affected by artifacts. Therefore, such a data set was not

utilized In this research.

DEVELOPMENT OF A MAP OF SIR-B LINEAR FEATURES
The map of SIR-B linear features shown in Figure 31
includes (@ spatial radiometric patterns identified on the
linearly stretched SIR-B image, and () linear geomorphic
features defined on the basis of the spatial distribution of
flooded vegetation (compare Figures 28, 29, and 31) . SIR-B

linear features may represent the surface expression of



Artifacts:

0 Fine tines along azimuth direction

(D Radar strips separated by a straight line
d) Strong banding along range direction

Figure 30.

Tonal linear features identified on X-band
RADAMBRASIL SLAR images.

98



99

67°25'W
0°5I'N

67°36'W
0°45'N

Bright linear feature coincident
with linear geomorphic feature

=== | inear geomorphic feature

Dark linear feature

Figure 31. Map of SIR-B linear features.
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underlying geologic structures. Examination of Figure 31

allows the establishment of the following cross-cutting

relationships:

@ features A, B, C, and D (oriented in the N-S direction)
are truncated by E-W striking features E, F, and G.
Features F and G are aligned;

() Tfeature O strikes N80OW and truncates features C and q =

(© feature P strikes E-W and is aligned with feature O.

It truncates individual elements of the trend defined

by features Q1 to QI10.

(d feature H iIs subparallel to the Pirarauara River and to
features O and P. it truncates feature Q3.

These relationships suggest that E-W to WNW-ESE struc-
tures are truncating N-S ones in the study area. Such a
geologic hypothesis is fully discussed in Chapter 6, where
information derived from SIR-B and aeromagnetic data is
integrated with pre-existing lithologic/radiometric data

obtained in the field by the RADAMBRASIL Project.
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CHAPTER V

AEROMAGNETIC ANALYSIS

Regional 1investigations are often aided by the analysis
of magnetic anomalies associated with major geologic fea-
tures (see for example Hildenbrand et al., 1983). The
distribution of upper-crustal magnetized rock bodies inter-
preted from the anomalies may convey new information about
known lithotectonic units or reveal the existence of previ-
ously unreported ones. The availability of digital aeromag-
netic data in the Guiana Shield allowed the development of a
variety of products which are useful to geologic mapping
(e.g-, grey-scale aeromagnetic images, horizontal-gradient
and terrace-magnetization maps). The analytical techniques
used to generate such products are discussed in this chap-

ter.

CHARACTERISTICS OF THE DIGITAL AEROMAGNETIC DATA
The digital aeromagnetic data used in this research

were obtained in February 1987 by ENCAL S/A Consultoria e
Aerolevantamentos, under contract to the Brazilian govern-
ment (Hildenbrand et al., 1987). This survey was part of a
major aerogeophysical reconnaissance embracing approximately
157,000 square kilometers in northwestern Brazil (border
region with Colombia and Venezuela). Measurements of the

total magnetic field strength were carried out by a proton-
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precession magnetometer GEOMETRICS, model G-803, with sensi-
tivity of 1.0 nanotesla (nT). Flight-lines were flown
north-south, with a line spacing of 2.0 km and a sampling
interval of approximately 60 m. Tie-lines were flown east-
west, with 20.0 km line spacing. The survey was performed
in a draped mode 150 m of constant elevation above the
relatively flat terrain of the iInvestigated region.

The reduction of total magnetic field data to anomaly
data Is necessary to remove estimated causes of magnetic
variation from the original observations other than those
arising from the magnetic effects of the Earth®"s crust
(Kearey and Brooks, 1984). In the Guiana Shield, correc-
tions were performed by Hildenbrand et al. (1987) with
regard to (@) significant time variations of magnetic mea-
surements with periods of seconds, minutes, and hours due to
solar-induced activity (diurnal variation correction); (@)

ferences between magnetic field values at intersections
between fTlight lines and tie lines (leveling of magnetic
Prefiles)- (c) effects of theoretical magnetic dipoles at
the center of the Earth (IGRF removal).

The IGRF (International Geomagnetic Reference Field) is
a mathematical representation of the Earth"s main magnetic
field due to sources iIn the core (Dobrin and Savit, 1988) .
About 90% of the Earth"s TfTield can be represented by the

field of a theoretical magnetic dipole at the center of the
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Earth inclined at about 11.5° to the axis of rotation
(Kearey and Brooks, 1984). The magnetic moment of this
theoretical geocentric dipole can be calculated from the
observed field. IT this dipole field iIs subtracted from the
observed magnetic field, the residual field can then be
approximated by the effects of a second, smaller dipole.
The process can be continued by Tfitting dipoles of ever
decreasing moment until the observed geomagnetic field is
simulated to any required degree of accuracy. The effects
of each fTictitious dipole contribute to a function known as
an harmonic and the technique of successive approximations
of the observed field is known as spherical harmonic analy-
sis (Kearey and Brooks, 1984). This method has been used to
compute the formula of the International Geomagnetic
Reference Field (IGRF) which defines the theoretical
undisturbed magnetic field at any point on the Earth®s
surface. In magnetic surveying, the IGRF is used to remove
from the data those magnetic variations attributable to this
theoretical fTield.

The 1GRF removal from the Guiana Shield data was
performed by Hildenbrand et al. (1987) as follows:
(D a geomagnetic reference field (IGRF) was calculated for

13 points uniformly distributed in the survey area.

Calculations were carried out utilizing the method



proposed by the United States Department of Commerce-
Environmental Science and Services Administration
(USDC-ESSA), 1985, updated to February 1987;

a least-square regression was performed to obtain the
coefficients for the two-variable, second-order
polynomial surface that best fits these 13 points where
the IGRF was calculated;

an approximate geomagnetic reference fTield was then
calculated for each sample in the survey area using the
coefficients obtained from step () . This reference

field was obtained utilizing the following equation:

approximate geomagnetic reference field (nT)

= AX2By2Cxy+Dx+Ey+F, where

X e - 724 km

e = sample UTM coordinate (east) 1in km
y = n - 10066 km

n = sample UTM coordinate (north) 1in km
A = -0.14558 x 1093 nT/Km2

B = 0.53744 x 10"3 nT/Km2

C = -0.22348 X 103 nT/Km2

D = -1.06317 nT/Km

E = 4.27442 nT/Km

F = 30716.6 nT

the calculated reference field value for each sample

was then subtracted from the sample®s measured value.
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Having applied the diurnal, leveling, and geomagnetic
corrections, the remaining magnetic field variations in the
study area, hereafter referred to as magnetic anomalies, are
theoretically attributed to spatial changes in the magnetic
pFops~tiss of the Earthls crust down to the Curie-point
isotherm. The Curie point is the temperature at which
magnetic properties of ferromagnetic and ferrimagnetic
substances disappear (575° C for magnetite; Telford et al._,
1986). The Curie-point isotherm for common ferrimagnetic
minerals such as magnetite lies at a depth of about 20 Km in
continental areas (Kearey and Brooks, 1984), but it varies
with changes in geothermal gradient and water content of
lower crustal materials. The sources of major magnetic
anomalies are consequently restricted to the upper part of
the continental crust.

Following data reduction, the aeromagnetic data set
consists of a series of profile lines composed of values of
magnetic anomalies. In order to obtain grey-scale images or
terrace-magnetization maps, 1t IS necessary to convert these
unevenly distributed profile values to a regularly spaced
grid through a process of interpolation. The Guiana Shield
data were gridded at an interval of 500 m (one-fourth the
flight-line interval) by a minimum curvature technique
(computer program MINC; Webring, 1981). The output is a

grid of equi-spaced interpolated values written to disk in
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binary form. This program uses the biharmonic difference
equation to generate a smooth surface that has the property
of minimum total curvature, where curvature refers to the
estimate of the second horizontal derivatives In x and y
directions at each grid location (Webring, 1981). The
critical parameter concerning MINC 1is gridding interval, a
coarse interval results in aliasing (distortion of output
frequency) and loss of information. Too fine an interval
results iIn isolated anomalies and an obscured regional
picture. Webring (1981) suggests that the optimum
interpolation interval is generally one-half to one-fifth
the data spacing (recall that the Guiana Shield data was
gridded at one-fourth the flight-line interval). 1In this
study, the size of the grid obtained with MINC was 222 rows
X 223 columns. A contour map generated from this regular
9rid is shown in Figure 32. Only the 100 nT contour lines
have been represented in order to avoid clutter. This
product corresponds to a 1° x 1° area encompassing the study
site (see location map in Figure 33) . The gridded data
obtained with the minimum - curvature interpolation
technique provided the database for the analytical

procedures subsequently discussed in this chapter.
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Figure 33. Location map of the aeromagnetic data set.



109
PRODUCTION OF A GREY-SCALE AEROMAGNETIC IMAGE

Grey-scale images depict aeromagnetic data in 256
brightness levels ranging from black (the lowest value of 0)
to white (the highest value of 255). Imaging is scale
dependent; the optimum scale In individual cases is best
determined by experiment, taking iInto account the frequency
content of the data (Cordell and Knepper, 1987). Therefore,
the images are displayed at a sufficiently small scale so
that brightness variation is continuous and not too many
features show up out of focus.

The processing sequence began with the conversion of
the magnetic anomalies in the study area into their
equivalent form at the north magnetic pole (where the
geomagnetic fTield is vertical). This procedure is called
reduction to the pole and was performed using a fTiltering
technique based on two-dimensional Fourier analysis (program
FFTFIL; Hildenbrand, 1983). Such a technique can produce
distorted anomalies near grid boundaries. These anomalies
result from abrupt terminations of the data. This edge
effect can be appreciably reduced by adding rows and columns
of assigned grid values to the input data. Edge effects are
still present but are primarily within the frame of assigned
border values which are removed after the filtering process
(Hildenbrand, 1983). In the Guiana Shield, 20 rows and

columns were added to each side of the input grid in order
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to reduce edge distortions. The program FFTFIL reguired as

input parameters the inclination (25.1° ) and declination

(-6.8° ) of the geomagnetic field in the investigated region

by the time the survey was performed (February 1987).

Lacking constraints, it was assumed that the magnetization

vector was parallel to the geomagnetic field (i.e., no

remanent magnetization was present)

A symmetric body produces a symmetric anomaly at the
magnetic poles (Dobrin and Savit, 1988). Hence, the
reduction to the pole iIs a way to remove asymmetries caused
by a nonvertical magnetization (an effect which is
particularly severe at low magnetic latitude areas such as
the Guiana Shield). Symmetric anomalies are visually easy
to interpret because they are approximately centered over
their respective causative bodies.

After reducing the magnetic anomalies to the pole, a
grey-scale aeromagnetic image was obtained as follows:

(@ the data were regridded to a very fine grid interval
(60m) using cubic-spline interpolation (program REGRID;
Branch of Geophysics, 1989). The size of the grid was
1842 rows x 1851 columns, which determined the
dimensions of the grey-scale iImage negative (@ grid
interval = 60m = 1 pixel = 0.01 cm on the negative;
therefore 1842 rows x 1851 columns gave rise to a 18.4

cm x 18.5 cm film negative at a scale of 1:600,000);



@
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in order to convert the grid to an image, magnetic
anomaly values were rescaled to integers in the range o
to 255 using the program GRDREM (L. Cordell, U.S.
Geological Survey, written communication) . The
software truncated the upper and lower two percent of
the magnetic anomaly values and linearly scaled the
remaining data to 256 brightness levels ranging from
black (lowest value) to white (highest value). The
objective was to produce an image with good overall
contrast. Dynamic range was reduced, and therefore
short-wavelength (high-frequency) features were
enhanced;

the file obtained from step (2) was written to a
magnetic tape for standard optronics processing, which
resulted iIn a negative Tilm-transparency of the grey-

scaled aeromagnetic image at a scale of 1:600,000.

Examination of the Guiana Shield aeromagnetic data

using the grey-scale image format (Plate 1) enabled the

identification of distinct magnetic patterns in the

surroundings of the study area:

)

pattern a: magnetically low areas characterized by very
dark signatures on the grey-scale iImage and probably
related to two-mica granite plutons (similar

interpretation was made by Cordell and Knepper, 1987);



(@ pattern b: areas characterized by intermediate
brightness levels and probably related to gneisses;

() pattern c: magnetically high areas characterized by
very bright signatures on the grey-scale image and
probably related to magnetic granites (as suggested by
Anne E. McCafferty, U.S. Geological Survey, personal
communication);

(@ pattern d: dike-like magnetic feature cross-cutting
pattern c and probably related to a discordant
intrusive body. Grey levels are darker westward (point
1) than eastward (point 2). Conseguently, magnetic

anomaly values are lower westward than eastward;

The bright and dark spots visible on the grey-scale
image (e.g., locations labelled with letter e on Plate 1)
are survey artifacts. This effect iIs not apparent in the
contour map depicted on Figure 32. The reason for such a
problem iIs not exactly known. It may have been caused by
vibration of the magnetometer during data acquisition (M.
Webring, U.S. Geological Survey, personal communication).
Rectilinear segments on the image are flight-line (N-S
trends) or tie-line (E-W trends) artifacts (e.g., letters T
and g, respectively, on Plate 1).

The patterns identified on the grey-scale aeromagnetic
image are a qualitative representation of spatial variations

in the magnetic properties of the upper levels of the crust.
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However, such a representation is rooted in visual
perception rather than in deterministic physical theory (as
pointed out by Cordell and Knepper, 1987). a quantitative
approach to resolve how magnetization domains are
distributed in the study area is given by the terracing
operator (Cordell and McCafferty, 1989). This technique 1is

discussed 1n the next section.

DEVELOPMENT OF A TERRACE-MAGNETIZATION
MAP OF THE GUIANA SHIELD AEROMAGNETIC DATA

terrace procedure yields a highly useful geologic-
like map, where magnetic domains in the crystalline basement
can be outlined. The physical property under consideration
is magnetization (@J) . A magnetic body placed in an external
magnetic Tield becomes magnetized by induction. The
intensity of induced magnetization (J,)) is proportional to
the strength of the field (H) and is oriented in the
direction of that field (Kearey and Brooks, 1984). The
degree to which the body is magnetized is determined by its
magnetic susceptibility (K), which is defined as K=J¥H.
Therefore, Jj=KH. In the cgs system J{ is expressed in
emu.cm 3 (emu=electromagnetic unit), H is measured 1in
oersteds, and magnetic susceptibility is dimensionless. The
inherited magnetization remaining after the removal of the
external field is known as remanent magnetization (Jr).
Total magnetization (J) is the sum of induced magnetization

J,) and remanent magnetization (Jr). Due to the lack of
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information concerning remanent magnetism iIn rocks of the

study area, it is assumed that the total magnetization

vector 1is parallel to the Earth®s magnetic field

(inclination = 25.1° and declination = -6.8° ). This

assumption is a possible source of error in the results

obtained by the terracing operator.

A number of procedures were performed to produce the

terrace-magnetization map of the Guiana Shield data. They

are briefly described below. For a more detailed

description, see Phillips (1990).

€))

@

the initial step involved the removal of a second-order
polynomial regional surface (Figure 34) from the
magnetic anomaly data (Figure 32) using the
program SURFIT (Branch of Geophysics, 1989). The
objective was to decrease the dynamic range of the data
in order to emphasize short-wavelength anomalies
associated with shallow crustal sources, and thereby
improve the color resolution of these magnetic features
(Cordell and McCafferty, 1989, and McCafferty, 1991).
The resulting second-order residual magnetic field is
portrayed as a color shaded relief map illuminated from
north (Figure 35) ;
a close examination of Figure 35 revealed the presence
of noise in the data, which is characterized by

scattered spots on the map. A stripping filter
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Figure 34. Second-order polynomial regional surface
removed from the gridded magnetic anomaly
data. Contour interval i1s 100 nT.
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designed by Cordell (1985), which uses a slightly

modified exponential filter that simulates a bandpass
filter, was utilized to minimize this problem.
Wavelengths less than 3.0 km were suppressed from the
data. Features indicative of noise were observed to
fall within this range. A color shaded relief map of
the filtered data is shown in Figure 36. This
procedure may have resulted in loss of information
about very shallow magnetic sources. Such a loss,
however, did not have much influence on the regional
picture obtained with the aeromagnetic data for the
Guiana Shield study site;

the filtered second-order residual data obtained in
step (@ were then converted to pseudogravity anomalies
using the program BOUNDARY (Blakely and Simpson, 1986).
This transformation is a standard step in the terracing
operation. The pseudogravity transform is a linear
filter, usually applied in the Fourier domain, that
transforms the magnetic anomaly observed over a
magnetization distribution m(x, y, z) into the gravity
anomaly that would be observed if density g, y, 2) =
k.-m(x, y, z), where k is a constant (Blakely and
Simpson, 1986). In other words, the pseudogravity
transformation calculates from magnetic data, given a

density contrast and a magnetic contrast, the









@

119

gravitational attraction that would be observed if the
magnhetization distribution were replaced by a
proportional density distribution (Dobrin and Savit,
1988) . The position of a magnetic anomaly depends on
the geomagnetic latitude and the dipolar nature of the
causative body. In regions of low magnetic latitude
such as the Guiana Shield, the apparent location of a
magnetization boundary is considerably displaced from
the correct position. The amount of shift of the
magnetic gradients relative to geologic contacts
depends on the depth, strike, and shape of the
causative body. The pseudogravity transformation
corrects for this shift;

A grid of the horizontal gradient of the pseudogravity
anomalies was calculated using the program BOUNDARY
(Blakely and Simpson, 1986). Magnetization boundaries
are determined by evaluating the magnitude of the
pseudogravity horizontal gradient (Cordell and Grauch,
1985). Areas with relatively high gradients define the
position of inferred steep basement-magnetization
boundaries (red to green colors in Figure 37). To
further emphasize such boundaries, a map was produced
showing the location of the pseudogravity gradient

maxima (Figure 38) using the program BOUNDARY.
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Figure 37.
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Horizontal gradient of the pseudogravity transform
of the filtered second-order residual magnetic field.
Color levels represent the magnitude of the gradient.
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Figure 37. Horizontal gradient of the pseudogravity transform
of the filtered second-order residual magnetic field.
Color levels represent the magnitude of the gradient.
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Figure 38. Magnetization boundary lines (maximum values

of the horizontal gradient of the
pseudogravity transform of the filtered
second-order residual magnetic field). They
are iInterpreted as magnetization boundaries at
steep structural or lithologic contacts.
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These maxima are designated as boundary lines and
represent abrupt lateral changes in magnetization that
are interpreted as steep structural or lithologic
contacts (Cordell and Grauch, 1985). The position of
magnetization boundary lines can be offset if the
geologic contact is gradational or not steeply dipping,
iT the data sampling i1s insufficient, or if there are a
number of magnetic sources superimposed (Grauch and
Cordell, 1987);

the terracing operator converted the smoothly-varying,
pseudogravity-transformed magnetic data into flat
segments separated by vertical steps (Cordell and
McCafferty, 1989). These steps coincide with
inflection points of pseudogravity anomalies which, 1in
turn, are approximately located over steep or near-
vertical magnetization boundaries. The terraced data
were rescaled to magnetization units iIn the cgs system
(emu.cm3). Figure 39 shows a first approximation of
magnhetizations (Ffirst magnetization function estimate).
the magnetic field of Figure 40 was calculated from the
first magnetization function estimate (Figure 39) using
the programs FFTFIL (Hildenbrand, 1983) and FFT_MAG (L-
Cordell, U.S. Geological Survey, unpublished program).

The forward-calculation of the magnetic field was



O %6

O’:Ir 0O'30"'
01 10_|_ :210 Km ] Study Areg
emu.cm
-0.00090

Figure 39. Terraced pseudogravity transform of the filtered second-
order residual magnetic field rescaled to cgs units of
magnetization (emu.cm-3). This is the first magnetization
function estimate. Color level interval is 0.00018 emu.cm-3.
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Figure 39. Terraced pseudogravity transform of the filtered second-
order residual magnetic field rescaled to cgs units of
magnetization (emu.cm-3). This is the first magnetization
function estimate. Color level interval is 0.00018 emu.cm-3.
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based on a distribution defined by the first

magnetization function (Figure 39) within a slab »

constant thickness and flat top, having an upper Unit

at the topographic surface (0.15km below the aircraft)

and a lower bounding surface at a depth of 5.0 km

(determined by trial and error). The Ffirst forward-

calculated magnetic field showed a moderately good fTit

with the Tiltered Second_order residual magnetic field

(compare Figures 40 and 36). The goodness-of-fit 1is

demonstrated by the magnetic fTield error map (Figure 3,

minus Figure 40; see Figure 41. The error map was

calculated by subtracting the first forward calculated

field from the second order residual TfTield (program

ADDGRD, Branch of Geophysics, 1989). The magnetic

field error is generally in the range -40 nT to 40 nT

(Figure 41), except for areas of prominent magnetic

highs and lows;

to better estimate the magnetization values of

causative sources within the study area, the terracing

operation was carried out on the magnetic field error

(Figure 41) in order to obtain a magnetization

correction. When the "terraced error'" was added to the

first magnetization estimate (Figure 39), this provided

a second magnetization function (Figure 42). The

magnetic field calculated from the second magnetization
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Figure 41. Magnetic field error due to the first magnetization
function (Figure 36 minus Figure 40). Color-shaded
relief map. Illumination is from north. Color
level interval is 20 nT.
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Second magnetization function estimate (terrace-magnetization

map) - Color level interval is 0.00018 emu.cm-3. Magnetic
patterns identified on the grey-scale magnetic image (a, b,
c, and d; Plate 1) are located for comparison. See text

for explanation about 1, 2 and 3.
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Figure 42.

Second magnetization function estimate (terrace-magnetization

map) - Color level interval is 0.00018 emu.cm-3. Magnetic
patterns identified on the grey-scale magnetic image (a, b,
c, and d; Plate 1) are located for comparison. See text

for explanation about 1, 2 and 3.
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function (Figure 43) fTits the data somewhat better, as

evidenced by the second magnetic field error map
(Figure 36 minus Figure 43; see Figure 44). The second
magnetic Ffield error is now situated, for the most
part, in the range of -20 nT to 20 nT (except for areas

Of prominent magnetic highs and lows);

The terrace map of Figure 42 is roughly proportional to

a geologic map of magnetic rocks within the crystalline
basement. This product was not obtained iIn a totally

subjective fashion, 1In the sense that basic assumptions and

related parameters were defined a priori, whereas data-

processing procedures were objective and reproducible (as
pointed out by Cordell and McCafferty, 1989).
The assumptions used in this research are summarized as

follows: (@ the total magnetization vector was considered

to be parallel to the Earth"s magnetic field, no attempt was

made to account for remanent magnetization; () the 2-D

magnetization distributions of Figures 39 and 42 were

expanded to fill a thick slab. Magnetization values varied

laterally across domains but not vertically within domain

boundaries; (©) Magnetic sources were assumed to be

relatively close to the topographic surface and therefore a

flat surface was used in the forward calculation. A slab

thickness of 5.0 km was chosen for the model because this
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yielded the best forward calculated field together with
plausible magnetization values; (d) contacts between
magnetization domains were assumed to be vertical.

The magnetization range shown in Figure 42 is
approximately within one order of magnitude (-0.00090
emu.cm"3 to 0.00144 emu.cm®*3), a similarly narrow range has
been observed in terrace-magnetization maps from the U.S.
Midcontinent region (McCafferty et al., 1989; Cordell and
Mccafferty, 1989) and from the Venezuelan part of the Guiana
Shield (Wynn et al., 1990). Cordell and Mccafferty (1989)
suggested that (@ geologic units may have a characteristic
bulk magnetization at map scale, and (b) variation of bulk

magnetization among most geologic units is within one order

of magnitude.
Comparison of the terrace-magnetization map (Figure 42)

with the grey-scale image of reduced-to-pole magnetic

anomalies (Plate 1) revealed that:

(D areas characterized by very dark signatures on the
grey-scale magnetic image (pattern a) correspond to
very low magnetization values on the terrace map
(-0.00090 emu.cm"3 to -0.00018 emu.cm®*3). They are
probably related to two-mica granite plutons;

(@ areas characterized by intermediate brightness levels
on the grey-scale magnetic iImage (pattern b) correspond

to low to intermediate magnetization values on the
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terrace map (-0.00018 emu.cm"3 to 0.00090 eeu.cn-).

They are probably related to gneisses;

magnhetically high areas characterised by very bright

®

sighatures on the grey-scale iImage (pattern c©)
correspond to high terrace-magnetization values
(greater than 0.00090 emu.cm-). They are probably
related to magnetic granites;

(@) the dike-like magnetic feature (pattern d) cross-

cutting pattern c on the grey-scale image (Plate 1) 1is

else expressed on the terrace magnetization map (Figure

42). It is probably related to a discordant intrusive

body. Magnetization values are lower westward (about

0.00018 emu.cm®"3; point 1 on Figure 42) than eastward

(about 0.00072 emu.exrd3; point 2). Terrace-

magnetization values are as high as 0.00108 emu.cm®"3 iIn

the center of this feature (point 3).

A map of magnetization units (Figure 45) was developed

based on the information derived from the grey-scale image

and the terrace map. The magnetization units were
tentatively defined as follows:

agnetization unit 1: values ranging from -0.00090

emu.cm®"3 to -0.00018 emu.cm®"3; magnetic pattern a on

Plate 1;



-67"' -45 67'30 m 67 15"

0"45-

30*tfP

N ~MwagiTCTCMtibn Unit 2
-0.00090 -TOj<Ji8"0<* 8 tmu.em"? te 0.00Q&$>g/gig.cm'3) 0.00144
—j Magnetization Unit |
1 X(greater then ©,00@86 emu.cm3)

F71 Magnetlz«toQ.Uelf?
™ (dike - like magnetic feature)

Figure 45. Map of magnetization units. Boundary lines of Figure
38 are superimposed for comparison.
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Figure 45. Map of magnetization units. Boundary lines of Figure
38 are superimposed for comparison.
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magnetization unit 2: values ranging from -0.00018
emu.cm 3 to 0.00090 emu.cm®"3; magnetic pattern b on
Plate 1;

magnetization unit 3: values greater than 0.00090
emu.cm3; magnetic pattern c on Plate 1;
magnetization unit 4: dike-like magnetic feature;

magnetic pattern d on Plate 1.

The area of study is characterized by the occurrence of
magnetization units 2 and 3 (Figure 45).

Magnetization boundaries determined by the horizontal-
gradient-of-pseudogravity method were superimposed to the
map of Figure 45. Many boundaries coincide with borders of
proposed magnetization units. However, many other
boundaries suggest that further subdivision of those units
may be possible. This is especially true regarding unit 2.
The magnetization map of Figure 45 represents a conservative
interpretation that aims solely to discriminate areas of
very high and very low magnetization from an intermedidate-
level heterogeneous background (unit 2) .

The magnetization units described above are compared 1in
the next chapter with the geologic data acquired in the
field by the RADAMBRASIL Project. Broad terrane categories
were delineated for the first time as a result of this

comparison. In addition, areas of agreement between
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magnhetization boundary lines (Figure 38) and SIR-B linear
features (Figure 31) were interpreted as geologic structures
in the magnetic basement having topographic expression.

None of these features have been previously reported by the

RADAMBRASIL Project.
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CHAPTER VI

RECONNAISSANCE GEOLOGIC MAP DERIVED FROM
SPACEBORNE RADAR AND AEROMAGNETIC INFORMATION

This chapter presents the reconnaissance geologic map
derived from the integrated analysis of spaceborne radar
(SIR-B) and aeromagnetic information. The steps involved in
the production of such a map were (@) comparison of SIR-B
linear features with the terrace map and magnetization
boundary lines in order to identify magnetic basement struc-
tures having topographic expression; () comparison of
terrace—-magnetization units with geologic data acquired 1in
the fTield by the RADAMBRASIL Project in order to delineate
broad terrane categories; (© integration of the informa-
tion generated in steps (@ and (b) in order to outline the

geologic framework of the study area.

COMPARISON OF SIR-B LINEAR FEATURES WITH THE
TERRACE MAP AND MAGNETIZATION BOUNDARY LINES
" Magnetic basement structures having topographic expres-
sion were 1identified In the study area by comparing SIR-B
linear features (Figure 31) to the terrace map (Figure 42)
and magnetization boundary lines (Figure 38). These struc-
tures were recognized according to the following criteria:

(@D the horizontal-gradient method of Cordell and Grauch
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(1985) assumes that magnetic boundaries with geologic
significance can be piecewise approximated as single,
near-vertical, sharp contacts. Maximum values of the
horizontal gradient of pseudogravity are located
directly over these near-vertical contacts. These

define the position of magnetization boundary
lines;
SIR-B linear features may represent the intersection of
structural discontinuities in the magnetic basement
with the topographic surface;
SIR-B linear features coinciding with magnetization
boundary lines are iInterpreted as the trace on the
topographic surface of near-vertical structural discon-
tinuities within the magnetic basement;
SIR-B linear features offset from magnetization bound-
ary lines indicate that magnetic contacts are not well
represented by near-vertical geologic structures.
Alternative interpretations are (@) geologic structures
are not steeply dipping, (b)) geologic contacts are
gradational, (c¢) magnetic sources are superimposed, (d)
several geologic boundaries are close together (Grauch
and Cordell, 1987);
SIR-B linear features truncating magnetization boundary
lines are interpreted as the surface expression of

geologic structures cutting zones of abrupt lateral
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changes in magnetization.

Figure 46 shows SIR-B linear features and magnetization

boundary lines overlaid to the terrace-magnetization map of

the study area. Examination of this illustration indicates

that:

D

&)

©)

SIR-B linear feature 0 strikes N80OW and coincides with
a magnetization boundary line (MBL-1 on Figure 46). it
is interpreted as the trace of a near-vertical fTault on
the topographic surface;

SIR-B linear feature P strikes E-W and is aligned with
feature O. It approximately coincides with a magneti-
zation boundary line (MBL-2) and is considered to be
the trace of a near-vertical fault on the topographic
surface;

SIR-B linear features F and G strike E-W and are offset
from magnetization boundary line MBL-3. This indicates
that magnetization boundaries iIn this area are not well
represented by near—vertical geologic structures. The
same iInterpretation can be applied to feature H, which
is subparallel to the course of the Piraiauara River
and is significantly offset from MBL-3. Lacking geo-
logic constraints, features F, G, and H are tentatively
considered as the surface expression of non-vertical

geologic structures affecting the magnetic basement;
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Figure 46. SIR-B linear features and magnetization boundary lines

overlaid to the terrace-magnetization map of the study
area.
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SIR-B linear feature c truncates magnetization boundary

line MBL-4 and is coincident with the limit between

magnetization units 2 and 3. 1t iIs iInterpreted as a

geologic structure affecting the magnetic basement.
The same iInterpretation can be applied to feature D,
which 1s parallel to feature c and also delimitates

magnetization units 2 and 3;

SIR-B linear features Q4, 5, and Q6 define a N-S struc-

tural trend that truncates magnetization boundary lines
MBL-3 and MBL-5. Such a trend is in turn truncated by
the segment of magnetization boundary line MBL-2 that
is aligned with SIR-B linear feature O;

SIR-B linear features Q7, Qe, and Q,0 are oriented 1in
the same direction of features q4, 95, and q6. They do
not cross magnetization boundary line MBL-2 and are
interpreted as geologic faults iIn the crystalline
basement without conspicuous magnetic expression;

the course of the Ilgana River is not controlled by
basement structures associated with magnetization

boundary lines in most of the study area. This fact is

consistent with the hypothesis that this river is
actively downcutting the bedrock as a result of the
southward tilting of the Rio Branco-Rio Negro Pedi-
plane. MBL-6 1is an exception to this behavior, since

it controls the location of a prominent meander in the
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lgana River. This magnetization boundary li,e 1is

considered to be associated with a geologic fault

expressed at the surface as a subtle topographic high

striking N55E. This ,,as not identified as a SIE_B

linear feature because it is parallel to the radar

illumination direction (N57E);

@ SIR-B linear features A, B, E, Q,, g3, and Q? show

no evident relationship with magnetization boundary

lines, consequently, they are not considered iIn this

study as the surface exDres< inn
y Xpréssion of ¥asement geologic

structures having magnetic expression.

The geologic structures with both topographic and

magnetic expression identified through the comparison of

features, terrace map, and magnetization bound-

ary lines were included in the reconnaissance geologic map

of the study area.

W CRBloc?c DATAKYOTRED 1HATHRE FYLIS

BY THE RADAMBRASIL PROJECT

The comparison of terrace-magnetization units with

g ologic data acquired in the fTield by the RADAMBRASIL

Project allowed the definition of broad terrane categories

in the surroundings of the study site. Figure 47 shows

terrace-magnetization units and magnetization boundary lines
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igure 47. Terrace-magnetization units and magnetization boundary lines

overlaid to the terrace-magnetization map of the area depicted
in Figure 8.
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figure 47.  Terrace-magnetization units and magnetization boundary lines
overlaid to the terrace-magnetization map of the area depicted
in Figure 8.
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Fgure 47.  Terrace-magnetization units and magnetization boundary lines

overlaid to the terrace-magnetization map of the area depicted
in Figure 8.
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overlaid to the terrace map of the area depicted iIn Figure

8.

D

&)

€)

(4)

Examination of this illustration indicates that:

magnetization unit 1(-0.00090 emu.cm*"3 to -0.00018
emu.cm®3) Is characterized by the predominance of mus-
covite-bearing granitoids and gneisses (field obser-
vations 12, 13, 15 and 16). The protomylonitic bio-
me-"ran3te of location 14 is the only rock devoid of
muscovite reported within the limits of this magnetiza-
tion unit;

magnetization unit 2 (-0.00018 emu.cm*3 to 0.00090
emu.cm3) is characterized by the predominance of meta-
morphic rocks devoid of muscovite such as gneisses
(field observations 3 and 5) and protomylonites (field
observations 4 and 11), as well as migmatites (field
observations 1 and 2). The biotite-granite with musco-
vite reported at location 10 is the only exception to
this general pattern;

magnetization unit 3 (values greater than 0.00090
emu.cm®"3) is characterized by the occurrence of granit-
oids devoid of muscovite (field observations 6, 7, and
8);

the only field observation performed within the limits
of magnetization unit 4 (dike-like magnetic feature) 1is

the muscovite-biotite granite reported at location 9.



144

From the discussion above, broad terrane catego-
ries of differing magnetization-intensity levels were de-
fined In the vicinities of the study site (Figure 47): @@
areas characterized by very, low values on the terrace map
(magnetization unit 1) correspond to muscovite-bearing
granitoids and gneisses; (b) areas characterized by low to
intermediate values on the terrace map (magnetization unit
2) correspond to migmatites and metamorphic rocks devoid of
muscovite; (0) areas characterized by high values on the
terrace map (magnetization unit 3) correspond to granitoids
devoid of muscovite; (d) the dike-like magnetic feature
(magnetization unit 4) was iInterpreted as an intrusive body
cross-cutting granitoids devoid of muscovite (magnetization
unit 3).Such a feature may be an apophysis of a larger
intrusive body represented by muscovite-bearing granitoids
(magnetization unit 1). This interpretation iIs consistent

Fact that the only field observation performed
within the limits of magnetization unit 4 was a muscovite-
biotite granite.

A comparison of the broad terrane categories defined iIn
this research with the geologic knowledge already existing
in the Guiana Shield allowed the *establishment of the fol-
lowing relationships:

(@O field samples corresponding to locations 2 (migmatite)

and 3 (amphibole-biotite gneiss) on Figure 47 have been
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radiometrically dated. They are included in the 1640 +
26 m.y. Rb-Sr isochron obtained by Dall"Agnol and Abreu
(1976) for sphene and amphibole-bearing biotite granit-
oids and gneisses in northwestern Brazil. The low
Sr /Sr initial value for these rocks (0.703 + 0.001)
indicates a primary deep-seated origin, possibly a
mantle derivation. Tassinari ((1981) considered the
sphene and amphibole-bearing biotite granitoids and
gneisses to be part of the Rio Negro-Juruena magmatic
arc (1.75-1.50 b.y.). m this study, the migmatites
and metamorphic rocks corresponding to magnetization
unit 2 were related to such a tectonic province;
a field sample corresponding to location 16 (biotite-
muscovite gneiss with sillimanite) on Figure 47 has been
radiometrically dated. It is included in the 1225 +23
m.y. Rb-Sr isochron obtained by Dall“Agnol and Abreu
(1976) for two-mica granitoids and gneisses In north-
western Brazil. The high Sr~/Sr& initial value for
these rocks (0.713 £ 0.002) is consistent with an origin
by melting of previously existing crustal material.
Tassinari (1981) considered the two- mica granitoids to
be the result of anorogenic plutonism taking place in
the Rio Negro-Juruena Province. This event was contem-
poraneous with the development of the neighboring Ron-

donian mobile belt (1.45-1.25 b.y.). Rocks composed of
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biotite, muscovite, quartz, and slllimanite (e.g._

locution 16, probably represent metasedimentary inclu-

sions in the two-mica granitoids (as suggested by

Dali "Agnol et al,, 1937,. In this research, © musco .

vite bearing granitoids and gneisses corresponding to

magnetization unit 2 were related to the 1225 + 23 m.y.

anorogenic rocks of the Rio Negro-Juruena Province. The

dike-like feature corresponding to magnetization unit 4
was considered to be an apophysis of such a middle
Proterozoic intrusive body;

No radiometric age determinations are available for the

granitoids devoid of muscovite (magnetization unit 3).

However, they are clearly discordant to migmatites and

metamorphic rocks devoid of muscovite (magnetization

unit 2), whose age is 1640 £ 26 m.y. m addition, they

e iIntruded by a dike-like feature (magnetization unit

4), which was considered to be an apophysis of an anor-

ogenic, muscovite-bearing granitic body (1225 + 23

m.y.). These cross-cutting relationships suggest that

the granitoids devoid of muscovite (magnetization unit

3) were emplaced sometime between 1.64 to 1.23 b.y. ago.

A possible interpretation is that they are related to

the anorogenic plutonism contemporaneous with the devel-

opment of the Rondonian mobile belt. In this case, the

age range of these rocks would be 1.45-1.25 b.y.



section (Figure 48, was derived through the
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development of a reconnaissance geologic map
The reconnaissance geologic map presented in this
integration of

information derived from spaceborne radar (SIR-B) and aero-

magnetic data.

Lithologic descriptions and radiometric age

determinations acquired by the RADAMBRASIL Project were alsc

utilized. A schematic geologic cross section

Figure 49.

@

@

is shown on

Geologic units shown iIn such a map are:
Migmatites and metamorphic rocks devoid of muscovite:

they correspond to magnetization unit 2 and are charac

terized by intermediate brightness levels on the grey

scale magnetic image and by low to intermediate magne-

tization values on the terrace map (-0.00018 emu.cm®3

to 0.00090 emu.cm®"3). They are interpreted as part of

the Rio Negro-Juruena magmatic arc. Rb-Sr whole-rock

isochrons show an age of 1640 + 26 m.y.for field sam-
ples collected by the RADAMBRASIL Project within the
limits of this unit;

Granitoids devoid of muscovite: they correspond to

magnetization unit 3 and are characterized by very

bright signatures on the grey-scale magnetic image and
by high magnetization values (greater than 0.00090
emu.cm™3) on the terrace map. No radiometric age de-
terminations are available for these rocks. Cross-

cutting relationships suggest an age range of 1.45-1.25
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GEOLOGIC UNITS
B  Grar,ltolds devoid of muscovite (/.45-1.25 by P)

Mligmatites and metamorphlc rocks devoid of muscovite (1.64 by.)

Vertical faults

n Non-vertical faults 1 rup! bt9ral **  conspicuous magnetic
changes In magnetization expression
N Mo,notation bounder, IlIn. ollsned with SIR-B Illumination direction

A A - Schematic geologic cross section (Figure 49).

Figure 48. Reconnaissance geologic map of crystalline
basement terranes in the study area.
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OMMENT . The 2 -d magnetization distribution obtained with the
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t

Figure 49. . . . -
Schematic geologic cross section (see FIC

48 for location).
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b.y. This unit is tentatively related to the anoro-
genic plutonism that took place in the Rio Negro-Juru-
ena Province. This event was contemporaneous with the

development of the Rondonian mobile belt.

The geologic faults with both topographic and
magnetic expression identified through the comparison of
SIR-B linear features, terrace map and magnetization bound-
ary lines are described below. The sense of movement of
these structures 1is not known.

Fault 1: vertical fault (SIR-B linear feature O

coincident with magnetization boundary line MBL-

1;see Figure 46);

Fault 2: vertical fault (segment of magnetization

boundary line MBL-2 that is aligned with SIR-B

linear feature 0);

- Fault 3: vertical fault (SIR-B linear feature P
approximately coincident with a segment of magne-
tization boundary line MBL-2);

- Fault 4: non-vertical fault (SIR-B linear fea-
tures F and G offset from magnetization boundary
line MBL-3). It truncates the granitoids devoid
of muscovite;

- Fault 5: non-vertical fault (SIR-B linear feature

H subparallel to the course of the Piralauara
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River and significantl offset ¥m”" . .
)S/ orrset from magnetization

boundary line MBL-3);

and 7. Tfaults cutting zones of abrupt

lateral changes In magnetization (sir-b linear

feature c truncates magnetization boundary line

MBL-4 and separates migmatites and metamorphic

rocks from granitoids devoid of muscovite; sir-b

linear feature D is parallel to feature c and also

separates these geologic units);

Faults 8, 9, and 10: faults cutting zones of

pt lateral changes iIn magnetization (SIR-B

linear features Q4, g5, and ~ truncate

tion boundary lines MBL-3 and MBL-5);

Faults 11, 12, and 13: faults without conspicuous

magnetic expression (SIR-B linear features Q?,
Q8,and Q10 do not cross magnetization boundary line
MBL-2);

Fault 14. fault defined by a magnetization bound-

ary line (MBL-6) controlling the location of a
prominent meander of the Ilgana River. it was not
identified as a SIR-B linear feature because it 1is

parallel to the radar illumination direction

(N57E) .
Examination of Figure 48 demonstrates that E-W to WNW-

structures (faults 1, 2, 3, and 4) are truncating N-S



ones (faults «. 7, B, 9, 10, n, 12, and

exception of fault 6, N-s structures do not affect granito-

ids devoid of muscovite (which are interpreted as being 1.45

to 1.25 b.y. old). Conversely, E-w to WNW-ESE structures

clearly truncate this geologic unit (see faults x, 2, and 4

on Figure 48). These cross-cutting relationships suggest

that E-W to WNW-ESE structura . .
ructural trends were active sometime

after 1.25 b.y. in the study area.
comparison of Figures 8 and 48 show that there are no

E-w to »mm—ese Taults mapped in the investigated site by the

RADAMBRASIL Project. This demonstrates how strong is the

effect of radar illumination azimuth in the detection of

structural trends. Recall that RADAMBRASIL imagery was

acquired by north-south aircraft flights using a westward

looking direction. Therefore, N70E to N70W linear features

were suppressed on the images, iIntroducing a serious bias in

the structural interpretation. This fact emphasizes the

importance of using the complementary capabilities of digi-

tal aeromagnetic and spaceborne radar data in the geologic

mapping of heavily-forested, deeply dissected crystalline

regions such as the Guiana Shield.



SUMMARY AND CONCLUSIONS

This fTinal chapter presents a summary of the general

experimental approach utilized in the research as well as

the conclusions drawn from the analysis of spaceborne radar

(SIR-B) and aeromagnetic data. Chapter 1 includes a list of

the major science questions addressed by this study, to

which the reader is referred.

RESULTS OBTAINED WITH THE ANALYSIS OF SPACEBORNE RADAR
(SIR-B) DATA

SIR-B iImage analysis was performed prior to the inter-

pretation of aeromagnetic data and without any knowledge of

the surface geology of the study area. Therefore, results

obtained with such a remote sensing data set were not biased

by any ancillary geologic or geophysical information.

Within the study area (23.5 km by 28.0 km), vegetation

and water were the cover types that influenced the backscat-

tered energy measured by the SIR-B antenna. The topography
is predominantly flat as a result of extensive erosion,
hence modulation of the radar backscatter by slope effects

was negligible. Vegetation units were visually distin-

guished on the SIR-B image as groups of pixels with similar

digital number (DN) values over extended areas. They were

designated as dense vegetation, open vegetation, and flooded



vegetation, water was included as an
° as an additional surface

cover type.

constitutes smooth surfaces of mostly specular

reflection. It consists of very low DN values on the S1R-B

image. ”~scatter from dense vegetation was considered to
N predominantly diffuse. The relatively tninner and more

sparse canopy of the open vegetation was assumed to produce

ower levels o, diffuse backscatter (and therefore lower DN

levels than dense veaetafi mi
vegetation). Flooded vegetation presents

the stronger backscatter in the iInvestioate .
investigated area. in fact

the SIR-b scene shows that brighter imaae t )
gnter Ima9e tones outline the

oodplains of some streams. This happens ,ue tQ pres_

ence of standing water below the canopy i, the floodplains

which strongly reinforces radar return at L-band, HH polar-

ization images. Such an effect is reported to occur in

other heavily forested regions o, the world (see review
paper of Hess et al., 1990).

Data sets for semivariogram calculations were extracted
from selected portions of the sir-B image considered to be

representative of water and specific vegetation units.

Results obtained indicate that each cover type in the study

area has a distinctive semivariogram. Consequently, the

classification techniques to

application of geostatistical

this data set is feasible, since significantly distinct

cover types presented unigue semivariograms. The semivario-



gram textural classifier (STC) was then employed to discrim-

inate and map flooded vegetation and water, which were

considered the key cover types for the recognition of subtle

topographic relief (up to 8.0 m) iIn the study area. The

objective of such a procedure was to display landscape

patterns indicative of subtle structural features in the

crystalline terranes of the Guiana shield.

Geomorphologic information derived from the STC-mapped

landscape patterns was utilized in the definition of linear

geomorphic features in the study area. The examination of

the spatial distribution of flooded vegetation was particu-

larly important in this analysis, in addition, tonal linear

features were identified on the SIR-B image using a contrast

stretching technique (trackball linear mapping; TLM). a

final map was developed including both STC-discriminated and

TLM-enhanced features. These linear features were compared

with the information derived from aeromagnetic data. Areas

of agreement were interpreted as geologic structures in the

magnetic basement having topographic expression.

The most relevant aspects of the results obtained with
the analysis of SIR-B data can be briefly described as

follows:
(@ the ability of the SIR-B system to remotely sense water

beneath a forest canopy was crucial for the recognition

of flooded vegetation in the study area. This cover
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type i1s indicative of subtle differences in relief iIn

the deeply dissected crystalline terrenes of the Guian,

shield. Linearly arranged floodplains were interpreted

as linear geomorphic features;

this study demonstrated that each cover type in the

udy area has a distinctive semivariogram signature,
such a result was the motivation for the development ol
the semivariogram textural classifier (MacDonald et

“1-" 1990)" APPlication of this technique to the

Guiana shield SUM, data allowed vegetation units and

water to be discriminated and mapped. The semivario-

gram textural classifier (STC) was also successftully

employed for vegetation mapping using SIR-B data of the

rainforest region of Borneo (Miranda et al., 1990,.

This i1Indicates that the STC is a valuable tool for

mapping rainforest environments using L-band, HH

polarization spaceborne radars, m the first half of

the 1990s, the Japanese Earth Resources Satellite

JERS-1) will include a radar system with characteris-

tics similar to SIR-B. The analysis of such a global
data set using the STC may provide the geologic com-

munity with important information about remote and

perennially cloud-covered tropical regions of the
world;

a simple contrast stretching technique referred to as
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(trackball linear mapping, was effective in enhanc

tng tonal features on the s um , image for structural

maPPing purposes. Spatial radiometric patterns identi-

fied on the TLM-stretched SIR-B image can be described

A (3 Ilnear Streal" channels associated WIth flooded
vegetation, and (b) dark linear features developed on

an uniform background. Attempts to perform directional

filtering iIn order to highlight tonal features with

specific orientations were not as successful;

linear features allowed

@, examination o, the map o, SIR-B

the establishment of Cross'%ﬂ%{iﬂ@ ?éfa%fbnships- They

suggest that E-W to WNW-ESE structures are systemati-

cally truncating N-S ones in the study area. Such a

geologic hypothesis was further tested when information

derived from SIR-B and aeromagnetic data was integrated

with pre- existing lithologic and radiometric data

obtained in the field by the RADAMBRASIL Project

(Pinheiro et al., 1976).

RESULTS OBTAINED WITH THE ANALYSIS OF AEROMAGNETIC DATA

The availability of digital aeromagnetic data in the

Guiana Shield allowed the development of a variety of prod-

ucts that are useful to geologic mapping. These include

grey-scale aeromagnetic iImages, horizontal-gradient and

terrace-magnetization maps. The analysis of these products



was performed in a 1°v t area 158
area encomPassing the study site

The aeromagnetic survey ,,as Mr _,
contractor (encal s/a ¢ ) ° by 3 Brazilian
ENCAL s/a Consultoria e Aerolevantamentos, .

Data reduction included diurn*n - . )
diurnal variation correction, level-

ing of magnetic profiles

1eS® and re»oval °f the iInternational

Geomagnetic Reference Field /tgrpm vy -
ith J* Gri<3ded data obtained

with the minimum-curvature mkd«

1981, D,, N InterP°fation technique (Webring,

thS databaSe for data manipulation.

A grey-scale image depicted reduced-to-pole aeromag-
vels ranoinc

ti ta in 2 ight |
netic data in 256 brightness SVGIS ranging from black (the
lowest value of |
white (the highest value of 255). it

provided a qualitative reoresent»n ) .
o s representation of spatial variations

the magnetic properties of the upper levels of the crust
identification of"

Examination of such a product enabled the

“Is~inct magnetic patternc In .
g B tterns In the surroundings of the study

area.

The computer program BOUNDARY (Blakely and Simpson,

«) was used to produce a map showing the location of

naximum values of the pseudogravity horizontal gradient.

These maxima are designated as magnetization boundary lines

and represent abrupt lateral changes in magnetization that

are iInterpreted as steep structural or lithologic contacts

(Cordell and Grauch, 1985).
A quantitative approach to resolve how magnetization

domains are distributed in the study area was given by the



terracing operator (Cordeii 159
11 and McCafferty, i989). This

technique converted the smoothly-varvino )
y arymg, pseudogravity

transformed magnetic data into f]*r

vertical i segments separated by

ThSSe StSPS arS "PProxlaetely located over

Bte E £PS*"
SeP " near“VertiCal ""netization boundaries. The ter-
raced data were rescaled
magnetization units In the cgs
r r “ 3)- The - - production

the terrace-magnetization map are: (@ the total magne-

tization vector was considered to be caraly 1 ..
to oe para‘ﬁef to the Earth's

magnetic field (i.e., no attempt was made to account for
remanent magnetization). This was done due ~ ~ n n

information concerning remanent magnetism in rocks of the

study area; (@, the 2-0 magnetization distribution obtained

with the terracing operator was expanded to fin a thick

Magnetization values varied laterally across domains
(©) magnetic

Slab.
not vertically within domain boundaries;
sources were assumed to be relatively close to the flat

Therefore, the slab was considered to

topographic surface.
A slab thickness of

»ave a flat top at the terrain level.

5-0 km was chosen Tfor the model because this yielded the

est forward calculated field together with plausible magne-

tization values; <d, contacts between magnetization domains

were assumed to be vertical.

As expected, magnetization values on the terrace map

showed good correlation with brightness levels on the grey-
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scale aeromagnetic image. For examrn. )
example, areas with very

right signatures on the grey-scale

9e _Were alWays

tization ,m K )
hlghs on the terrace map. The simUltaneous analy_

*» establish the range o
, T the

- «

;1S ~  thSSe ~
terrace-magnetization values corresponding to each
image.

magnetic patterns identified on the grey-scale

ration units were subsequently defined with the

purpose of discriminating areas of very high and very low

magnetization from an intermediate-level heterogeneous

background.

mOSt relevant aspects of the results obtained with

the analysis of aeromagnetic data can be briefly described

as follows:

the automatic location of maximum horizontal gradients

D)
of Pseudogravity-transformed aeromagnetic data (Blakely

1986, was an effective tool for the defi-

in the Guiana

and Simpson,

nition of magnetization boundaries

Shield;

2
) the terracing operator (Cordell and Mccafferty, 1989)

successfully delineated relatively large domains (up to

width) characterized by homogeneous magnetiza-

tion properties and sharp boundaries. The terrace map,

crudely proportional to a geologic map of magnetic

rocks within the crystalline basement, was not obtained

in a totally subjective fashion. Basic assumptions



-a-processing prooe_
N N\

defined 3
dures were objective and reproducible_

magnetization range obtained iIn the Guiana shield is

approximately within one order of magnitude (-0.00090

A similarly narrow range

emu.cm to 0.00144 emu.cm®"3).

trom the u.s. Hidoo_

"  b6en °bSerVed “ terra‘“
i989, Cordell and

ntinent region (Mecafferty etal .,

Mecafferty, 1989) and from the Venezuelan part of the

Guiana Shield (Wynn et al._,
Study area are consistent with the hypothesis that

1990). Results in the

variation in bulk magnetization at map scale among most

geologic units is within one order of magnitude (as

proposed by Cordell and Mecafferty, 1989);

a map of magnetization units was developed based on the

information derived from the grey-scale image and the

terrace map. such a map refers to a 1 X r area
encompassing the study site. The range of magnetiza-
tion corresponding to each of these units was defined

as fTollows: (@ unit is values ranging from -0.00090

emu.cm*3 to -0.00018 emu.cm"3: (b,

ing from -0.00018 emu.cm"3 to 0.00090 emu.cm"3; () unit
unit 4:

unit 2: values rang-

values greater than 0.00090 emu.cm®3; (d)
dike-like magnetic feature with magnetization values
lower eastward (0.00018 emu.cm®3) than westward

(0.00072 emu.cm®3); values as high as 0.00108 emu.cm®3
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in the center of such a feature. These

N

are found
magnhetization unite were oompared ~

ata acquired in the field by the RADAMBRASIL Project

Broad terrane categories were delineated for the first

time as a result of this comparison.

IN the

knowledge op N O R T ~ n fS

A reconnaissance geologic map of the study area (23.5
o7 28°¢° “aS Pr°duUOed involving two major steps: (a,
panson of SIR-B linear features with the terrace map and

in order to identify mag-

®

magnetization boundary lines map

netic basement structures having topographic expression;

comparison of terrace-magnetization units with geologic data
acquired in the field by the RADAMBRASIL Project in order to

delineate broad terrane categories.

Magnetic basement structures having topographic expres-

sion were recognized according to the following criteria:

(@ SIR-b linear features coinciding with magnetization

boundary lines were interpreted as the trace on the topo-

graphic surface of vertical geologic faults within the

magnetic basement; (b, SIR-B linear features offset from

magnetization boundary lines indicate that magnetic contacts

are not well represented by vertical geologic structures,
such a case, SIR-B linear features were tentatively
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geo-
g
6 ma”netic basement; (C) sir-b

interpreted as the surtax
surface expression of non-vertical

logic faults affecting

linear features truncaHnn
Int. ’ n°atlng nagnetization boundary lines were

interpreted as the surfano
expression of geologic faults

0, _ -
u ting zones of abrupt lateral changes in magnhetization.

sense of covenant of these structures i1s not Known.

Broad terrane categories of niff i )
iffering magnetization-

: et ty IEVelS Were defined “ the 1- X X- region embrac-

e investigated site. Areas characterized by very dark

signa ure on the grey-scale inage and by very low values on

the terrace nap (nagnetization unit 1, correspond to musco-

vr e-beanng granitoids and gneisses. Areas characterized

hy intermediate brightness levels on the grey-scale 1Inage

and by low to intermediate values on the terrace nap (nhag,,e-

tization unit 2) are + ) ) )
lated to migmatites and metamorphic

nocks devoid of muscovite , Area*? r.lr £
Areas characterized by very

bright signhatures on tﬂg SFQ?héggig fhage and by high values

on the terrace map (hagnetization unit 3) correspond to

granitoids devoid of muscovite. The dike-like magnetic
feature expressed on both the grey-scale iImage and terrace
interpreted as an intrusive

nap (magnetization unit 4, was
y cross cutting granitoids devoid of muscovite (magneti-

zation unit 3). such a feature nay be an apophysis of a

larger intrusive body represented by muscovite-bearing

granitoids (magnetization unit ) .
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The “ “  »* — characterized by the occurrence of
«* N on (magne-

ana netM°rphic—

tization unit 2, and gra,,itoide devoid of muscovite (magne-

In N\

Inte9ratlOn
information,

h terrane categories included

reC°nnalSSanCe geologic hap obtained through the

°f eP“ *bon» radar <SIR-B) and aeromagnetic

such a geologic framework was established

into account lithologic descrin] .
iptions performed in the

taking
y aescr
field by the RADAMBRASIL Project.

The most relevant geologic results achieved in the

study area are described below:

@

middle Proterozoic crvst-anino , .
CrystaH m e rocks of the Guianense

complex (Pinheiro et al., 1976) were individually

recognized as distinct geologic units iIn the iInvesti-

gated site for the Tirst time. Migmatites and metamor-

Phic rocks devoid of muscovite correspond to magnetiza-

tion unit 2 and are characterized by intermediate

brightness levels on the grey scale magnhetic image and

by low to intermediate magnetization values on the

terrace map (-0.00018 emu.cm™ to 0.00090 emu.cm”).
interpreted as part of the Rio Negro-Juruena
Tassinari, 1981). Rb-sr

for

They are

magmatic arc (1.75-1.50 b.y.;

whole rock isochrons show an age of 1640 + 26 m.y.

field samples collected by the RADAMBRASIL Project

within the limits of this unit (Dall’Agnol and Abreu,
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1976) . Granitoids devoid )
evoid of muscovite correspond to
magnetization HH:E § and are characterized by very
fi
inage and

bright signatures on the grey-scaie magnetic

by hxgh magnetization values (greater than 0.00090

emu.cm3) on the terrace map. No radiometric age de-

terminations are available for these rocks. Cross-

cutting relationships suggest an age of 1.45-1.25 b vy

This unit is tentatively related to the anorogenic

Plutonism that took place in the Rio Negro-Juruena

Province. According to Tassinari (1981), this event

was contemporaneous with the development of the Ron-

donian mobile belt;
Geologic fTaults with both topographic and magnetic ex-
identified through the comparison of SIR-

pression were

B linear features, terrace map, and magnetization

boundary lines. The sense of movement of this struc-

tures is not known. However, it was possible to demon-

strate that E-W to WNW-ESE structures are truncating N-
s ones. With one exception, N-S structures do not
affect granitoids devoid of muscovite (which are iInter-

preted as being 1.45 to 1.25 b.y. old). Conversely, E-

W to WNW-ESE structures clearly truncate this geologic

unit. These cross-cutting relationships suggest that

E-W to WNW-ESE structural
after 1.25 b.y. 1iIn the study area;

trends were active sometime
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this study showed that the integrated anaiysis of

digital aeromagnetic and spaceborne radar data facili-
tates the development of geologic information in heavi-

ly forested and deeply dissected terrenes of Precambri-

ThS avail™ility of global spaceborne radar

in the first half of the 1990s and the large

311 a9S-*
coverage

number of already existing digital aeromagnetic surveys

in northwestern Brazil indicate that this approach can

potentially useful for reconnaissance geologic

mapping elsewhere in the Guiana Shield.
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