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Abstract

Article Information

This study was carried out in order to understand the airborne geophysical signatures observed in
the Jalapao region, Urucuia Basin, eastern Tocantins state. Airborne geophysical data (magnetic and
gamma-ray spectrometry) and satellite images (Advanced Spaceborne Thermal Emission and Reflection
Radiometer — ASTER) were processed and interpreted. | It was possible to characterize the main
geomorphological units of the Jalap&o region (residual landforms and dissected surfaces). The residual
landforms (e.g., Serra do Espirito Santo and Occidental Bahiano Plateau) have high concentrations of
equivalent U (eU) and equivalent Th (eTh), and low K concentrations. ASTER image analysis suggests
that these concentrations can be correlated with the products of chemical weathering (Fe oxides, clay,
and weathering-resistant opaque minerals and other accessories). The dissected surfaces (mainly
Jalapao Surface), however, is deficient in these radioelements, probably due to the quartz-rich nature
of the related soils. Furthermore, the Jalapdo Surface is practically non-magnetic, whereas residual
landforms exhibit magnetic signals of low amplitude and high frequency, and are of unknown origin.
The results suggest that the sources of these magnetic anomalies are shallow (= 270 m) and could be
associated with ferrimagnetic minerals present in the alteration zone and/or in the ferruginous cements
of the Serra das Araras Formation sandstones. The depth to basement in the region of this basin
(1.44 km) rules out the possibility that the magnetic sources could be related to residual landforms.
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1. Introduction

Weathering and erosion are exogenous processes that
act in the evolution of a landscape and in the development
of relief on the earth’s surface (Turkington et al. 2005). Such
processes have contributed to a number of human activities,
such as the mineral industry or the geotourism sector - the
latter through the formation of relief forms of scenic beauty.

The Brazilian territory exhibits a wide variety of relief
forms of outstanding natural beauty (Vieira et al. 2015). Major
examples are the Chapadas dos Guimaraes, Veadeiros, and
the tablelands around the city of Diamantina. In the eastern part
of Tocantins State in northern Brazil, the Jalap&o region has
developed into a tourist hub of great potential (ICMBio 2013).

The Jalapéo region (Figure 1) denotes a part of the cliffs,
rivers, and tributaries of the Tocantins-Araguaia watershed
in Tocantins State. The name “Jalap&o” is derived from one
of the most common plants in the Cerrado, Jalapa, which is

found in the region (NATURATINS 2003). The effects of the
alternating dry (May to September) and humid (October to
April) seasons on the region’s lithologies have resulted in the
receding escarpments of the Serra Geral and Chapada das
Mangabeiras, since the Cretaceous. Thus, the geomorphology
of this region is testimony for the regional natural history, in the
form of diverse residual landforms (Benvindo 2009; Dutra et
al. 2008; Morais and Cristo 2015; NATURATINS 2003).

In regional airborne geophysical anomaly maps, the Jalapao
region is seen with smooth magnetic relief and a low intensity
radiometric pattern (Correa 2019a, 2019b) (Fig.1a and 1b). Such
responses are a direct reflection of the limited lithological variability
in this region, with rocks mostly composed of sandstones of the
Urucuia Group. However, more detailed analysis leads to the
recognition of some high-frequency magnetic anomalies that
contrast with regional patterns (Silva and Alves 2021) (Figs. 1c
and 1d). Such anomalies seem to be closely linked to residual
landforms, but so far the possible correspondence between these

This work is licensed under a Creative Commons Attribution 4.0 Internacional License.

ISSN: 2595-1939
https://doi.org/10.29396/jgsb.2022.v5.n3.4
Open access at jgsb.cprm.gov.br



mailto:adolfo.barbosa@sgb.gov.br
https://doi.org/10.29396/jgsb.2022.v5.n3.4
https://jgsb.cprm.gov.br/index.php/journal
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1845-6172
https://orcid.org/0000-0002-2159-2274

206

Silva and Alves - JGSB 2022, vol 5, n 3, 205 - 220

features has not been addressed yet. Moreover, the residual
landforms are also noted on radiometric images (Figs. 1a and 1c),
but the relation between gamma-ray and residual landforms in the
Jalapéo region is still unknown.

Understanding the origin of these contrasting responses
may provide clues to the genesis of residual landforms
and explain geophysical anomalies in the region. We have
processed and interpreted data from several remote sensors
(magnetic, gamma-ray spectrometry, and ASTER satellite
imagery) with the aim to characterize the geomorphological
units of the Jalapao region and discuss their possible origin.

2. Geologic Setting
The study area is located in the northern part of the Late

Cretaceous Urucuia Basin (UB) (also known as Espigéo
Mestre), a large sedimentary basin with approximately 790 km

- length and 170 km- width located at western edge of the Sao
Francisco Craton, in central-northern Brazil (Fig. 2). The UB
is a subsystem of the northern portion of the Sanfranciscana
Basin, which is predominantly filled by sandstones of the
Urucuia Group (Campos and Dardenne 1997a).

The UB depression is believed to have formed during the
transition from the rift to post-rift transitional phase of the
Atlantic Ocean during the Late Cretaceous. At this stage,
intraplate stresses would have induced additional subsidence
in a preexisting flexural basin at the western edge of the Séo
Francisco Craton, thus enabling the deposition of Urucuia
Group fluvial-eolian sandstones on top of eolian Areado Group
sandstones (Chang et al. 1992; Sgarbi et al. 2001; Spigolon
and Alvarenga 2002). Structurally, the southern limit of the UB
is marked by the Paracatu High (PH) and the northern limit by
the S&o Francisco Arch (SFA) (Campos and Dardenne 1997a;
Sgarbi et al. 2001) (compare Fig. 2).
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FIGURE 1 — Airborne geophysical maps". Brasil 's radiometric (a) and magnetic (b) maps. Modified from Correa (2019a, 2019b).
Tocantins States’ radiometric (c) and magnetic maps (d). Modified from Silva and Alves (2021). The highlighted area on each map
denotes the Jalapao region. The white arrows indicate the residual landforms.
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FIGURE 2 — Simplified regional geological map of the Urucuia Basin (UB) showing its location in relation to the Sdo Francisco
Craton (SFC) and the survey area. SFA — Séo Francisco Arch. PH — Paracatu High. Federative units of Brazil: Bahia (BA);
Tocantins (TO); Minas Gerais (MG); Piaui (Pl); Maranhdo (MA). Source of Geographic Information System (GIS) files: Servico

Geolégico do Brasil - CPRM (2021).

The Urucuia Group is comprises a sandstone successions
that is divided into the Posse and Serra das Araras Formations
(Fig. 3). The Posse formation is subdivided into two Facies:
Facies 1 - composed of sandstones with a predominance of
quartz and limited proportions of chert, feldspar, polycrystalline
quartz, zircon, and tourmaline, and epidote; Facies 2 -
composed of feldspathic sandstones and quartz sandstones
with epidote, zircon, tourmaline, and opaques as accessory
minerals. The Serra das Araras formation is composed of
quartz sandstones, conglomerates, and claystones, with a
predominance of quartz grains, and subordinate tourmaline
and zircon. Although cementation by silica and iron oxides
occurs widely in both formations, it is so intense within the
sandstones of the Serra das Araras Formation that the rock
loses its primary characteristics and resembles a chert
(silexite) (Campos and Dardenne 1997b; Sgarbi et al. 2001;
Spigolon and Alvarenga 2002).

In the study region, the Urucuia Group is overlain
sandstones, siltstones, shales and conglomerates of the
Neocarboniferous — Eotriassic Sequence (Balsas Group) of
Parnaiba Basin (Morais and Cristo 2015; Vaz et al. 2007). The
upper and lower portions of this sandstone package show
whitish and reddish colors due to cementation by silica and
iron oxides, respectively (Cristo et al. 2013; Morais and Cristo

2015). This cementation has provided greater cohesion to
the sandstones, making them more resistant to exogenous
degradation, so that differential erosion resulted in a scenario
where the geomorphological compartments is represented
basically by dissected surfaces and residual landforms
(Mendes 2008) (Fig. 4).

The residual landforms are represented by buttes, mesas,
pinnacles, and plateaus, with sloping scarps and flat tops
which soils are mainly composed of laterites (Fig. 4). These
landforms are located at topographic levels between 770
and 798 m altitudes and are supported by sandstones. The
desagregation these sandstones have driven the deposition
of sediments into dissected surfaces. These surfaces
are represented by Jalapdo and Ponte Alta do Tocantins
Surfaces (Fig. 4). They occur at below 500 m altitude, are
flat, and their soils are basically comprises of Quartzarenic
Neosols. Besides well-known tourist attractions related
geomorphological features (ICMBio 2013), the Jalapao’s
region has also attracted the attention of researchers in the
hydrogeology and paleosaoil fields.

Hydrogeology researchers have highlighted the role of
the Jalapdo residual hills as main interfluves of two of the
main Brazilian hydrographic watersheds (Tocantins and Séo
Francisco) (Villela and Nogueira 2011). Moreover, the Jalap&o
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residual hills are also recharge zones for the Urucuia Aquifer
System which has been the subject of several geophysical
studies (Bonfim and Gomes 2004; Gaspar et al. 2012; Kiang
and Silva 2015; Tschiedel 2004; Amorim Junior and Lima 2007;
Gongalves et al. 2020). Gaspar (2006) carried out two vertical
electrical soundings (VES’s) with the electromagnetic method
in the time domain to estimate the thickness of the Urucuia
Group (Fig. 4). According to this geoelectric model, layers with
higher resistivities (15,000 — 60,000 Q) and interfaces at 270
m are attributed to the Urucuia Group sandstones, whereas
resistivity between 8,000 and 24,000 Q at an interface at 1.4
km depth is attributed to basement rocks.

Regarding paleo soil research, Bueno (2012) identified
two paleo soil profiles in the Serra das Araras Formation, one
of which is located at the top of the Serra do Espirito Santo
(Fig. 4). According to this author, red and unconsolidated
deposits, some of which are ferrugenous, with many nodular
ferricrete occurrences also occur at the top of the Serra do
Espirito Santo. In such outcrops, argillaceous materials are
also present.

3. Methodology
3.1 ASTER satellite image processing

The satellite images used are derived from Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) sensor which comprises three radiometers that
capture solar radiation reflected and emitted by the Earth’s
surface in three sections of the electromagnetic spectrum:
visible and near infrared (Visible and Near — Infrared Region
— VNIR); short wave infrared (Short Wave Infrared Region —
SWIR), and Thermal Infrared Region (TIR) (Fujisada 1998).
These wavelength regions are divided into 14 spectral bands:
1 to 3 (VNIR); 4 to 9 (SWIR), and 10 to 14 (TIR). The spatial
resolutions for the bands are 15 m (VNIR), 30 m (SWIR) and
90 m (TIR). All bands have eight-bit radiometric resolution. For
this study only the bands from the VNIR and SWIR subsystems
were used.

The scenes used were generated on 1 June 2001 with
cloud coverage below 3% (Product Id: AST_L1T_00303022
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Conglomeratic sandstones with well-rounded quartzite pebbles. Aeolian sand grain
become common to the top.

Red silicified sandstones, polymodal with rare tangential and tabular cross bedding.

Red, silicified siltstones with floating spherical quartz grains and yellowish lithic
fragments near the base. There is horizontal decoupling, marking a plane-parallel

Fine, massive, red, silicified sandstones.
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FIGURE 3 — Simplified stratigraphic column of the Urucuia Group based on field studies by Bueno (2012) and lithological
descriptions by Campos and Dardenne (1997a). Modified from Bueno (2012).
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001133959_20150116101825_52811 and AST_L1T_00306
022001133950_2015041601824_52757). The images were
pre-processed by the Land Processes Distributed Active
Archive Center (LP DAAC) team and then made available
on the USGS Earth Explorer platform (LP DAAC 2020). The
image processing level is L1T, which includes radiometric,
geometric, cross-talking, terrain accuracy, and north rotation
corrections. The scene data contain the radiance calibrated
in the sensor, with the values stored in the form of digital
numbers (LP DAAC 2020).

The ASTER L1T images were downloaded from the Earth
Explorer platform and imported into the L3Harris Geospatial
ENVI5.5 software (Fig. 5). The digital numbers were converted
to radiance values calibrated in the sensor and, later, the VNIR
and SWIR bands were atmospherically corrected using the
Quick Atmospheric Correction (QUAC) module (ENVI 2009).

The VNIR bands were resampled to 30 m resolution and
combined with the SWIR bands in a multi-band raster. The
VNIR-SWIR layer raster was used to produce colored RGB
compositions and spectral profile charts. For both products,
we chose to present the results only for the Serra do Espirito
area because the main spectral features highlighted more
important geological features.

The RGB color composite of individual (B6, B3 and
B1) bands and band ratios (B4/B3, B2/B1 and BG6/B4)
were produced after applying the Decorrelation Stretch
transformation (Kalinowski and Oliver 2004). These
compositions were chosen because they are useful in the
recognition of soils derived from weathering (Deller 2006).
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FIGURE 5 — Flowchart for the processing of ASTER sensor images.

The compositions were superimposed onto a shaded relief
map (obtained as explained in the next section) and later
organized into maps in the Geographic Information System
(GIS) environment.

During processing, areas with different shades within the
Serra do Espirito Santo regions were identified on the RGB
maps. To investigate these areas in more detail, five points
(ES01 — ES05) were selected to extract spectral profiles from
pixels. ES04 and ESO05 points coincide with the paleo soil
location profileidentified by Bueno (2012) and with Jalapao dune
deposits described by Morais and Cristo (2015), respectively.
To facilitate the visualization of the absorption features, the
reflectance of the VNIR — SWIR layer was transformed from 0
to 1 by applying a Continuum curve (Clark and Roush 1984).
Then, the reflectance with continuum removal values of the
pixels located at the points were extracted and organized in
a chart.

3.2 Airborne geophysical data processing

The airborne geophysical data used here were acquired
and pre-processed in 2005 and 2006. The data were made
available by the National Agency of Petroleum, Natural Gas
and Biofuels (ANP). The flight and ties line spacings were
0.5 km in the NS direction and 4 km in the EW direction,
respectively (Marques et al. 2006). In the pre-processing
stage, the following corrections were applied: parallax, removal
of diurnal variation, removal of the International Geomagnetic
Reference Field (IGRF), leveling and micro-leveling for the
magnetic data, and dead time, background removal (aircraft,
cosmic and atmospheric radon), height, Compton Effect, and
conversion to elemental concentrations for the gamma-ray
spectrometric data.

In the post-processing step shown in the flowchart of
Figure 6, the software Oasis Montaj 9.8.1 from Seequent was
used to obtain grids of the Anomalous Magnetic Field (AMF)
and the radioelement concentrations (K, eTh and eU) through
interpolation (125 m cell size) of the airborne geophysical data
by the Bi-Directional and Inverse Distance Weighted (IDW)
methods, respectively.

The concentration grids were imported into the GIS
environment, where they were organized into maps. The
concentration grids are also used to produce an RGB
composite color map with K in the red band, eTh in the green
band, and eU in the blue band. These radiometric maps were
superimposed onto a shaded relief map, which was calculated
from a 30 m resolution digital terrain model (DEM) derived
from the Shuttle Radar Topography Mission (SRTM). The
shaded relief topography was calculated considering a light
source with an elevation and azimuth of 45°.

During the magnetic data processing stage, there was a
need to perform the regional-residual separation of the AMF
to highlight the high-frequency magnetic anomalies. This task
was performed through the analysis of the Radially Averaged
Power Spectrum (RAPS) and Gaussian filtering.

According to the methodology proposed by Spector and
Grant (1970), the AMF of a given area can be considered the
result of the superposition of various magnetic anomalies
generated by sets of prismatic bodies arranged side by
side. Based on this approximation, it is possible to calculate
the RAPS for all prismatic bodies and identify the different
contributions of the magnetic signal due to different ensembles
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FIGURE 6 — Flowchart for the processing of airborne geophysical data.

(set of magnetic sources) (Spector and Grant 1970). As
average depth of the ensemble strongly influences the RAPS
curve, a change in this parameter modifies the RAPS decay
rate curve.

For a theoretical magnetic source with infinite depth, RAPS
decay rate approximates a straight line, whose slope is directly
proportional to the average depth of the ensemble. In the case
of real data, the magnetic signal is composed of many sources
at different depths; even so, a simple linear regression can
be fit at different intervals of the RAPS decay curve. The
wavelength separating the straight regression lines can be

used to separate the regional and residual components of the
AMF, whereas the slope of the lines can be used to estimate
the average depth of the identified ensemble.

Using the MAGMAP tool integrated in the Oasis Montaj
software, this study calculated the RAPS curve from the
results of the Fast Fourier Transform on the AMF grid. From
the analysis of this curve, it was possible to identify three
magnetic sources in the ensemble, called S1, S2 and S3 (Fig.
7). Table 1 presents the parameters of this linear regression
model, as well as the depths estimated from the angular
coefficients.

In order to enhance the magnetic signals from shallow
sources (S3), a Residual Anomalous Magnetic Field
grid (RES - AMF) was obtained from the application of a
residual Gaussian filter with a wavenumber of 0.53 rads/
km (equivalent to the wavelength of ca. 1880 m) over the
original AMF grid. Then, the Total Gradient Amplitude
(TGA) (also known as Analytical Signal Amplitude) (Roest
et al. 1992; Li 2006) was calculated from the RES — AMF
grid. Similarly, the magnetic grids were organized into
maps in a GIS environment.

In order to better evaluate the airborne geophysical
responses and their respective associations with residual
landforms, the radiometric (K, eTh and eU), magnetic (AMF,
RES — AMF and TGA), and DEM data were sampled with the
same spacing (125 m) for a profile A — A’ shown in Fig. 4.
This profile also includes other depth estimates derived from
the Standard Euler Deconvolution Solution (SEDS) method
described below.

The magnetic anomaly depth information can also be
gained from the SEDS. RAPS and SEDS estimate the
depth of magnetic sources independently of the magnetic
susceptibility contrast (Li 2003). However, whereas RAPS
graphical analysis provides an average depth for a given
magnetic source ensemble without spatial location, each
SEDS is represented by the coordinates of each anomalous
magnetic source (X, y and z) (Barbosa and Silva 2005).

Inthe SEDS approach, each magnetic anomaly is assumed
to have simple ideal geometries according to its structural index

Ln(<E>)

"Meo@ N\ ®

0.50 1.00

1.50 2.00 2.50 3.00 3.50 4.00
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FIGURE 7 — Radially Averaged Power Spectrum (RAPS) plot derived from the AMF of the investigated area.
The straight lines in black, red and blue correspond to simple linear regressions fit to the decay curves
at ensembles S1, S2 and S3, respectively. The vertical dotted line corresponds to the wavenumber that

separates sources S1 and S2 from source S3.
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TABLE 1: Linear fitting parameters for the identified magnetic sources

TABLE 2: Input parameters for the application of the EUDEP program.

Ensemble Coeff. o R? G (il R
1 4n)}

S1 - 85.931 0.90 6.83

2 18144 0.99 1.44

3 -3.455 0.98 0.27

(n)- This index corresponds to the rate at which the magnetic
signal decays with source—sensor distance (Barbosa and
Silva 2005). For simple geometries such as a straight contact,
vertical dike or sill, vertical or horizontal cylinder, or sphere,
the value of n assumes 0, 1, 2, and 3, respectively (Barbosa
and Silva 2005; Reid et al. 1990; Thompson 1982). Once n
and the size of the datas” moving window are defined, the
SEDS are calculated by linear inversion (Li 2003).

In this work, the RES — AMF values sampled along the
A — A’ profile were imported into the EUDEP program by
Durrheim and Cooper (1998) to calculate the SEDS. In the
settings of this program, the inclination, declination, and
total field of the geomagnetic field were obtained through
the magnetic calculator available on the website of National
Center for Environmental Information (NCEI) of the National
Oceanic and Atmospheric Administration (NOAA) (NCEI
2021). This calculator uses the Enhanced Magnetic Model
2017 to calculate the geomagnetic components for a given
date, location and elevation. For the purpose of this study,
the approximate acquisition date for this airborne geophysical
survey (06/01/2006) and the location of the town of Mateiros,
which average elevation of 550 m, were considered. The other
parameters are shown in Table 2.

4. Results
Analysis of the maps obtained in this study reveals that

the residual landforms have different airborne geophysical
and spectral character from the surrounding terrain (Jalapao

Parameters Values
Total Field 24516.4 nT
Declination -21.0636°
Inclination -16.1052°
Profile inclination 140°
Flight height 100 m
Structural Index 1.00
Window size 1875 m
XIY Separation 125 m
Maximum depth 3500 m

Surface). Residual landforms are well distinguished in the
RES — AMF and TGA images, but not on the AMF image (Figs.
8 and 9). This demonstrates that the filtering process was
adequate to separate high and low frequency components. The
effectiveness of the filter can also be observed when comparing
the AMF and RES — AMF curves in profile A — A’ (Fig. 10).

In this profile a good correlation between the topographic
profile of the residual landforms and the TGA curve is noted
as well. Based on the TGA curve, it is possible to characterize
the Jalapdo Surface as essentially non-magnetic. Residual
landforms also have a weak magnetic signal, but there is a
good positive correlation between TGA > 0.004 nT/m and the
edges of these landforms (Fig. 10).

The depth estimates of magnetic sources obtained by
the SEDS method show that the aforementioned TGA values
coincide with mainly shallow depths (< 400 m). In contrast,
magnetic source depths for the surrounding terrain vary
between 600 and 1000 m. Regarding the depths estimated by
the RAPS analysis, the estimate of average depth ensemble
S3 (~ 0.27 km) is similar to values obtained by vertical
electromagnetic soundings (VES) (270 m) for the Urucuia
Group. The values for the depths to basement estimated by
VES (~ 1.4 km) and for ensemble S2 (1.44 km) are also in
agreement with each other, but it was not possible to compare
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FIGURE 8 — Magnetic maps. a) Anomalous Magnetic Field (AMF). b) Residual Anomalous Magnetic Field (RES — AMF).
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the depth to ensemble S1 (~ 6.83 km) with other studies
carried out in the region.

Residual landforms can also be separated from Jalapao
Surface based on airborne gamma-spectrometry signatures
(Fig. 11). The Jalap&o Surface is visibly depleted in K, eTh
and eU, being represented by vast dark areas in Figure 11d.
However, small areas with reddish hues, with concentrations
of up t0 0.6 % K, occur over the eastern portion of the Serra do
Espirito Santo, mainly along the main river (Ribeirdo Brejao),
and around the towns of Mateiros and S&ao Félix do Tocantins
(Fig. 11a and 11d).

The residual landforms are characterized by high eU (> 3
ppm) and eTh (> 20 ppm) and low K (< 0.20%) concentrations,
resulting in a strong cyan hue in the RGB map (Fig. 11d).
Profile analysis shows that K concentration values greater
than 0.2 % seem to be more frequent on the top of mesas
and plateaus, mainly over the Serra da Bocaina and Serra do
Espirito Santo (Fig. 10).

Figure 12 shows the RGB composite color for ASTER
sensor images (individual bands and ratios) and Figure 13
the spectral profile from extracted pixels based on the ES01
to ES05 points. To facilitate the process of interpretation and
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discussion of results, a description of the shades of the areas
represented by the ESO1 - ES05 and the main absorption
features observed at these points are summarized in Table
3. For example, areas represented by the ES01 point are
depicted in olive green (RGB individual bands) and aqua
green (RGB ratios) tones, and the main absorption features
occur at 0.66 ym and in the range from 2.17 to 2.21 um. The
same is observed for ES02 to ES05.

5. Discussion

The geomorphological units of the Jalapdo region
are covered by lateritic and quartzose — sandy soils,
respectively. Considering that the signals captured by the
gamma-spectrometric and ASTER sensors derive from

surface materials (< 1 m depth), it is likely that the signals of
these sensors are related to the composition of these types
of soils.

It is known that the chemical weathering process tends
to favor the concentration of Th and U, either due to the
incorporation of these elements in Fe oxides or due to their
concentration in weathering-resistant minerals such as
zircon and tourmaline (e.g., Reinhardt and Hermann 2018;
Wilford and Minty 2007). On the other hand, K tends to be
leached and transported to the lower areas of a region, such
as along the margins of drainage channels. As the Urucuia
Group sandstones contain lower proportions of zircon and
tourmaline and, taking into account the presence of ferricrete
in outcrops mapped by Bueno (2012) at the Serra do Espirito
Santo, the high concentrations of eTh and eU observed on the

320000 330000 320000 330000
(=) o O o
o o O o
o o O o
o PO O¢ PO
0 n n
[ 2] 0 o (2]
0 0 o0 0
JES03 JES03

o o O o
o o O o
o o O o
o PO O« PO
< < <« <
b g b

JES02 JES02

JES05 JES0i JES05 B0
o o O o
o o O o
o o O o
O« PO O« =)
P 2 9 P
© E‘SO4 © ESO4 ©

320000 330000 320000 330000

a) B6 b) B4/B3
0 2 4km
B3 B1 — B2/B1 B6/B4

FIGURE 12 — RGB composite color pattern for ASTER sensor images. a) Individual bands (B6, B3, and B1). b) Ratios (B4/B3, B2/B1, and B6/B4).

ES01 — ESO05 are locations on the spectral profiles.
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FIGURE 13 — Spectral profiles of pixels located in the Serra do Espirito Santo and in its surroundings. The dashed vertical

lines indicate the absorption features described in Table 3.

TABLE 3: Summary of main characteristics observed in the ASTER sensor images over the areas represented by ES01 and ES05 points.
Points Main absorption features (um) RGB individual bands RGB band ratios
ESO1 0.66 € 2.17 — 2.21 Olive green Aqua green
ES02 0.66e2.17 —2.21 Brown/ light brown Orange
ESO03 217 -2.21 Reddish brown Cyan/light blue
ES04 0.66e2.17 —2.21 Brown/dark brown Grayish brown
ES05 1.66e 217 -2.21 Cyan Lemon green

residual landforms can be related to the occurrence of these
accessory materials.

The low radioelements concentration on the Jalapao
Surface can be explained by the presence of sediments
derived from source rock (sandstone), weathering materials,
and/or soils components. It has not been possible yet to
interpret the reason for the K concentration observed in the
eastern portions of residual landforms, near Mateiros and
Séo Félix do Tocantins. Although such concentrations could
be caused by alluvial deposits containing K-bearing minerals
(Bierwirth 1996; Pickup and Marks 2000), we do not have
sufficient information to explain these elevated K occurrences
and, consequently, why they occur only in the eastern portions
of residual landforms.

Thorium and U adsorbed on phyllosilicate minerals, such
as illite, montmorillonite or kaolinite, may also contribute to the

increase in the equivalent concentrations of these elements
at the top of residual landforms (Megumi and Mamuro 1977;
Taylor et al. 2002; Wilford and Minty 2007). And the presence
of argillaceous materials could also explain the increase
in K concentration at the top of the ridges compared to the
surrounding terrain, as K can also be adsorbed on clays or by
Cationic Exchange Capacity (Mello et al. 2021; Sparks 1987;
Wilford and Minty 2007). This is corroborated by the results of
the RGB composite color analysis and the spectral profiles of
the ASTER sensor bands (Figures 12 and 13).

The possibility to infer the presence of clay minerals
through multispectral images is because many clay bear
hydroxyl (OH) which produce absorption features in SWIR
region (Hunt 1977). The iron oxide can be inferred by
absorption features associated to Fe in VNIR region (Cloutis
1996; Goetz and Rowan 1981). In the context of weathered
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rock studies, it is hope that association between clay minerals
and iron oxides can generate absorption features as VNIR well
as SWIR regions. Furthermore, for weathered rock, hematite,
goethite and kaolinite are the largest minerals that occur in
sufficient quantities can be distinguished in remote sensing
(Deller 2006).

Kaolinite has an absorption feature around 2.2 ym (Hunt
1979). In the RGB image of individual bands (B6, B3, and B1)
and ratios (B4/B3, B2/B1, and B6/B4), kaolinite-rich zones
are seen in shades of light blue (or cyan) and light green,
respectively (Deller 2006). Bearing in mind such properties of
kaolinite and considering the results of Table 3, the absorption
features in the region between 2.17 — 2.21 ym identified in the
profiles ES01 - ES05 can be interpreted as evidence for the
presence of clay minerals, mainly, kaolinite. As ES01, ES02,
ES03, and ES04 points occur at the top of Serra do Espirito
Santo, and then it is possible that clay materials could be one
of the sources of K concentrations. This fact is consistent with
the observations of Bueno (2012) who had already described
that the outcrops at ES04 point were more argillaceous than
the other materials of the Urucuia Group. Unfortunately, it
was not possible to know exactly which clay minerals are rich
in K. However, it is known that the presence of micas and
vermiculites in kaolinites can increase the affinity it for K+
(Sparks 1987). Therefore, we suggest that the K concentration
seen on the residual landforms may be related to kaolinite, as
well as other clay components.

Another interesting aspect is the intensity of the absorption
feature at 2.21 ym along the spectral profiles. This value
increases from the points located at the top (ES01, ES02
and ESO03), to the point located in the surrounding (ES05), of
Serra do Espirito Santo. The increase in absorption intensity
towards the Jalap&do dunes (ES05) suggests that OH-bearing
mineral particles tend to accumulate at the base of Serra do
Espirito Santo. This in fact occurs because the Jalap&do dunes
result from the disaggregation and deposition of sediments
from the sandstones of Serra do Espirito Santo (Morais and
Cristo 2015; Cristo and Robaina 2016).

The more intense absorption feature at ES05 point may
explain why only the areas at this point present a pattern of
shades expected for zones rich in kaolinite according to the
RGB composite color, as proposed by Deller (2006). The
patterns in the other profiles suggest the presence of other
minerals besides kaolinite. For the ES01, ES02 and ES04
profiles, the reflectance with continuum removal curves
indicate that Fe oxides/hydroxides, mainly hematite and
goethite could be proportionally higher than at the kaolinite
enriched top of Serra do Espirito Santo.

Hematite and goethite have their diagnostic features
related to Fe3+ which, in turn, is characterized by diagnostic
features in the regions close to 0.6 and 0.9 ym (Bishop 2019).
In the RGB compositions proposed by Deller (2006) for the
ASTER images, zones rich in hematite/goethite, such as
ferricretes, are seen in brown/dark reddish brown (individual
bands) and orange (ratios) tones.

The ES01, ES02 and ES04 spectral profiles show a strong
absorption feature at 0.66 ym. The presence of ferruginous
materials at ES04 point mapped by Bueno (2012) supports
the hypothesis that this absorption feature is related to the
Fe3+ content present in oxides/hydroxides at the top of Serra
do Espirito Santo. Note that, although the ES01 reflectance
curve has a similar behavior to the ES02 and ES04 profiles,

the shade pattern of the former (green — olive/light green) is
different from that of the latter two (brown/light brown/dark
brown). This difference may be due to mixing of spectral
signals from different minerals.

Special mention should be made of the ES03 spectral profile.
It presents a reflectance with continuum removal curve similar
to those for ES01, ES02 and ES04, but differs from them by the
absence of an absorption feature at 0.66 um. It also differs from
the profile for ES05, as the latter has an absorption feature at
1.66 um. The shade pattern at ES03 also differs from those at
ES01, ES02, ES04, and ES05, in terms of RGB composite colors
(individual and ratio bands). These observations suggest that the
Fe oxide/hydroxide content is lower in the areas represented by
ES03 when compared to ES01, ES02 and ES04, but the clay
content could be similar. The clay content at ES03 is probably
lower than that at ES05, as this point has the highest absorption
feature at 2.17 — 2.21 ym.

At least two possible explanations for the situation at
ES03 can be suggested: i) The spectral responses and
shade patterns at ES03 result from a mixture of clay minerals
and Fe oxides that is different from what is observed in the
other profiles. ii) In addition to clay minerals and Fe oxides,
it is possible that another mineral species could be present
at ESO03. It is recommended to carry out field research in
the region to evaluate these possibilities. It has not been
possible so far to interpret the absorption feature at 1.66 um
that occurs only in the spectral profile at ES05. It is possible
that this feature is related to the water content present in the
atmosphere, since the region between 1.4 and 1.9 uym is
obscured due to atmospheric absorption, mainly due to the
presence of features produced by vibrations derived from the
rotation of water and carbon dioxide molecules (Hunt 1979).

Inagreement with findings on radiometric maps and ASTER
images, the respective residual landforms and dissected
surfaces can be distinguished on magnetic maps as well.
However, it should be noted that while the products derived
from gamma-spectrometry and ASTER sensors are related
to surface processes, magnetic data provide information on
subsurface magnetic susceptibility contrasts.

The presence of hematite/goethite may be related to
the eTh and eU concentrations, but this may not explain the
magnetic anomalies associated with the residual landforms,
as both hematite and goethite are only weakly magnetic (e.g.,
Clark 1997; Dauth 1997). In lateritic soils, the main magnetic
minerals are magnetite and maghemite (Singer et al. 1996;
Mullins 1997). It is possible that magnetite/maghemite
contribute to the magnetic signals associated with residual
landforms. However, aerial surveys with a nominal flight
height of 100 m generally do not provide sufficient resolution
to identify the magnetic signal contributions from the alteration
mantle (Dauth 1997). Furthermore, our depth estimates for the
magnetic sources over the study region suggest that they are
located at considerable depth.

SEDS estimates demonstrate that the sources of magnetic
anomalies associated with residual landforms are located at
depths up to 400 m. As the greatest magnetization contrasts
are located at the edges of the residual landforms, where the
magnetic sources are best represented by contact zones, such
solutions may be quite imprecise, as they should be calculated
with n = 0 and not with n = 1 (Reid and Thurston 2014). The
software for SEDS calculation does not perform calculations
for n = 0. On the other hand, depth values less than 400 m
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have also been observed based on VES analysis in the
Occidental Bahiano Plateau (Gaspar 2006). The agreement
between the depth values obtained by VES (= 270 m) and the
average depth of the S3 magnetic source ensemble (= 0.27
km) suggests that the sources of the magnetic anomalies
associated with the residual landforms must be positioned into
the lower Urucuia Group.

Although the base of the Urucuia Group (Posse Formation)
contains ferruginous cementation, this is more intense in the
Serra das Araras Formation. If we consider that the sources
of magnetic anomalies associated with residual landforms are
located at average depths of = 270 m and that the difference
in elevation of the top of residual landforms and the floor of
dissected surfaces (Jalapao Surface) is between 270 m and
298 m, then the sources of these magnetic anomalies coincide
with the Fe oxide-rich layers of the lower portion of the Serra
das Araras Formation mentioned by Cristo et al. (2013) and
Morais and Cristo (2015). The presence of ferrimagnetic
minerals, however, is not mentioned in previous works, so it
is not known if such minerals are present and if they occur
in sufficient quantities to generate aerial magnetic anomalies.

Finally, the results allow us to rule out the possibility of
basement structures as sources of magnetic anomalies
associated with residual landforms, as the basement depth of
the basin is estimated at = 1.44 km, both by the depth estimate
given by RAPS and by VES analysis. The average depth
of the S1 ensemble (=6.83 km) is associated with regional
magnetic anomalies. We assume that the magnetic signal
of this ensemble is due to the magnetic contrast of large-
scale structures, such as the Alto do Sao Francisco and/or
Transbrasiliano Lineament System, but, as it is not possible to
know the spatial location of the sources based on the RAPS,
this question remains unresolved.

6. Conclusions

This study was carried out to contribute to the
understanding of the origin of airborne geophysical responses
in the Jalapao region. Based on the interpretation of remotely
sensed data, it was possible to characterize the main Jalapao
geomorphological units and successfully point out probable
sources of the geophysical responses. The gamma-ray
signals likely derive from the soil cover on geomorphological
units. Low-amplitude, high-frequency magnetic signals over
residual landforms can be explained by the possible presence
of ferrimagnetic minerals or of an alteration mantle (magnetite/
maghemite), or ferruginous cements at the base of the Serra
das Araras Formation sandstones. Although the real nature of
the magnetic sources of these signals remains unknown, the
results presented here allow us to state that the depth of such
sources is shallow and that it is unlikely that they are related
to the basement for which depth estimates of = 1.44 km were
obtained.
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