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This study was performed to identify and interpret airborne geophysical responses and landform featu-
res of the Cabeça de Sapo Structure (CSS), a 6 km-diameter circular structure located in northeastern 
Brazil, SW of the Maranhão State, suspected of having been formed by the impact of a solid body. The 
application of processing techniques addressed to enhance the images from the remotely sensed data 
(gamma-ray spectrometry, magnetic, Sentinel 2B and ALOS PALSAR) enabled the identification of two 
airborne geophysical responses (ring-shaped magnetic anomaly and radiometric patterns) and five lan-
dform features ("A", "B", "C","D" and "E"). The ring-shaped magnetic anomaly is related to a 5.4 km-dia-
meter well-defined circular structure and the depth of its magnetic sources is estimated in 300 m. Those 
sources are unknown, but they probably occur due to layers of dolerite sills.  The radiometric patterns 
identified seem to be related to the "A" and "D" landform features. Feature "A" is an elevated area at the 
center of CSS. The radiometric response (high eTh, eU, and low K) at the top of this area possibly reflects 
the weathering effect, while the radiometric response (high K and low eTh, eU) at the hillside is possibly 
from the lithotypes that have supported this elevation. Feature “D” is a 6 km – diameter circular elevated 
area that corresponds to the outer boundary of CSS. This boundary is characterized by increased eU 
counts, which may happen due to weathering-resistant mineral content (e.g. zircon) present in eolian 
sandstones. Features “C” and “E” are outside of CSS. The first is interpreted as plateau-shaped residual 
relief formed by differential erosion of basaltic rocks and sandstones and the second is interpreted as 
a flat-relief dominated by eolian sandstones. This flat-relief may represent the landscape that has not 
been affected by the formation process of CSS, while the affected internal region may be represented by 
feature “B”. The interpretations also have revealed that CSS shows some similarities with typical features 
of impact structures, namely: disruption of the magnetic field by a ring-shaped magnetic anomaly; central 
elevation surrounded by a raised outer rim; local control of drainage and; differences in the relief pattern 
of internal and external parts of the structure. Those similarities reinforce the possibility of an exogenous 
origin of CSS, but new studies are required to confirm or refuse such possibility.

1. Introduction

Impact structures are characterized by a circular form 
and evidence of intense, localized, near-surface structural 
disturbance, and brecciation (Grieve 1987). The most two 
common kinds of impact structures on Earth's surface are: 
simple structures - consisted of a bowl-shaped depression 
with a structurally uplifted ring area and; complex structures 
- characterized by a raised central area surrounded by an 
annular depression, with the outer ring being cut by normal 
faults (Osinski and Pierazzo 2013).

Currently, 190 impact structures have been discovered on 
Earth, 7 of them located in domains of Brazilian intracratonic 

basins (Fig. 1a) and 3 (Serra da Cangalha, Riachão Ring and 
Santa Marta) occur in Parnaíba Basin (PNB) (EID 2019; Crósta 
et al. 2018; Crósta and Vasconcelos 2013; Dietz and French 
1973; Maziviero et al. 2013a; Kenkmann et al. 2011; Oliveira 
et al. 2014). In addition to these, there are other possible 
structures, whose origin by an impact is still suggested, 
such as São Miguel do Tapúio structure (Martins et al. 2016; 
Vasconcelos et al. 2010) and, more recently, Cabeça de Sapo 
structure (CSS). The latter is the focus of this paper.

The CSS is located in northeastern Brazil, 85 km and 130 
km western from the Riachão Ring and Serra da Cangalha 
impact structures, respectively, at SW of the Maranhão State 
(Fig. 1b). Geological mapping studies coordinated by Klein 

https://doi.org/10.29396/jgsb.2020.v3.n2.4
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


98 Silva - JGSB 2020, 3 (2), 97 - 111

and Sousa (2012) identified the CSS and characterized it as 
a circular structure. Subsequently, Brenha (2013) and Oliveira 
(2017) suggested the impact origin of the CSS in their respective 
studies. However, the origin by the impact of the CSS is still 
questionable, because, until now, there is no researches 
have reported definitive evidence of shock metamorphism. 
Furthermore, studies on the interpretation of the main CSS 
structural features based on the analysis of remotely sensed 
images like airborne geophysical and satellite images have not 
been published yet. Such studies are important because, since 
the CSS is located in a remote region of a large sedimentary 

basin, direct observation methods can be difficult, either 
because some features of the structure may be buried and/or 
eroded, or due to difficulties in the logistics of field research. In 
order to mitigate those difficulties, processing techniques can 
be applied to enhance the images collected by remote sensors. 
The interpretation of these highlighted images may reveal new 
insights about the lithology and structure of the CSS, thus 
constituting a guide for further studies in the region, as well 
as proving a wide view of the CSS. Within this context, based 
on digital processing of airborne geophysical data (gamma-
ray spectrometry and magnetic) and satellite images (Sentinel 

FIGURE 1. Location of the study area. a) Impact structures (confirmed and possible) in Brazil. b) Geological map of the survey 
area (square) and its surroundings. c) c) Satellite image of the survey area. The image was acquired by Regular Multispectral 
(MUX) and Panchromatic (PAN) Cameras onboard China-Brazil Earth Resource Satellite (CBERS 04) on 07/07/2019, orbit/point 
158/108. The image is an RGB composition of bands 7, 6, and 5, which have been sharpened with the panchromatic band (band 
01). The dashed lines P01 to P04 correspond to the location of the profiles described in the text. The yellow star corresponds to 
the location of the CSS central area.
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2B and ALOS PALSAR), the present work aimed to interpret 
airborne geophysical responses and landform features on the 
CSS, based on available geological information. From this 
interpretation, some similarities between the CSS and impact 
structures typical features were pointed out. It is believed that 
the results reported here can stimulate the development of new 
researches in the CSS.

2. Geological Setting

The PNB (formerly known as the Maranhão basin) has 
a circular shape, with ca. 600,000 km2, covering part of 
Piauí, Maranhão, Tocantins, Pará, Ceará and Bahia States 
(Góes and Feijó 1994). The basement consists of a complex 
framework that would have resulted from a collision of at 
least three large crustal blocks (Amazonian, Parnaíba, 
and Borborema) during the final consolidation phase of the 
Western Gondwana continent (Soares et al. 2018; Brito Neves 
2002). After the Brasiliano orogenesis, extension processes 
resulting from the thermal contraction of the lithosphere 
reactivated brittle structures along old shear zones associated 
with the Transbrasiliano Lineament, initially forming a set of 
rift-type basins (Jaibaras, Cococi, São Julião, and others) 
that later would have aborted and suffered slow thermal 
subsidence controlled by failures, allowing the deposition 
of ca. 3.5 km of sedimentary rocks (Brito Neves et al. 1984; 
Cunha et al. 2017; Castro et al. 2016; Daly et al. 2014; Oliveira  
and Mohriak, 2003; Pedrosa Jr et al. 2017; Spisila et al. 2014). 
The PNB sedimentary column is divided into five sequences 
(Silurian Sequence or Serra Grande Group, Mesodevonian 
- Eocarboniferous or Canindé Group, Neocarbonifera - 
Eotriassica or Balsas Group, Jurassic Sequences, and 
Cretaceous Sequence) with predominantly siliciclastic rocks, 
occurring subordinately limestone, anhydrite, and silex, in 
addition to diabase and basalts of the Mosquito and Sardinha 
Formations (Góes and Feijó 1994; Vaz et al. 2007).

According to the geological maps published by Lima 
and Leite (1977) and Klein and Sousa (2012) (Fig. 1b), 
the southern portion of the survey area is dominated by 
Neocarboniferous Sequence - Eotriassica eolian sandstones 
(Sambaíba Formation), while in the northern portion there are 
tholeiitic basalt flows (Mosquito Formation) and, over these, 
some Cretaceous Sequence sandstones (Cord Formation) 
occurring locally.

The Sambaíba Formation is composed of reddish, pinkish, 
and whitish, fine- to medium-grained, sub-argillaceous to sub-
reddened eolian sandstones, with abundant cross-bedding, 
deposited in a desert environment with a fluvial contribution 
(Aguiar 1971; Lima and Leite 1977; Vaz et al. 2007). In 
general, the eolian sandstones of Sambaíba Formation have 
low scintillometric values (15 - 25 cps) and low magnetic 
susceptibility (Lima and Leite 1977; Mocitaiba et al. 2017).

The low Ti tholeiitic basalts of Mosquito Formation are 
composed basically of pyroxenes, plagioclases, Fe-Ti oxides, 
volcanic glasses, and vesicles/amygdalae filled with calcite, 
quartz or zeolites (Baski and Archibald 1997; Oliveira et al. 
2018). According to previous studies, the Mosquito Formation 
basalts are aged between 189 - 200 Ma and are correlated 
with the magmatism that resulted in the breaking of the Pangea 
continent (Baski and Archibald 1997; Fodor et al. 1990; Merle 
et al. 2011).  In terms of airborne geophysical responses, the 
Mosquito Formation igneous rocks have generated a low 

gamma-ray spectrometric response and magnetic anomalies of 
60 nT with an elongated shape and rugged appearance (Correia 
2019; Mocitaiba et al. 2017). The basalts are superimposed by 
sandstones (Cordas Formation). Such rocks are red, brown-
reddish, very thin/fine, and medium sandstones, rich in iron 
oxides and zeolites, deposited in desert environments (Aguiar 
1971; Lima and Leite 1977; Vaz et al. 2007).

Both Brenha (2013) and Oliveira (2017) interpreted CSS 
as a complex impact structure, with a central uplifted ring 
(referred here as a central area - CA) and an outer ring with 
6.03 km in diameter cut by normal faults. The authors have also 
identified unusual rocks, such as breccias, melted rocks, and 
pseudotachylite, but the shock metamorphic indicators (e.g. 
shatter cones, planar deformation features, diaplectic glass, 
high - pressure polymorphs) have not been documented. 
Consequently, the absence of these indicators prevents the 
CSS from being recognized as an impact structure, despite 
the morphological and petrological evidence.

3. Methods

The airborne geophysical data and satellite images were 
processed and interpreted to investigate the origin of CSS 
as an impact structure. Both data sets were projected for 
UTM coordinates, zone 23S, and SIRGAS 2000 datum. The 
airborne geophysical data corresponds to the magnetic and 
gamma-ray spectrometry data acquired and pre-processed 
during 2005 and 2006 by the Critical Technologies Application 
Foundation (Atech) and by the University of São Paulo and 
are the domain of the Brazilian National Agency of Petroleum, 
Natural Gas and Biofuels. The flight and ties spacing were 
0.5 km, in the NS direction, and 4 km, in the EW direction, 
respectively. The nominal terrain clearance height was 100 
m. In the pre-processing stage, the following corrections were 
performed: parallax corrections, removal of daytime variation, 
removal of the International Geomagnetic Reference Field 
(IGRF), levelling and micro-levelling for magnetic data and; 
dead time, background removal (aircraft, cosmic and radon), 
height and Compton effect and conversion to elemental 
concentrations for gamma-ray spectrometric data (Marques 
et al. 2006). The post-processing step performed in this study 
basically consisted of interpolating data and enhancement of 
the images using Geosoft’s Oasis MontajTM 9.6 software.

The magnetic data were interpolated by the Bi-directional 
method (125 m cell size), while the gamma-ray spectrometry 
data were interpolated by the inverse distance weighted method 
(125 m cell size and 500 m search radius). The interpolation 
process of geophysics data generated the Anomalous 
Magnetic Field (AMF) and radioelement concentrations (K, 
eTh, and eU) grids. 

To highlight the contrast zones of magnetization, the AMF 
was reduced to the equator (RTE - AMF) and then the Total 
Gradient Amplitude (TGA - RTE - AMF) (Nabighian 1972; Roest 
et al. 1992; Li 2006) and the Total Horizontal Gradient Amplitude 
(THDR - RTE - AMF) (Cordell and Grauch 1985) grids were 
calculated (Fig. 2). Magnetic sources depths estimates were 
obtained using Standard Euler Deconvolution (SED) (Thompson 
1982; Reid et al. 1990). The SED solutions were obtained with 
structural indexes of 0, 1 and 2, window size 20 times the cell 
size, the maximum error of 10% in the depth estimate and a 
flight height of 100 m. The SED solutions were plotted on the 
THDR - RTE - AMF map and are shown in Figure 3.



100 Silva - JGSB 2020, 3 (2), 97 - 111

_

374000 376000 378000 380000 382000 92
04

00
0

92
06

00
0

92
08

00
0

92
10

00
0

92
12

00
0

_

374000 376000 378000 380000 382000 92
04

00
0

92
06

00
0

92
08

00
0

92
10

00
0

92
12

00
0

_

374000 376000 378000 380000 382000 92
04

00
0

92
06

00
0

92
08

00
0

92
10

00
0

92
12

00
0

_

374000 376000 378000 380000 382000 92
04

00
0

92
06

00
0

92
08

00
0

92
10

00
0

92
12

00
0

± ±

± ±

0 2 4 km

a)

d)c)

b)

Possible Central Uplift (PCU)_

FIGURE 2. Airborne magnetic maps. a) Anomalous Magnetic Field (AMF); b) Anomalous Magnetic Field reduced to the Equator 
(RTE); c) Total Gradient Amplitude of the RTE (TGA) and; d) Total Horizontal Derivative of the RTE (THDR).
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The airborne gamma-ray spectrometry information was 
enhanced by calculating radiometric ratios. The procedure 
of ratios is very useful in highlighting subtle variations of 
the radioelements. Besides suppressing effects related 
to the mixture of soil and detector geometry, these ratios 
provide a measurement of relative enrichment between the 
radioelements (IAEA 2003). The chosen radiometric ratios 
were eU/eTh, K/eTh and eU/K. Figure 4 shows the K, eTh, 
and eU concentration maps and the eU/eTh, K/eTh and eU/K 
ratios. These maps were superimposed on a shaded relief 
layer derived from DEM/ALOS PALSAR (see description 
below) with 45% transparency.

All grids derived from the airborne geophysical data 
mentioned above were sampled (125 m spacing) of four 
databases corresponding to the profiles oriented in N - S 
(P01), NW-SE (P02), NE-SW (P03), and E-W (P04) (Fig. 1). 
With the aid of the “Seek data” tool integrated with Oasis 
Montaj software, a DEM derived from the Suttle Radar 
Topography Mission (SRTM) (30 m spatial resolution) was 
also sampled (125 m spacing) of the databases profiles 
aforementioned. The choice of DEM/SRTM topographic 
data, instead of DEM/ALOS PALSAR (described below), was 
due to the ease of the DEM from the Seek Data with the local 

format of the Oasis Montaj software. The profiles P01 - P04 
are shown in Figures 5 and 6.

The satellite images analyzed are from the European Space 
Agency (ESA) Sentinel 2B satellites and a DEM available in a 
product package with images derived from the Phased Array 
type L - band Synthetic Aperture Radar (PALSAR) sensor, 
onboard the Advanced Land Observing Satellite (ALOS).

Sentinel 2B images were collected by the MultiSpectral 
Instrument sensor (MSI) on 08/31/2019, orbit 081, and tile 
23MLN. These images were processed by the Sentinel 
Ground Segment and have been available on the Copernicus 
Open Access Hub platform (ESA 2019). Image processing 
corresponds to the L2A level, which includes radiometric, 
geometric and atmospheric corrections. The bands are 
available with the same spatial resolution (ESA 2015). The 
bands 3, 4, 8A, 11 and 12 with 20 m spatial resolution were 
used. Using the Band Rations tool from L3Harris Geospatial’s 
Envi 5.5 software, three sets of images corresponding to the 
11/8A, 4/3 and 12/11 ratios were produced. These ratios were 
chosen because Van der Meer et al. (2014) used them to 
highlight areas enriched with iron oxides, ferruginous silicates, 
and laterites. However, these ratios were only used to identify 
areas with different shades and textures. The ratios were 

FIGURE 3. THDR map with Standard Euler Deconvolution solutions: a) Solutions with SI = 1; b) Solutions with SI = 2. c) Euler solutions grouped 
by depth intervals.
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combined in R (11/8A), G (4/3), B (12/11) to compose a 3D 
view map (Figures 7 and 8). The 3D view was produced by 
overlapping the RGB image with a surface derived from DEM/
ALOS PALSAR described below.

The ALOS PALSAR product package is a set of radiometric 
terrain corrected (RTC package) SAR's images that are 
processed and made available by the Alaska Satellite Facility's 
Distributed Active Archive Center (ASF 2007). In addition to 
the SAR’s images, the RTC package includes a reprocessed 
DEM with 12.5 m resolution (ASF 2015). The DEM from RTC 
package used was acquired by Vertex - ASF Data Search 
platform, on 12/06/2007, orbital 9933, Path Number 52, Frame 
Number 7040, in Fine Beam Single Polarization mode (ASF 
2007). With the aid of the Surface tool from Esri's ArcMap 
10.6, a shaded relief map was produced considering a light 
source with a 45 ° elevation and a 0 ° azimuth. Similar to the 
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FIGURE 4. Airborne gamma-ray spectrometry maps superimposed on DEM/ALOS PALSAR with 45% transparency. a) Potassium 
concentration (measures% 40K); b) Th equivalent concentration (207Tl measurements); c) Equivalent concentrations of U 
(measures of 214Bi); d) eU/eTh ratio; e) K/eTh ratio; f) eU/K ratio.

Sentinel - 2B images, a 3D visualization of the shaded relief 
was produced by superimposing it with a surface generated 
by DEM/ALOS PALSAR (Figure 8b).

4. Results

From the analysis of airborne geophysical profiles and 
maps and satellite images produced by using the methodology 
described in the previous section, it was possible to identify 
the airborne geophysical responses and landform features 
described below.

The northern portion of the survey area has a magnetic 
pattern with a rough texture, while the center - south portion 
has a gentle magnetic pattern (Figures 2a, 2b). The latter 
is abruptly interrupted by the presence of a ring-shaped 
magnetic anomaly. Analyzing the ring-shaped magnetic 
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FIGURE 5. Profiles P01 and P02 showing the magnetic and gamma-ray spectrometry responses. Upward, downward arrows 
and the sign indicate an increase, a decline or invariance in the curves, respectively. The letter M represents the magnetic 
anomaly.

Central Area
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FIGURE 6. Profiles P03 and P04 showing the magnetic and gamma-ray spectrometry responses. The legend is the same 
as Figure 5.

anomaly in the profiles (Figures 5 and 6), the intensity of the 
magnetic anomaly at profile P01, position 7000 m, is about 
ten times (≈ 200 nT) greater than the intensity of the magnetic 
anomalies along all other profiles. In the 7000 m (P01 and 
P02) and 1400 m (P03) positions, the local maximums on the 
TGA - RTE - AMF curve coincide with local minimums on the 
THDR - RTE - AMF curve and both are surrounded by two 
local maximums on the THDR - RTE - AMF curve. In the other 
positions, however, the peaks of the curves coincide. These 

shapes suggest differences in the geometry of the magnetic 
sources present in these positions (Li 2006; Ferreira et al. 
2010). Taking the average distance between the two maxima 
of the TGA - RTE - AMF in each profile, it is estimated that 
the diameter of the ring-shaped magnetic anomaly is about 
5.4 km. The distribution of SED solutions follows the circular 
shape of the magnetic anomaly (Figure 3). In general, the 
depths of the magnetic source are concentrated in the first 
300 m (Figure 3c). Depths greater than 300 m were observed 
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FIGURE 7. Map showing the RGB composition of the 11/8A, 4/3 and 12/11 ratios. The labeled features are described in the text.

both inside and outside the ring-shaped magnetic anomaly. 
However, such solutions are scattered and have not been 
considered in the interpretation process. The solutions with IS 
= 0 were very scarce and are not presented.

In general, the survey area is characterized by relatively 
low radiometric signals, with concentration mean values of 
0.25%, 3.29 ppm and 0.80 ppm for K, eTh and eU, respectively 
(Figure 4). The eTh and eU concentrations are relatively 
higher than that of K at CSS center (CA). On the surround 
of this center, the opposite occurs: K concentration appears 
to be relatively higher than of eTh and eU concentrations. 
Such observations suggest there are distribution patterns of 
radioelements, which are better observed in profiles.

The analysis of the radioelement concentration and ratios 
curves in the profiles P01 - P04 reveals at least three behavior 
patterns listed in 1, 2 and 3 in Figures 5 and 6. Pattern # 1 is 
characterized by an increase in K concentration in relation to 
eTh and eU concentrations. This relationship is evident in K/
eTh and eU/K ratio curves, with the first showing an increase 
and the last showing a decline. The eU/eTh curve remains 
relatively invariable but at low values. In all profiles, pattern # 
1 occurs on each side of the CA. Regarding to relief, pattern 
# 1 occurs where the topography is steep, mainly in profiles 
P02, P03 and P04. 

Pattern # 2 is characterized by an increase in the eU and 
eTh concentration curve and a decline in K concentration 



106 Silva - JGSB 2020, 3 (2), 97 - 111

FIGURE 8. 3D view of satellite images. a) Figure 7 images seen in 3D. b) Hillshade DEM. The labeled features are described in the text.

curve. The eU/K and K/eTh ratio curves further highlight the 
behavior differences of eU and eTh with K. Again, the eU/eTh 
curve remains relatively invariant at low values. The topography 
seen in pattern # 2 seems to be less inclined than in pattern # 
1, however, the gamma-ray spectrometric responses seen in 
pattern # 2 coincides with the CA and occurs at topographic 
levels up to 400 m. 

Pattern # 3 is complex, as some curves (eTh, K/eTh and 
DEM) exhibit variable behaviors, sometimes increasing, 
declining, or remaining virtually invariant. However, all profiles 
show a rise in the eU concentration curves in pattern # 3. 
Interestingly, in each profile, pattern # 3 occurs at the ends, 
being separated by an average distance of 5.9 km. The K curve 
either declines or remains constant at low levels. Pattern # 3 
is the only one in which the eU/eTh curve shows a significant 
increase, reaching values almost three times those observed 
in patterns # 1 and # 2.

Regarding the result of processing satellite images, one 
may view at least five landform features from the satellite 
images (Figures 7 and 8) named “A”, “B”, “C”, “D”, and “E” 
features. Feature “A” is an elevation with an approximately 
circular shape and tops with topographic elevations of 400 
m slightly above (~ 40 m) the surrounding terrain. The relief 
shapes “B” seem to be a set of elevations in the inner part 
of CSS, located mainly in the western and northern portions. 

In Figure 7, the pink color represents such elevations with a 
rough appearance. Feature “C” is a flat-topped elevation with 
topographic elevations greater than 440 m. Looking at Figure 
8b, the streams in this feature are deflected around the north 
edge of CSS. In Figures 7 and 8a, feature “C” is in dark green 
color. Feature “D” occurs in the SW portion of CSS, which has 
a very steep relief and topographic elevations below 400 m. 
It is interesting to note how feature “D” clearly separates an 
internal region dominated by wavy relief with a rough texture 
(feature “B”) and an external region, characterized by flat and 
smooth texture regions (feature “E”). In Figure 7, feature “B” 
and the western portion of feature E seem to have the same 
coloring, differing only in the textural pattern.

5. Discussion 

The results described in the previous section bring 
out two interesting aspects. The first is the role played by 
enhancement techniques, which were applied to the data. 
The TGA and THDR filters applied on the AMF made the ring-
shaped magnetic anomaly well-defined, while the radiometric 
ratios enhanced the gentle variations of radioelements and 
assisted the recognition of radiometric patterns. Furthermore, 
the relief features have been identified thanks to the range 
expansion of shades obtained by Sentinel – 2B band ratios 
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and the illumination angles of the hillshade DEM ALOS 
PALSAR image. Thus, the use of those techniques enabled the 
extraction of a larger set of information from the data, which, 
otherwise, would not be naturally observable at conventional 
processing. The second aspect is the fact that the findings 
of this study confirm the morphological features identified in 
previous works and reveal new similarities that reinforce the 
suspected origin by impact of CSS.

Among the findings documented here, the ring–shaped 
magnetic anomaly is the most peculiar. This magnetic 
anomaly occurs from the magnetization contrast of magnetic 
sources, which are not seen directly at the surface. Even so, 
it is possible to infer the nature of the magnetic sources based 
on information available in published papers. 

Based on available geological knowledge, basement highs 
may be the source of the ring-shaped magnetic anomaly. 
However, such hypothesis is unlikely to be true, since SED 
calculated solutions suggest the top of the magnetic sources 
located at depths less than 300 m, while the depth of the 
basement top is between 1.5 - 2.5 km (Adepelumi et al. 2005; 
Vasconcelos et al. 2010). In geological maps of the CSS 
region, structures that can assume circular shapes, such as 
intrusive bodies or volcanic cones, have not been mapped. 
Nevertheless, since such maps are in a regional scale, it is 
possible that such structures may be identified at lower scale 
mapping. Alternatively, the circular magnetic anomaly of CSS 
may come from parallel layers of dolerite sills.

When the studied area is observed regionally on a residual 
AMF map (Fig. 9a), the rugged magnetic pattern observed 
north of the CSS is the magnetic response of a basaltic swarm 
(Mosquito Formation), while the smoothed magnetic pattern is 
due to the weak magnetic response of the eolian sandstones 
(Sambaíba Formation) (Mocitaiba et al. 2017). However, 
studies suggest the existence of parallel layers of dolerite sills 
beyond the SE portion of the CSS (Trosdtorf et al. 2018). In 
fact, such sill layers are interpreted in a non-migrated seismic 
section (Ferreira 2013) (Fig. 9b). Although it was not possible 
to make a direct comparison between the depths of these 
sills and the SED solutions in the present study, it is possible 
that the ring-shaped magnetic anomaly sources on CSS may 
occur due to this parallel layer of dolerite sills.

The sub-horizontal dolerite sills can be the causative 
source of the ring-shaped magnetic anomaly, but they do not 
explain the shape of it. The phenomenon that explains this 
shape is unknown, but it is either endogenous or exogenous 
origin. The first case may be exemplified by a less magnetic 
rock (e.g. granitic rock) that intruded the dolerite sill, resulting 
in a circular magnetic anomaly, which is caused by the 
magnetization contrast of intrusive rock/dolerite contact zone 
in the subsurface. The second case may be exemplified 
by the impact of a solid body, which may have removed or 
displaced mafic sills, creating the ring-shaped magnetic 
anomaly similar to Foelsche, Glikson, or Strangways impact 
structures (MacDonald et al. 2005; Haines and Rawling 2002; 
Zumsprekel and Bischoff 2005). Regardless of the CSS 
origin, the magnetic signals from Mosquito Formation basalts 
may have been superimposed to the ring-shaped magnetic 
anomaly, resulting in the complex and intense (≈ 200 nT) 
magnetic anomaly observed northern of CSS at P01 profile. 
On the other hand, less intensity and simpler shapes of the 
magnetic signals (≈ 20 nT) at the southern portion may occur 
exclusively from the sources that have generated the ring-

shaped magnetic anomaly, since the surrounding rocks at 
southern CSS are nonmagnetic.

In spite of the hypothesis of deep sources for the ring-
shaped magnetic anomaly, the other two findings (radiometric 
patters and relief shapes) indicate superficial sources for 
the structure under investigation. In fact, Airborne gamma-
ray spectrometry data provide an estimative of distribution 
of K, Th and U on the surface. This distribution may predict 
lithology or soil compositions. Moreover, this distribution may 
be modified by hydrothermal alteration and/or weathering 
processes (Dickson and Scott 1997). The satellite images 
may be used to identify geomorphological elements (Menezes 
and Almeida 2012) as well as to provide lithology or soil 
composition information by the mineral spectral signatures. 
Since the geomorphological process affects the radioelement 
distribution, a direct relationship between them was already 
expected (Wilford et al. 1997). From the results described 
above, it is possible to correlate the #1 and #2 radiometric 
patterns with the geomorphological compartments from feature 
"A" and radiometric pattern #3 with the geomorphological 
compartments from feature "D".

Feature “A” is an elevated area that coincides with the 
CA. This area has the top characterized by gamma-ray 
spectrometric pattern # 2 (high eTh and eU, low K) and the 
slope characterized by pattern # 1 (high K, low eTh and 
eU). The topographic elevation (~ 400 m) and the relatively 
flat relief at the top of feature “A” favors the weathering 
process, which, in turn, promotes the leaching of K and the 
concentration of eTh and eU. On the other hand, the steep 
slope of feature “A” favors the erosion process, in a way that 
the gamma-ray spectrometric response observed in this 
geomorphological compartment is probably related to fresh 
rock (Wilford et al. 1997). Based on these observations, the 
gamma-ray spectrometric pattern # 2 at the top of feature “A” 
can be interpreted as a derived weathering effect, while the 
pattern # 1 can be interpreted as the radiometric response 
from lithotypes that have supported the CA. It is possible to 
infer these lithotypes differ in their composition from the eolian 
sandstones (Sambaiba Formation), which are composed 
essentially of quartz (Medeiros et al. 2018). 

Radiometric responses have also been reported at central 
uplifts of known impact structures. High eTh and eU values 
observed in the Serra da Cangalha central uplift may occur 
due to a high concentration of zirconium in the shales present 
at the region, while the high K values observed in Riachão 
Ring central uplift are probably related to the phyllosilicate 
cement of Piauí sandstones (Maziviero et al. 2013b apud 
Crósta et al. 2018; Vasconcelos et al. 2012). The central uplifts 
of Serra da Cangalha and Riachão Ring impact craters show 
airborne gamma-ray responses that are distinctive from the 
surrounding terrain as well as feature “A” in CSS. As suggested 
by Brenha (2013) and Oliveira (2017), the relief feature “A” may 
be interpreted as a central uplift, a typical feature of complex 
impact structures (Grieve 1987), but it is also possible that it 
may be the result of differential weathering of an intrusion. 

According to the available geological information, 
Mosquito Formation basalts predominate where landform 
feature “C” occurs, while Sambaíba Formation sandstones are 
predominant where geomorphological landform features “B”, 
“D”, and “E” occur (Aguiar 1971). Feature “C” occurs where the 
regional relief is characterized by plateaus and residual reliefs 
formed by differential erosion of the basaltic and sandstones 
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FIGURE 9. Residual anomalous magnetic field (AMF) map of the central part of the Parnaíba Basin, showing the CSS region on 
a regional scale (a). The residual AMF was obtained by subtracting the original AMF from an AMF continued upwards in 1000 
m. Interpreted seismic line 107 (location in Figure 9a – black dashed line), showing extensive sills embedded in sedimentary 
infill at southeastern CSS (blue circle) (adapted from Ferreira 2013) (b).
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(Lima and Leite 1977). In this way, feature “C” is interpreted 
as the one that makes up the regional relief. It is interesting 
to note how the northern edge of CSS deflects watercourses, 
which come from feature “C”, suggesting CSS exerts local 
control over drainage. 

Since features “B”, “D” and “E” occur in the same lithologic 
domain, they present similar shades in the “Sentinel 2B RGB” 
image. The difference between them lies in the physiographic 
aspect. Feature “B” is internal to CSS, with a wavy relief and 
rough texture, while feature “E” is external to CSS, with a 
flat relief and smooth texture. These differences in textures 
suggest the CSS formation process may have modified the 
relief pattern, so that the features “B” and “E” represents 
the affected and unaffected regions, respectively. The limit 
between these regions is marked by feature “D”. 

Feature “D” is geomorphologically similar to an escarpment 
and corresponds to the south portion of the rim uplifted 
identified by Oliveira (2017). According to the author, this edge 
is supported by sandstones (Sambaíba Formation) cut by 
normal faults. Moreover, this geomorphological compartment 
is relatively coincident with the location of the radiometric 
pattern # 3 (high eU and eU/eTh) and relatively close to the 
location of the of TGA – RTP – AMF peaks. The average 
distance between the highs in the eU profiles seen in pattern 
# 3 (~ 5.9 km) is relatively close to the diameter of CSS (~ 6 
km), but relatively higher than the diameter of the ring-shaped 
magnetic anomaly (~ 5.4 km). If we consider that feature “D” 
is supported by Sambaíba Formation eolian sandstones, then 
it is possible that the maxima in the eU and eU/eTh profiles is 
due to the weathering-resistant mineral content (mainly zircon) 
present in these sandstones (Hollanda et al. 2014). It should 
also be noted that relief shape “D” is very similar to the outer 
ring typical of impact crater or volcanic structures.

The circular aspect, presence of normal faults, elevation 
above terrain surrounding, and correlation with magnetic and 
radiometric signals are characteristics that have been seen at 
typical outer rings of the impact craters. As aforementioned, 
ring-shaped magnetic anomalies from Glikson and CSS 
structures are very similar. The diameters of these anomalies 
are relatively smaller than the rim diameters of the structures.

Additionally, high eTh and eU values on Serra da 
Cangalha rim have been associated with Fe – oxides from 
the laterites, while high K values related to deformed strata 
of Passa Dois Group (siltstone, chert, carbonate, and 
sandstones) mark the outer edge of Araguainha impact crater 
(Crósta et al. 2018; Vasconcelos et al. 2012). On the other 
hand, low radiometric concentrations have been reported 
at sandstones, which supports the outer rings of Riachão 
Ring and Strangways impact structures (Maziviero et al. 
2013a; Zumsprekel and Bischoff 2005). The observations 
above enabled the interpretation of feature “D" as a CSS 
rim, corroborating the exogenous hypothesis origin of CSS. 
However, the endogenous hypothesis origin of CSS cannot 
be rejected, because feature “D” is also very similar to a 
volcanic structure.

From the discussion above, it is possible to observe that 
CSS shows some similarities with typical features of impact 
structures. Such similarities are: disruption of the magnetic 
field by a ring-shaped magnetic anomaly; the presence of 
central elevation surrounded by a raised outer rim; the local 
control of drainage and differences in the relief pattern 
observed in the internal and external parts of CSS. These 

resemblances reinforce the belief of the CSS origin by impact. 
However, since these same similarities would result from an 
endogenous process (e.g. intrusion following by differential 
weathering), new studies aimed that identifying microscopic 
and macroscopic characteristics of shock metamorphism are 
extremely important to confirm or refuse such belief. 

6. Conclusion

The results presented here, as well as the discussion 
presented in the previous section, allow us to conclude that the 
present work has reached its objective regarding the identification 
of airborne geophysical responses and derived remotely 
sensed data relief shapes of CSS. The processing techniques 
used to enhance the images proved to be adequate and eased 
the recognition of two airborne geophysical responses (ring-
shaped magnetic anomaly and radiometric patterns) and five 
relief shapes ("A", "B", "C "," D "and" E "). The 5.4 km diameter 
ring-shaped magnetic anomaly is well defined and the top of its 
magnetic sources is about 300 m deep. The causative body of 
the magnetic anomaly is unknown, but it is possible that it is due 
to the circular arrangement of dolerite sill layers.

The radiometric patterns identified seemed to be related 
to the "A" and "D" landform features. The radiometric pattern 
#2 (high eTh and eU, low K) possibly reflects the weathering 
action on the top of feature “A”, while radiometric patterns 
#1 (high K, low eTh and eU) and #3 (increments in the eU 
curves) would come from lithotypes that have supported 
“A” and “D” features, respectively. The average distance 
between the increases in the eU curve seen in pattern # 3 
(~ 5.9 km) in each profile is relatively close to the diameter 
of the CSS (~ 6 km); therefore, this pattern may be used as 
a tool to aid mapping the diameter of the CSS. Features 
“C” and “E” are outside of CSS. The first is interpreted as 
a residual relief and the second is interpreted as a flat-relief 
that is physiographically different from landform observed 
within CSS (feature “B”).

Finally, the disruption of the magnetic field by a ring-
shaped magnetic anomaly, the presence of central elevation 
surrounded by a raised outer rim, the local control of drainage 
and the differences in the relief pattern observed in the internal 
and external parts of CSS are elements that reinforce the 
belief of impact origin of CSS. Therefore, new studies aimed 
at identifying microscopic and macroscopic characteristics of 
shock metamorphism are extremely important to confirm or 
refuse such supposition.
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