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GEOLOGY, AIRBORNE GEOPHYSICS, GEOMORPHOLOGY AND SOILS IN THE
INDIVIDUALIZATION OF THE NIQUELANDIA MAFIC-ULTRAMAFIC COMPLEX,
GOIAS STATE, BRAZIL
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ABSTRACT. The airborne geophysical data allow the characterization and individualization of thick soils developed from a particular geological substrate. This
work uses Gamma spectrometry and magnetic data, along with relief, soil classes and geology to characterize and individualize the Niquelandia Mafic-ultramafic
Complex and its adjacent units. The database was created with georeferenced information available on geology, geomorphology and soil. The relief features were
generated using the Digital Terrain Model (DTM) obtained with the data extracted from the Shuttle Radar Topography Mission (SRTM). The data generated maps of slope
and hypsometric classes. The airborne geophysical magnetic and Gamma spectrometry data were extracted from the Goids State, Brazil, airborne geophysical survey
for the “Northeastern Paleo-Neoproterozoic Goids” Project. These data were interpolated using minimum curvature method for the Gamma spectrometry data (K, U and
Th) and bi-directional data for the magnetic. The anomalous magnetic field data were used to obtain the Analytical Signal Amplitude (ASA), and from ASA together
with the Gamma spectrometry data, the Mafic Index (MI) was calculated. The MI has allowed a better delineation of mafic and ultramafic bodies without soil influence.
The correlation with the airborne geophysics, geology, topography and soil allowed characterizing and individualizing the Niquelandia Mafic-ultramafic Complex and
adjacent geological units, consisting of different lithologies. The result shows the efficiency of the Mafic Index in the discrimination of Mafic-ultramafic rocks, as it
eliminates the surface magnetic response, originated of altered rocks and soils, and highlights the magnetic response of the subjacent rocks.

Keywords: airborne geophysics data, hypsometric, weathering, Niquelandia Complex.

RESUMAO. Os dados aerogeofisicos permitem a caracterizago e individualizagdo de rochas de composicdo geoquimica distinta, material intemperizado e solos es-
pessos desenvolvidos a partir de um determinado substrato geoldgico. Desta forma, podem auxiliar a caracterizagdo e distribuicdo de depdsitos minerais de origem
pedogenética. Assim, o objetivo deste trabalho foi a utilizagdo de dados magnetométricos e gamaespectrométricos, juntamente com a caracterizagdo da geologia, do
relevo e das classes de solos na caracterizagdo e individualizagdo do Complexo Méfico-Ultramafico de Niguelandia e suas unidades geoldgicas adjacentes. Foi criado
um banco de dados georreferenciados com informag0es disponiveis sobre a geologia, geomorfologia e solos. As feicdes geomorfol6gicas foram geradas por meio do
Modelo Digital do Terreno (MDT) obtido a partir dos dados do Shuttle Radar Topography Mission (SRTM), sendo dele derivados os mapas de classes declividade e de
classes hipsométricas da drea de estudo. Os dados aerogeofisicos de magnetometria e gamaespectrometria foram extraidos do levantamento aerogeofisico de Goids do
Projeto “Paleo-neoproterozoico do Nordeste de Goids”. Estes dados foram interpolados utilizando o método minima curvatura para os dados da gamaespectrometria
(K, U e Th) e bidirecional para os dados de magnetometria. Com o processamento dos dados gamaespectrométricos foram individualizados dezenove dominios, com
variagdes nos valores de K, eU e eTh, relacionados a composi¢do geoquimica das unidades geoldgicas, além do relevo e classes de solos. Com os dados magne-
tométricos foram elaborados o Campo Magnético Andmalo e a Amplitude do Sinal Analitico (ASA). A partir da Amplitude do Sinal Analitico foram separados cinco
dominios magnetométricos que demonstraram a variabilidade litoldgica e de classes de solos da drea estudada. A partir do produto ASA juntamente com os dados
gamaespectométricos foi calculado o indice Mafico (IM), cuja espacializagdo permitiu a delimitacdo dos corpos méficos e ultraméficos do Complexo de Niquelandia
sem a influéncia do solo. A correlagdo com os dados aerogeofisicos, geoldgicos, relevo e classes de solo permitiu interpretar, caracterizar e individualizar o Complexo
Méfico-Ultraméfico de Niquelandia das suas unidades geoldgicas adjacentes, constituidas por litologias distintas. Tal resultado mostra a eficiéncia do indice Mafico
na discriminacdo de rochas méficas-ultramaficas, visto que este elimina a resposta magnética superficial, decorrente de rochas alteradas e solos, e ressalta a resposta
magnética da rocha subjacente.

Palavras-chave: dados aerogeofisicos, hipsometria, intemperismo, Complexo de Nigueléndia.
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INTRODUCTION

The use and integration of data from various sources have
assisted geological mapping and modeling related to the distribu-
tion of mineral deposits. However, when mineralization involves
weathering processes, models must also take into account geo-
morphology and pedology, besides the geological features, re-
sulting in a more complete and individualized model for each
specific case. Recently, studies to generate models and methods
that contribute to the characterization of rocks and weathered
materials have been using airborne geophysical and remote
sensing data (Souza Filho & Crosta, 2003; Teixeira et al., 2006;
Carrino et al., 2007).

Geophysics has brought great benefits to research in tropi-
cal regions such as Brazil, where supergene processes lead to the
formation of thick soils and vegetation that hinder access to geo-
logical substrate information (Souza Filho & Crosta, 2003).

Besides identifying geological units, airborne geophysics
data can also assist in mapping soils, mineral deposits and geo-
logical structures. According to Pires (1990) the result of the
integration of gamma ray spectrometric and magnetic data cor-
related well with those obtained from the geological maps.

Studies integrating data from different sources can subsi-
dize the strategic planning of the Brazilian mining sector. The
integration of multi-thematic digital geospatial data (geology,
geomorphology, airborne geophysics and remote sensing) have
been used in geosciences studies. Searching for spatial correla-
tions using various types of data with the aid of geo-technologies
have proven very effective in getting detailed geological infor-
mation (Raines & Bonham-Carter, 2006; Nykdnen et al., 2008;
Eddy etal., 2010).

The Mafic-Ultramafic Complexes of Niquelandia, Cana Brava
and Barro Alto constitute important units in the Brazilian geo-
logical context due to the occurrence of mineral deposits where
the mineralization results from supergene enrichment processes.
Thus, the spatial modeling of these deposits involves integration
of geology, pedology and geomorphology data. However, there
are no such studies which allow spatial characterization and in-
dividualization of these complexes (Dickson & Scott, 1997). Re-
gional studies, using low-resolution aeromagnetic data, showed a
similar geophysical response for the mafic-ultramafic complexes
of Goids (Blum, 1999). According to the literature, the Nique-
landia Complex presents low response for the concentrations of
the three radioelements while it is defined by positive magnetic
lineaments (Blum, 1999).

Magnetometry allows mapping Fe-rich lithologies whereas
gamma spectrometry shows the distribution of K, U and Th

that are elements directly related to the mineralogical composi-
tions of both rocks and soils. The use of gamma spectrometric
and magnetic data contribute for geological mapping and to the
studies of distribution of primary and pedogenic origin mineral
deposits.

Within this scenario, the subject of this study was to corre-
late airborne gamma ray spectrometry and magnetic data, along
with geology, soil and relief information, to individualize the
Niqueldndia Mafic-Ultramafic Complex, GO from its adjacent
geological units.

Study Area Characterization
Location

The study area comprises the layered Mafic-Ultramafic Complex
of Niquelandia and its adjacent geological units, located in the
municipality of Niquelandia, Goids State, Brazil. (Fig. 1).

Geological Context

The Mafic-Ultramafic Complex of Niquelandia and its adjacent
units are inserted in the Tocantins Province (Mantovani & Brito
Neves, 2005), the extensive orogenic-collisional, neoproterozoic
age, that was generated between the cratons of Amazon (passive
margin), San Francisco/Congo and Parapanema (active margin).
According to Pimentel et al. (1991), Pimentel & Fuck (1992) and
Fuck etal. (2006), the Province is divided into three supra-crustal
folded belts known as Araguaia, Paraguay and Brasilia strips.

The Mafic-ultramafic Complexes of Cana Brava, Niquelandia
and Barro Alto are highlighted in the northern portion of the
Tocantins Province (Hasui & Almeida, 1970).

In the center-north portion of the Tocantins Province, where
the city of Niqueléndia is located, two geotectonic units occur:
Massif of Goids and the Brasilia Belt (Fuck, 1994). In addition
to the Niquelandia Complex, the geological units of the Massif
Goias, represented by the Serra da Mesa Group and the Volcano-
Sedimentary Sequence of Indaiandpolis are also located in the
study area. This geological setting is formed by basement units
covered by the neoproterozoic meta-sedimentary rocks belonging
to the Paranod Group (Fig. 2).

The Mafic-Ultramafic Complex of Niqueldndia has an oval
shape, marked by faults and approximately 45 km along the N10E
direction. It has been the subject of many studies over the years,
since Pecora & Barbosa (1944). During this period many hy-
potheses have been raised about the origin of the complex being
the most controversial the layered mafic-ultramafic sequence, ac-
cording to Motta et al. (1970, 1972), Danni & Leonardos (1978),
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Figure 1 —Map of Location of the study area. Source: Image Spot 5 (Google Earth, 2013).

Danni et al. (1982), Rivalenti et al. (1982), Girardi et al. (1986),
Ferreira Filho etal. (1992, 1994), Ferreira Filho & Naldrett (1993),
Brito Neves et al. (1995), Correia et al. (1996) and Pimentel et al.
(2004). Among the various controversial interpretations regard-
ing the origin of the complex, one can refer the study of Girardi
gtal. (1986), who considers it a single intrusion formed from the
same parental magma. The study conducted by Ferreira Filho et
al. (1994, 1998) reports the existence of two sets of petrologically
distinct cumulatic rocks.

According to Correia etal. (1996, 1997, 1999), Ferreira Filho
& Pimentel (1999) and Medeiros & Ferreira Filho (2001), the
Niqueldndia Complex consists of:

A) Lower Magmatic Sequence (Serra da Mantiqueira Unit)
divided in three zones: i) Lower Mafic Zone, consists predom-
inantly of gabbronorites with secondary levels of pyroxenite;
i) Intermediate Ultramafic Zone, essentially composed of dunites
interspersed with pyroxenite; and, iii) Upper Mafic Zone, domi-
nated by gabbronorites, with quartz-diorite intrusions; and

B) Upper Magmatic Sequence (Serra dos Borges Unit)
formed by interbedded leuco-troctolites, anorthosites, gabbros

Brazilian Journal of Geophysics, Vol. 31(3), 2013

and olivine gabbronorites with subordinate pyroxenite and levels
of Fe-Ti oxides (magnetite and ilmenite).

The Paleoproterozoic basement corresponds to Rio Mara-
nhao Complex, consisting of granite-gneiss lithologies of dioritic
composition (Almeida et al., 2006).

The Volcano-Sedimentary Sequence of Indaiandpolis (Danni
& Leonardos, 1980; Nascimento et al., 1981) consists of rem-
nants of Mesoproterozoic ocean crust (1.2 Ga.). Pimentel et
al. (2000) and Souza Neto & Leon (1998) considered this se-
quence divided into two subunits:

i) Lower Sequence comprises fine amphibolites interbedded
with biotite-schist, biotite-gneiss, metacherts and banded iron
formations, and

i) Upper Sequence is composed of rhyolites and rhyolitic tuff,
schist, quartzite, fine amphibolite and metacherts.

The Mesoproterozoic Paranoa Group, 1350-950 Ma. (Dard-
enne, 1978; Faria & Dardenne, 1985; Faria & Dardenne, 1995)
is subdivided into ten mapped units distributed in two main
sequences, psamo-pelitic at the base and psamo-pelitic-
carbonate at the top. The tectonic and metamorphic processes
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Figure 2 — Geological map of the study area (Source: Moreira et al., 2008).

occurred during the Braziliana orogenesis, peaking between 0.65
and 0.60 Ga. (Fuck et al. 1988; Pimentel et al. 1999).

According to Marini et al. (1977, 1984) the Serra da Mesa
Group consists of sedimentary Paleo/Mesoproterozoic rocks,
comprising quartzites at the base, followed by mica-schist with
garnet, staurolite and kyanite, with interbedded fine quartzites
and, calci-shist lenses and marbles, with thickness of about
1500 m. According to Dardenne (2000), geochronological ev-
idence indicates sediments deposition age between 1.6 and
1.47 Ga., in platform and continental environments arising from
the rifts evolution.

The ferruginous lateritic-detritic unit shows up as the cover-
age of the northwestern and eastern portions of the studied area,
which predominantly consist of thick soils with concentration of
sesqui-oxides of iron and aluminum due to the high degree of
evolution and iron content of the source lithology.

Geomorphology

They are scarce geomorphological studies in Goids, especially
regional mapping. RadamBrazil Project (1981) map at the scale
1:1,000,000 are the most used. The same basic methodology of
the RadamBrazil Project (1981) was followed in further work done
by Nascimento (1991) and Latrubesse & Carvalho (2006), who
recently presented the Geomorphology Project of Goias and the
Federal District, at scale of 1:500,000.

According to the article published by Mamede et al. (1981),
the Mantiqueira and Borges chains of hills represent the Nique-
landia Complex relief, reflecting a massive semicircular struc-
ture, whose high relief surrounds a more lowered central area.
In these mountains, which form the western and eastern edges
of the large structure of Niquelandia the altitudes range from
800 to 1,000 m.

Revista Brasileira de Geoffsica, Vol. 31(3), 2013
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According to Latrubesse & Carvalho (2006) the units repre-
senting the geomorphology of the study area were named Re-
gional Flatten Surfaces (SRA), Erosion Retreating Zone (ZER),
Pseudo-domes (PSD), Mounts and Hills (MH) and folded struc-
tures forming Hogbacks (HB).

The Mafic-Ultramafic Complex Niqueléndia consists of a se-
quence of layered intrusions, which under the geomorphologi-
cal point of view is an example of Pseudo-domes (PSD), with
around about 40 x 15 km.

Soils

The current soil map of Goids, produced by the Hydrogeological
Survey Project of Goids, at scale of 1:1,000,000 (Almeida et al.,
2006), classifies the soil in the area as Laterite-soils, represented
by Red and Red-Yellow Laterite-soils, Entisoils and Cambisoils,
and Ultisoils.

Laterite-soils are soils in advanced weathering stages, which
are, therefore, deep and enriched with Fe and Al oxides and hy-
droxides. Generally, these soils occur in flat to undulated terrains.

Cambisoils are shallow soils placed in areas with steeper
slopes, with maximum thickness of 50 cm.

Ultisoils are soils with textural B-horizons, whose silicate
mineralogy is represented by clay minerals of low activity. Soils
are of variable depth, usually with rockiness.

Neosoils are little evolved soils where the characteristics of
the origin material predominate and they are more common in
rugged terrain areas.

Materials and Methods

The study was divided into three stages. The first stage consisted
of defining the parameters to be used in the analysis and compila-

tion of digital data. In the second stage, data processing was per-
formed using the GIS techniques to produce a distribution map of
the geophysical, magnetometric, slope and hypsometry data. The
third and final stage consisted of correlating the generated maps.

The generated maps and the available geology map (scale
1:500,000; Moreira et al., 2008) were processed using the soft-
ware ArcGIS 10.

Processing of airborne geophysical data

The data were extracted from the final report of the Area 5 of the
Goias state airborne geophysical (magnetic and Gamma spec-
trometry) survey, named “Paleo-Neoproterozoic Project of North-
eastern Goias” — Phase 2, conducted in 2006 by Lasa Engenharia
e Prospecces S/A. (LASA, 2006). Survey characteristics are
presented in Table 1.

The geophysical magnetic (total magnetic field) and gamma
spectrometry (potassium, thorium and uranium channels) data
were extracted from 2 files ASCII type (.GDB) and imported into
the Oasis Montaj (Geosoft®, 2009) software for generating of
magnetic and Gamma spectrometry data distribution map, at
scale 1:100,000.

After to import the airborne geophysical dataset the data
were cut according to the study area followed by their evalua-
tion. The gamma ray spectrometric data were already transferred
as percentage for potassium (K); and ppm for uranium (U) and
thorium (Th), thus avoiding the transformation of counts per
second (CPS).

The flowchart of the geophysical data processing is shown
in Figure 3.

The gamma ray spectrometric database was homogenized for
K (%) channel by adding a constant equal to 1/4 of the standard

Table 1 — Technical information about the airborne geophysical survey.

Methods Magnetometry and Gamma spectrometry

Contractor: State Government of Goids/SIC-MME/CPRM
Geological Survey of Brazil

Contracted: Lasa SA Engineering and Surveys

Period: 05/01/2006 to 09/01/2006

Range (AM): 0.1's (magnetometry) and 1.0 s (Gamma spectrometry)

Flight height: 100m

Direction (FL): N-S

Spacing (FL): 0.5km

Direction (CL): E-W

Spacing (CL): 5km

Gamma Integration time | 1

Brazilian Journal of Geophysics, Vol. 31(3), 2013
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Figure 3 — Flowchart of airborne geophysical data processing.

deviation of this variable. The eU and eTh data were not modified.
Data were corrected in order to approximate the mean values of
radio elements to the contents of such elements in mafic rocks
(about 1% K; 0.7 ppm U; and 3 ppm Th) according to Dickson
& Scott (1997). The negative values of gamma ray data of K, eU
and eTh were due to non-effective atmospheric correction and/or
calibration of the instruments and they were abandoned.

The survey data were interpolated without using control lines,
since the use of micro-leveling did not remove completely the
“unlevelled” residues that still remained in the data.

Mesh cell size for interpolation of Gamma spectrometry data
was set to 1/5 of flight line spacing (100 m x 100 m), to avoid
information loss. The minimum curvature (Geosoft, 2009) inter-
polation method was chosen because it represents best the orig-
inal data due to the fact that the geological trend is approximately
parallel to the direction of the flight lines.

Among the products used for gamma ray spectrometric
data interpretation were generated images of K (%), eTh (ppm)
and eU (ppm) and the ternary compositions RGB/KeTheU and
CMY/KeTheU.

Trough the images for ternary composition with RGB and
CMY was generated the map of compartmentation of gamma ray

domains by visual classification. Ternary composition images
were used because RGB and CMY best highlight, respectively,
the high and low values.

The generated map of gamma ray spectrometric domains
was used to evaluate the domains taking into account the geo-
logy, relief and pedogenetic (weathering/erosion) processes.

As the magnetometer readings refer to the Total Magnetic
Field (TMF) values, with the contribution of both the, residual
magnetism of the rocks and earth core, to generate the Anoma-
lous Magnetic Field (AMF) data, representing the magnetic sus-
ceptibility of the rocks in the region, the International Geomagnetic
Reference Field (IGRF) was removed using mathematical models.
The removal of the IGRF resulted in the AMF, which represents the
magnetic anomaly located on the crust above the Curie surface.

The magnetic data interpolation was performed by the bi-
directional method (bi-grid, Geosoft, 2009), which resulted in
greater detail of the magnetic anomalies in the study area.

The horizontal X (Dx) and Y (Dy) and the vertical Z (Dz)
derivatives were generated from the Anomalous Magnetic Field
(AMF), where the horizontal and vertical derivatives are
used to enhance the horizontal gradients and thus the possible
sources of the represented anomalies (high-pass filters) (Blum,

Revista Brasileira de Geoffsica, Vol. 31(3), 2013
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1999). The vertical derivative from the filter Z (Dz) amplifies the
high frequency content rather than the low frequency acting as a
high-pass filter.

Subsequently, the Analytical Signal Amplitude (ASA) was
generated via Dx, Dy and Dz (Roest et al., 1992) derivatives using
the following formula:

ASA = /dxz? + dy? + dz2. (1)

Analytical Signal Amplitude (ASA) allows the positioning of
magnetic bodies because the technique comprises a symmetric
function in which the analytical signal peaks are centered at the
edges of the magnetic anomalies according to Nabighian (1972,
1974) and Roest et al. (1992).

From ASA product was applied unsupervised Mean-K classi-
fications to generate the map of magnetic domains. This method
first calculates the classes in a class uniformly distributed in space
and agglomerates class by class in an iterative process, using the
minimal distance technique (Tou & Gonzalez, 1974).

Was generated the product Mafic Index (MI) that is a use-
ful technique to individualize bodies of mafic and ultramafic ori-
gin (Pires & Moraes, 2006) since this eliminates the influence of
Fe-rich material present on the surface of the terrain (lateritic
soil). The MI equation uses magnetic (ASA) and gamma spec-
trometric (K, eU and eTh) variables.

ASA

lM:(KxeTh)' @

Relief

The Digital Terrain Model (DTM) of the area was generated
with data extracted from the Shuttle Radar Topography Mission
(SRTM) project provided by the United States Geological Survey
(USGS, 2000). The SRTM data display horizontal resolution (spa-
tial resolution) of 3 arc-second (~90 m) and vertical resolution
of 1 m, which allows mapping at scales between 1:100,000 and
1:250,000.

The SRTM data were converted to vector point type and in-
terpolated using the Topo to Raster function (Hutchinson, 1988;
1989), inthe ArcGIS 10, with pixel 30 m x 30 m size. This proce-
dure provides a better visual quality of DTM due to the change of
spatial resolution to 30 meters, but keeping the information of the
original 90-m resolution (SRTM). Relief information was gener-
ated using the DTM from which the maps of slope and hypsome-
try were derived. The slope and hypsometric maps were the main
sources of information of relief features in the study area since
their scales are more compatible with those of the geophysical

Brazilian Journal of Geophysics, Vol. 31(3), 2013

maps. These maps were used to interpret the soil classes distri-
bution and associated pedogenetic processes, due to the fact that
the available map of soils is in a very small scale.

All procedures were performed in Geography Information
System (GIS) environment, ArcGIS 10 software with its 3D An-
alyst and Spatial Analyst extensions (ESRI®, 2011).

A2.5 D image of the study area was generated using the DTM
for better interpretation of K, eU and eTh distribution regarding
relief changes.

The generated maps of slope and hypsometric classes were
the main sources of information regarding the relief features of
the site since the scales were more compatible with those of the
geophysical maps that is 1:100,000. The slope classes were also
used to interpret soil distribution and pedogenic processes since
the relief, particularly slope classes, along with geology, are the
main factors determining the distinct soil classes formed while the
soil map, available on a very small scale, was not consistent with
the observations of soil types occurring in the area.

RESULTS AND DISCUSSION
Airborne Gammaspectrometry

Gammaspectrometry is used to map changes on the concen-
tration of potassium, uranium and thorium. The radiation emit-
ted from the gamma ray reflects the chemical composition of
the overlying rock and soil in relation to radionuclides (Wil-
ford et al., 2001). Therefore, in eroded areas, the abundance of
radioelements reflects the geochemistry and mineralogy of the
rocks whereas in flattened areas the response is modified as a
function of predominant pedogenesis processes.

The maps of K (%) (Fig. 4), eTh (ppm) (Fig. 5) and eU (ppm)
(Fig. 6) were used to interpret the Gamma spectrometry data, as
well as the RGB and CMY combined ternary maps, for K, eTh and
eU, respectively. To evaluate the correlation of gamma ray data
with geology, topography and soil maps was used the Gamma
spectrometry domain compartmentalization map, generated by
the analysis of the RGB and CMY (Fig. 7) ternary maps.

The hypsometric and slope class maps show a quite var-
ied relief with relationships with the geological and pedological
units. In the Niquelandia Mafic-ultramafic Complex, N10E struc-
tural trends are evidenced in these maps by oriented ridges. These
ridges are supported by the presence of chalcedony on top. The
geomorphological flattened feature around the Mafic-ultramafic
Complex is highlighted, except for some areas with slope class
variations where quartzite rocks of the Serra da Mesa Group and
pelitic-carbonate lithologies of the Paranod Group occur (Figs. 8
and 9).
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Figure 5 — Map of thorium channel.

Higher and steeper relief features were mapped in the eastern
and western portions of the Niquelandia Mafic-Ultramafic Com-
plex and in the quartzite unit of the Serra da Mesa Group (Figs. 8
and 9). Slope classes are more varied in the Parana Group area
(Fig. 9).

The 2.5 D (Fig. 10) image of the study area highlights the
N10E ridges and the pseudo-Dome feature of the Niqueléndia

Complex, as described by Latrubesse & Carvalho (2006). In
the adjacent geological units it can be noted geomorphological
variations, as described by Latrubesse & Carvalho (2006), such
as Regional Flattened Surfaces, Receding Erosion Zone, Mounts
and Hills and Folded Structures forming Hogbacks, showing the
influence of the on variation on airborne geophysical domains.
The map of distribution of gamma spectrometry domains
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Figure 6 — Map of the uranium channel.
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Figure 7 — Gamma ray spectrometric domains interpreted from the RGB and CMY ternary images and K (%), eTh and eU (ppm) channels
integrated with the digital terrain model from the SRTM.
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Figure 9 — Map of slope of the study area extracted from the DTM.
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Figure 10 — Gamma spectrometry image associated with

(Fig. 7) shows nineteen individualized domains named from A to
S. Their correlation with geology and slope is shown in Table 2
and are described as follows:

Domain A shows a good spatial correlation of the mapped
area with the ferromagnesian rocks of the Niquelandia Mafic-
Ultramafic Complex, which are poor in the evaluated radionu-
clides. Low levels of radionuclides are typical of mafic and ul-
tramafic rocks (Dickson & Scott, 1997). The terrain is rugged,
with the occurrence of preserved elongated ridges due to the
presence of chalcedony on top of them, thus changing the pe-
dogenic processes and soil classes. The presence of higher val-
leys formed on pyroxenite and marked by hills of dunites (Car-
valho Janior et al., 2004) can be observed in the Ultramafic
Zone Complex. Due to the large geomorphological variation, soil
classes can occur at very different evolution stages, such as
Oxisoils, textutal B horizon soils, Inceptisoils and Entisoils. Mafic
rocks exhibit low concentration of radionuclides due to its min-
eral chemistry (Carvalho, 2006). However, according to Dick-
son & Scott (1997) these rocks have higher concentrations than
those in dunites and peridodites.

Domain B, located in Rio Maranhdo Complex, consists of
granite-gneisses, which represent lithologies with high K, eU and
eTh concentration, arising from their geochemistry and mineral-
ogy (Dickson & Scott, 1997; Ulbrich et al., 2009). On the other
hand, domain D, which is located in the transition between Rio
Maranhdo Complex and Mafic Zone of the Niquelandia Complex,
presents lower K, eU and eTh concentration as a result of the
composition of the basic rocks.

Domain C presents more pronounced pedogenic processes
due to the lowest slope, forming Red Oxisoils rich in iron ox-
ides and hydroxides, with eU and eTh associations, since these
elements when released during weathering tend to be rapidly
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the 2.5 D digital terrain model.

adsorbed on clay minerals and, due to geochemical affinity with
Fe, co-precipitated with iron oxides and hydroxides in the soil
(Wilford et al., 1997).

Domain E presents lower topography and more variation on
eU and eTh concentrations. This may be due to a small slope
variation and more active pedogenic processes in the source rock
(gabbronorite), but can also be explained by its association with
colluvial processes of soils with variable concentration on these
elements. Potassium (K), besides being depleted in the rock, is
leached during the pedogenetic process, since this element has
large mobility in the mineral changing process.

Domain F has high eU and eTh concentration associated to
iron oxides and hydroxides (Wilford et al., 1997) in the schis-
tose rocks of the Serra da Mesa Group and ferruginous laterite-
detritic covering, the latter particularly in the eastern portion of
the complex.

Domain G exhibits low concentration of radionuclides be-
cause its mineralogy is rich in silica due to the presence of
quartzites of the Serra da Mesa Group in very rugged relief. These
quartz-rich rocks can be identified by the low concentration of
radionuclides, an association also used to map sandy soils (Wil-
ford etal., 1997).

Domain H is located at the west end of the Niguelandia Com-
plex associated to the lithologies of the Volcano-Sedimentary
sequence of Indaiandpolis, which is poor in K. The relief with
varying slope, where erosion processes predominate over pedo-
genesis, explains low eU and eTh concentrations.

Domain I shows high concentration of radionuclides, which
are associated to the presence of gneisses and rhyolites from
the Indaiandpolis Volcano-Sedimentary Sequence. On the other
hand, domain L shows spatial correlation with carbonate and
mica-schists, which constitute the Unit B of Serra da Mesa Group.
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Table 2 — Characterization of Gamma spectrometry domains.

Domain Gamma spectrometry Geology Slope
A Extremely low levels K, Niguelandia Mafic- Varies from flat
eU and eTh -Ultramafic Complex to strongly undulated
B Extremely high levels K, Rio Maranhdo Complex Varies from flat
eU and eTh — granite-gneiss to slightly undulated
C High levels of eU Ferruginous lateritic-detritic cover Flat to slightly undulated
and eThand low K and Serra da Mesa Group-shale
D Moderate levels of eTh Rio Maranhdo Complex Flat to undulated
and K and low eU — granite-gneiss
E Moderate to high levels eTh Niquelandia Mafic-Ultramafic Complex Flat to slightly undulated
and eU and low to very low K — Gabbronorite Locally undulated to
strongly undulated
F Showed high to very high for eTh, Serra da Mesa Group-shale Flat to slightly undulated
moderate to high eU and high K and ferruginous lateritic-detritic cover
G eTh low levels and Serra da Mesa Group Strongly undulated
very low K and eU — Quartzite to mountainous
H Low to moderate levels eTh VSS-Indaiancpolis Lower Unit Undulated to
and K and low to very low eU and Serra dos Borges Unit strongly undulated
| Showed high K, eU and VSS Indaiandpolis Flat to slightly undulated
sometimes eTh channel K — Lower and Upper Unit
is higher than the other
J High levels of K and Paranoa Group Undulated to
eTh and moderate eU — Rhythmic Pelite Carbonate strongly undulated
K Very low levels and Ferruginous lateritic-detritic cover Flat to undulated
eTh,Kand eU and VSS Indaiandpolis
— Upper Unit-Rhyolite and shale
L Showed high to very high K, Serra da Mesa Group-shale Flat to slightly undulated
eU and high for eTh and ferruginous lateritic-detritic cover
M Showed high to medium K, Paranoa Group Flat to strongly undulated
eUandeTh — Rhythmic Pelite Carbonate
N High levels of eU and Paranoa Group Undulated to
eTh and average K — Rhythmic Pelite Carbonate strongly undulated
0 High levels for eTh and Paranoa Group Flat to slightly undulated
moderate eU for K — Rhythmic Pelite Carbonate
P High levels of K and moderate Paranoa Group Flat to slightly undulated.
to low eTh and low eU — Rhythmic Pelite Carbonate Occasionally undulated
Q High levels of K and Paranoa Group Flat to slightly undulated
el and moderate eTh — Rhythmic Pelite Carbonate
R High levels of K and Paranoa Group Slightly undulated.
eTh and moderate to high eU — Rhythmic Pelite Carbonate Strongly undulated, locally
S Moderate levels of K and Paranoa Group Undulated to
eThand low el — Rhythmic Pelite-Carbonate Metalimestone strongly undulated

The domains J, M, N, 0, P, @ and R observed in the rocks of
the Pelite-Carbonate Unit of the Paranod Group, show variation on
the concentration of K, eU and eTh. This may be due to changing
slope classes and relief, which cause forming processes of varied

soils or more exposure of the rock.

Domain S, located in the Pelite Carbonate-Metalime unit of
the Paranod Group presents undulated to strongly undulated re-
lief, with larger influence of rocks compared to soils, which are

slightly evolved.

The results from the interpretation of gamma spectrometric
domains were based on K, eU and eTh concentration, related to
the series of factors that resulted from the geochemistry of rocks,
relief type and activity degree of pedogenic processes.

In the weathering processes, the radioelement K is geochem-
ically mobile and leaches in the first stages of mineralogical al-
teration. It is present in feldspar, mica, and clay minerals such as
illite and montmorillonite and, in lower proportions, in kaolinite
(Wilford et al., 1997), and thus, tends to concentrate in young
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soils derived from felsic rocks, such as those constituting the
Rio Maranhdo Complex as well as in gneisses and rhyolites of
the Indaiandpolis Volcano-Sedimentary Sequence. According to
Dickson & Scott (1997), potassium is virtually absent in mafic
minerals, so in areas of mafic and ultramafic rocks the radiomet-
ric levels of this element are low.

On the contrary, eU and eTh are less mobile than K in al-
teration and pedogenesis processes. However, the level of these
elements in soils are dependent on their source material, i.e.,
concentrations are higher when soils derive from granitic rocks,
alkaline igneous rocks, schists and gneisses; and lower, when
soils are formed from basic igneous rocks and carbonate rocks.
Uranium and thorium when released during weathering are ad-
sorbed on clay minerals or co-precipitated with iron oxides and
hydroxides in the soil (Wilford et al., 1997), the latter being con-
centrated in more evolved soils, developed on relief with slope
changing from flat to slightly undulated. This behavior has been
observed in the study area, especially where the cover is detritic-
laterite ferruginous.

Pedogenesis plays an important role on the identification and
distribution of radionuclides on the surface since soil uranium
and thorium content is highly variable. Therefore, a given gamma
spectrometric analysis must take into account the whole physical
context of the study area; not only the geology, but also the relief
and all pedogenic processes that are active on soil formation.

Airborne Magnetometry

Magnetic information was used to differentiate the litho-types
based on the magnetic susceptibility and possible magnetic
features noted on the surface. The analysis of airborne magnetic
data through ASA process resulted the identification and clas-
sification of five magnetic domains (very high, high, moderate,
low and very low intensity). This process contributed for a bet-
ter discrimination of the magnetic signature (Milligan & Gunn,
1997) of the Niquelandia Complex lithology and adjacent geo-
logical units, based on the Analytical Signal Amplitude — ASA.
(Figs. 11 and 12).

In a general context, the magnetic domains (Fig. 12) whose
magnetic field intensity ranged from moderate to very low are as-
sociated to the sedimentary rocks of Paranod and Serra da Mesa
Groups. High to very high magnetic values occur in some por-
tions of the Niguelandia Mafic-Ultramafic Complex, especially in
the Ultramafic Zone and Indaiandpolis Volcano-Sedimentary se-
quence, results achieved by Blum (1999) for the same region
and by Carrino et al. (2007), in the Carajas Mineral Province for
mafic/ultramafic rocks. Magnetic highs were also observed in the
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gastern portion of the studied area, which may have been influ-
enced by iron oxides and hydroxides rich soils. In the eastern por-
tion of the complex an anomalous feature with magnetic high is
associated with Votorantims nickel plant.

Mafic Index

Atter the analysis of the airborne gamma spectrometric and mag-
netic data, the Mafic Index (MI) was calculated combining both,
magnetic and gamma spectrometry data (Fig. 13). This product
allows removal of the influence of iron-rich soils and thus en-
hancing the magnetic signatures caused by the source lithology.
The MI product of the Complex area allowed distinguishing the
magnetic features generated by the source rocks from that pro-
duced by the soils (Fig. 13).

Individualized portions with high Mafic Index (MI), as seen
in Figure 13, correspond to features with higher magnetic field
intensity (magenta and red) associated to the presence of mafic
and ultramafic rocks, which comprise the Lower and Upper Mag-
matic Sequences of the Niqueldndia Mafic-Ultramafic Complex,
most notably the Ultramafic Zone (Fig. 2). The lower MI areas
represent adjacent units (green and yellow) of the Complex cor-
responding to the rocks of Rio Maranhdo Complex, the meta-
volcano-sedimentary sequence of Indaiandpolis and metasedi-
mentary rocks of the Paranod and Serra da Mesa Groups (Fig. 2).
The areas with high magnetic intensity observed in the ASA map
were discarded in the MI, because this is probably caused by
shallow sources such as the iron-rich soils.

Profiles of the Integration of Geophysical,
Lithological and Relief Data
The profile stacking geophysical and hypsometric data associ-
ated with geology allowed an integrated view and was useful to
interpret their relationship. The profiles were generated along an
airborne geophysical control line, with WE direction, transverse
to the trend of the Niquelandia Complex lithologies, located in the
central portion of the study area. The location of the lines where
the profiles have been generated is found in the Analytical Signal
Amplitude map (Fig. 11). Profiles with K, eU and eTh concen-
tration and Anomalous Magnetic Field (AMF) are displayed to-
gether with the lithological units and hypsometric data (Fig. 14).
The evaluation of the profiles shows the influence of lithol-
ogy and topography on the airborne geophysical data, repre-
sented by the hypsometry. The Serra da Mesa Group with quartz
composition shows values ranging from low to very low for ra-
dionuclides and for the AMF, with strongly undulated relief. The
Rio Maranhdo Complex has high K, moderate eTh and eU con-
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Figure 11— Map of the Analytical Signal Amplitude.
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Figure 12 — Magnetic fields generated from the ASA product.

centrations and the relief is flatter. The Indaiandpolis Volcano-
Sedimentary Sequence has high K and eTh, low eU, and flatter re-
lief. The intensity values of the magnetic field were between mod-
erate and low for these two lithological units. In the Niqueléndia
Mafic-Ultramafic Complex, K, eU and eTh concentrations were
very low; however, a slight increase in the concentrations of eTh
was observed. The highest magnetic intensities occurred in the

Superior Mafic and Ultramafic units, where the relief becomes
quite varied. The ferruginous lateritic-detritic covering showed
high eTh and eU, and low K concentrations; moderate to high
magnetic field intensity and flatter relief. The Paranod Group has
high K, moderate eTh and from moderate to low eU. The mag-
netic field intensity varied from moderate to very low on a varying
slope religf.
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Figure 14 — Profiles of the control line of K, eTh, AMF, lithology and relief (W-E direction).
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CONCLUSIONS

The map of gamma spectrometry domains allowed to evaluate
changes in the K, eU and eTh concentration, enabling to differ-
entiate the geological units of the Niquelandia Mafic-ultramafic
Complex; the lithology of the Indaiandpolis Volcano-sedimentary
Sequence; and, the predominantly granite-gneissic and sedi-
mentary lithologies of the Rio Maranhdo Complex, Paranod and
Serra da Mesa Groups. These geological units presented varied
levels of K, eU and eTh as a function of their correlation with the
geology, topography and soil classes, which led to the individu-
alization of nineteen gamma spectrometric domains.

The gamma spectrometric domains compounded by mafic
and ultramafic rocks of the Niquelandia Complex occur predom-
inantly in areas of rugged relief and forming of slightly evolved
soil with low values of K, eU and eTh, showing gamma spec-
trometry response clearly opposed to felsic rock domains, which
are rich in radionuclides, of the Rio Maranhdo Complex, Paranoa
and Serra da Mesa Groups. In areas of smooth terrain, vary-
ing from flat to gently undulate with slopes that characterize the
relief of Niqueldndia Complex. These characteristics are in fa-
vor of forming more evolved soils, where is observed loss of
K and eU and eTh, due to K leaching and concentration of eU
and eTh, associated with iron oxides and hydroxides through the
pedogenic processes.

Gamma spectrometric domains with predominantly pedolog-
ical coverage had higher levels of eU and eTh and lower K, due to
high mobility of the latter and co-precipitation of eU and eTh with
Fe and Al oxides and hydroxides in pedogenenic environment.

Interpreted through the Analytical Signal Amplitude the mag-
netic data were separated into five magnetic domains, associated
to the lithological variability of the studied region. The zones con-
sisting of mafic-ultramafic rocks were highlighted and had high
magnetic values, depending on the predominant ferromagnesian
minerals in their lithologies, especially in units of the Niquelandia
Complex and Indaiandpolis Volcano-Sedimentary Sequence. On
the other hand the zones with predominant granite-gneiss and
sedimentary rocks of Rio Maranhdo Complex, Paranod and Serra
da Mesa Groups had low magnetic values, consistent with the
iron-depleted lithologies of these geological units.

The processing of the gamma ray spectrometric and magnetic
data using the Mafic Index allowed individualizing the Nique-
landia Mafic-Ultramafic Complex from its adjacent geological
units, highlighting, in addition, the ultramafic rocks site. This
result proves the efficiency of the Mafic Index (M) to differenti-
ate the mafic-ultramafic rocks since it eliminates the surface mag-
netic response, that result from altered rocks and soils and em-
phasizes the magnetic response of the underlying rock.

The analyses of the correlation of the airborne geophysical
magnetic and gamma spectrometric data related to the geochem-
ical composition of rocks, topographic features, soil classes and
pedogenic processes, allowed to interpret the variation of geo-
physical data as well as to individualize the Niquelandia Mafic-
Ultramafic Complex from its adjacent geological units.
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