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Cococi Basin is a small Eopaleozoic syneclise that is overlying basement rocks of the Neoproterozoic Central
Ceara Domain of the Borborema Province, northeastern Brazil. Its origin is associated with the final stages of the
Brasiliano orogenic cycle (600 My). The Basin classified as rift type has its basement constituted by rocks of the
Canindé Unit and the crosshead complex and delimited by Senador Pompeu and Taud shear zones. Three
geophysical cross-sections were created using aero-magnetometric and field gravimetric data, aiming to outline
the litho-structural underground features of the Basin. We have used the following methods for processing and
interpreting geophysical data: minimum curvature, analytic signal amplitude, Euler deconvolution, and 2D modeling.
The obtained depth solutions were interpreted and combined with geological data to generate geological models
featuring the limits and depth of the Basin, its internal main structures, and its lithological variations. The
developed geophysical-based geological modeling unravels the yet unknown geological features of the Cococi
Basin, which corroborates with geological field observations, surface mapping and the results of previous

investigations.

1. Introduction

The (CB) was formed by an Eopaleozoic syneclise located between
the Central Ceara and Rio Grande do Norte Domains, within the Bor-
borema Province, northeast Brazil (Fig. 1). According to Parente et al.
(2004), this regional structure classifies as a rift type Basin, which has its
origin associated with re-activation movements of the Taud shear zone
and Senador Pompeu shear zone, in a system that progressively evolved
from a compressive to a (extensional) tectonic regime.

At the western part of the Borborema Province, several other Basins
such as Jaibaras (Pedrosa et al., 2015), Catolé (Parente and Arthaud,
1995), Carnaubinha and Sao Bento and Iara (Parente et al., 2004) were
originated by similar processes. Most of these Basins and their base-
ments nearby host important copper occurrences that have been the
objective of the study of exploration companies since the 1970's.
Defining the major structures associated with these Basins and their
basement is essential to identify possible fluid conducts and regions
which are more prone to host copper mineralization.

A variety of geophysical methods are frequently used to map the
interior of the Earth and infer the structure of the lithosphere. Potential
methods, such as gravimetry and magnetometry, are suitable for
studying paleo-continental rift settings, where the main structural fea-
tures occur at the subsurface within the upper 10 km of the Earth’s crust.
In such context, gravity and magnetic data could be successfully applied
to infer the horst-graben geometry of the Basins, estimate fracture
density variations, as well as to detect magmatic rocks and ore occur-
rences (Soares, 2011), (Castro et al., 2012), (Pedrosa et al., 2015) and
(Oliveira et al., 2018).

In this paper, we present a tectonic analysis of the CB based on bi-
dimensional gravimetric models and aeromagnetic data.

2. Geological setting
The Cococi Basin originated during the ultimate stage of the

Brasiliano/Pan-African orogeny that led to West Gondwana amalgam-
ation between 660 and 570 My. At the end of the orogeny, the collisional
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Fig. 1. a) Location of the Cococi Basin in the NE Brazil; b) Simplified map of the Borborema province adapted from Pedrosa Jr et al. (2015) with its tectonic domains
(DMC: Médio Coreau — DCC: Ceara Central - DRGN: Rio Grande do Norte — DZT: Zona Transversal —- DM: Meridional) and main shear zones (SPSZ II: Sobral-Pedro II —
TSZ: Taua — SPSZ: Senador Pompeu - JSZ: Jaguaribe — PJCSZ: Pucui-Joao Camara — PeSZ: Pernambuco); ¢) Simplified geologic map of Cococi Basin (Cavalcante
et al., 2003).
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Fig. 2. (a) Polimitic conglomerate. (b) ripple marks on sandstone (¢) Rhythmic shales. (d) Limestone showing fracture with basalt injection and calcite veins.

process twisted from frontal to oblique, generating regional scale dextral
shear zones (Arthaud, 2007). Later, the region became dominated by a
post-collisional extensional stress regime, which led to the development
of several rift Basins through the reactivation of the late-collisional shear
zones. Situated at the western portion of the Borborema Province, the
Cococi rift is bounded at north and south by the E-W trending shear
zones. Its western portion is partially covered by the Silurian sedimen-
tary rocks of the Serra Grande Group (Parnaiba Basin).

Including its covered part, the Basin extends for about 67 km in E-W
direction and is approximately 20 km wide. The Cococi Basin is mainly
composed of molasse sedimentary rocks, which discordantly overlie the
Pre-Cambrian basement and are affected by half-graben structures
(Gomes et al., 2000).

The Basin’s stratigraphy is divided into two distinguished periods
(Vasconcelos and Gomes, 1998): 1) The Ediacaran — Cambrian period,
represented by Angico Torto and Cococi Formations; 2) The Cambrian —
Ordovician period, represented by the Melancia Formation and the
synchronous bimodal vulcanism. The basal Angico Torto Formation
outcrops at the northern border of the Basin and is composed of arkosean
conglomerates (Fig. 2a) with fine-grained sandstones showing ripple
marks (Fig. 2b) with siltstones intercalations towards the top. The
Cococi Formation overlies the Angico Torto Formation and is dominated
by shales, claystones and calcareous siltstones; The top sedimentary
sequence is represented by the Melancia Formation, which is mainly
composed of conglomerates and sedimentary breccias, with local in-
tercalations of fine-grained sandstones, siltstones and rhythmites within
the upper portion (Fig. 2¢). According to Gomes et al. (2000), the three
formations within the Cococi Basin correspond to an alluvial fan envi-
ronment. However, besides the sedimentary rocks described as the for-
mations, synchronous vulcanic associations occurred with the evolution
of the Basin. The latter consists of rhyolites and green polymitic volca-
niclastics rocks mitic in the northern limit of the Basin, bodies of basalts
in the form of dikes, and extensive sills also occur in the southern border.
In addition, it was observed basalt dikes injected in the limestone
Fig. 2d) were also found, showing synchronism between sedimentation
and vulcanism.

The Cococi rift divides the alkali granitic association of the Neo-
proterozoic Itaporanga suite into the two parts, which appear bordering

the Basin at the south and the north. The underlying and surrounding
Precambrian basement is partially composed by igneous derived
gneisses and migmatites of the Archean Cruzeta Complex (2.7 Gy)
outcropping to the west (Fetter et al., 2000; Martins et al., 2009), and by
the metapelitic sequences encompassed by the Neoproterozoic Ceara
Group (750-650 My) (Arthaud, 2007).

3. Geophysical data
3.1. Aeromagnetic data

The aeromagnetic data were supplied by the Brazilian Geological
Survey (CPRM), which carried out the acquisition during the Borda
Leste da Bacia do Maranhao aerogeophysical project in 1979 (Fig. 4).
Flight lines were executed in N30°W direction and at 500 m height with
a 2 km spacing; whereas control lines were oriented N60°E and spaced
20 km. Aeromagnetic data were processed according to the following
routine: i) data interpolation in a 500 m spaced regular grid through the
Bigrid method (Billings and Richards, 2000); ii) micro-leveling with
directional cosine filter to eliminate the high-frequency background
noise produced by the aircraft during acquisition; iii) filtering residual
and regional responses to enhance the magnetic anomalies of superficial
sources within the upper crust; iv) centering anomalies with their
respective sources; v) 1st order vertical derivative and tilt both used to
enhance shallow sources, mainly linear structural, and vi) analytical
signal amplitude, which objective is to improve the sources of high
frequency, helping with the interpretation of magnetic domains.

3.2. Gravimetric data

Field gravimetric data acquisition was carried out along main and
secondary roads, following an N-S trend, perpendicular to the main
geological structures. A total of 190 measuring stations were distributed
in three sections, S1, S2, and S3, with an approximate extension of 30
km each. Spacing between stations was to 0.5 km within the sedimen-
tary Cococi Basin to assure a good resolution within the Basin, and 1 km
for the granitic rocks of the intrusive suite, and 2 km for the para-
metamorphic rocks. The Bouguer anomaly computed and calculated
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Fig. 3. Radially averaged power spectrum of magnetic data of the study area
with the estimate cutoff wavelength 2.5 km.

using standard corrections for latitude, elevation, topography, instru-
mental drift and tidal influence were performed. The best-fitting
regional surfaces for the observed anomaly data were determined by
least squares (1st order polynomial), and then, used for calculating the
residual anomaly. The resulting residual component of the gravimetric
field is defined between —6 and 3.5 mGal.

It was applied semi-automatic source-detection methods to assist the
analysis and interpretations of the geophysical data to be processed.
Therefore, curvature was applied to magnetic data, analytic signal and
Euler deconvolution were applied to both magnetic and gravimetric data,
and 2D modeling was done exclusively using gravimetric data.

4. Data processing methods
4.1. Curvature

Phillips et al. (2007) showed that potential field anomalies could be
transformed in special functions that exhibit peaks or a variety of ridges
that are isolated from the sources and their values are related to the
depth of such sources. The direction and depth of the source is computed
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through the auto values and auto vectors of a regular grid, which is
obtained with a quadratic matrix. In this work, it was used the auto
values and auto vectors estimation method through the horizontal
gradient magnitude (Hgm, Cordell and Grauch, 1985) to identify linear
structures from magnetic data. In addition to determining the location
and amplitude of the anomaly crest, the quadratic-surface approach
provides the strike of the source and the ‘most negative’ curvature of the
quadratic surface, which is used to estimate the source depth.

4.2. Regional and residual anomalies

The power spectrum of the magnetic signal was generated in order to
separate spectrally shallow and deep sources causative of the magnetic
anomaly. The regional and residual components of the magnetic field
were separated by a regional-residual separation filter based on the
Gaussian distribution of magnetic sources according to the wave-
number. The filter is a mathematical operator that acts as a low-pass or
high-pass of frequencies within a selected band based on the wavelength
represented in the power spectrum as wavenumber (Fig. 3). The
Gaussian function standard deviation of 0.4 rad/km representing a
cutoff wavelength of approximately 2.5 km was used to separate the
sources regional and residual anomalies.

4.3. Analytic signal

According to Blakely (1996), the analytic signal amplitude is formed
through the combination of the vertical and horizontal gradients of the
anomalous magnetic field (AMF). This method depends on the position
of the bodies but not on the direction of their magnetization (this
parameter is only considered when performing magnetic anisotropy
studies) and has been used by Nabighian (1972, 1974) to estimate the
depth and position of the sources in two-dimensional bodies. Regarding
the plausible behavior of the solution clouds, the investigation window
size has been set in 1200 m.

According to Blakely (1996) the magnitude of the analytic signal is
independent of the direction of magnetization for the two-dimensional
case, and this can similarly be shown to be true for the
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Fig. 4. Location map of the “Borda Leste da Bacia do Maranhao” aerogeophysical project (right) and the Digital Elevation Model (DEM) indicating the gravimetric
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Fig. 5. a) Anomalous magnetic field map; b) Analytic signal amplitude map; c) first-order derivative map with identification of the magnetic domains; d) tilt de-
rivative map and TSZ - Taua shear zone and SPSZ — Senador Pompeu shear zone. CDI - Canindé Domain I; CDII — Canindé Domain II; CZD - Cruzeta Domain; AD —
Arneiroz Domain; SID — Intrusive Suites Domain; OD — Orés Domain; RJD — Rio Juca Domain.

three-dimensional case. Proposes Nabighian (1972), Roest et al. (1992),
Macleod et al. (1993a, b) the use of 3-D analytic signal calculated from
the total magnetic field as a practical alternative to reduction to the pole
from low magnetic latitudes. In fact, this technique has merit at all
magnetic latitudes, but the benefits are most apparent near the magnetic
equator.

4.4. Tilt derivative

Many authors have suggested the use of directional and vertical
derivatives to delimit causative sources in potential methods (Hood and
Teskey, 1989; Roest et al., 1992) and Cordel and Grauch (1985) suggest
using the full horizontal gradient. However, if the source is super-
imposed or several sources in its surroundings, the estimation through
these methods will be compromised as well as the deep sources present
low values and smaller gradients, it will not become noticeable, because
it is the amplitude of the gradient that will be taken into consideration.

According to Miller and Singh (1994), the tilt angle overcomes this
problem by dealing with the ratio of the vertical derivative to the hor-
izontal gradient. Since both will be smaller for deeper sources, the ratio
will still be large when over the source, pass through zero over, or near,
the edge where the vertical derivative is zero and the horizontal gradient
is a maximum, and will be negative outside the body where the vertical
derivative is negative. By expressing this as a tilt angle rather than a
ratio, it will always be in the range —90° < TILT< 90°. The tilt angle will
be relatively insensitive to the depth of the source and should resolve
shallow and deep sources equally as well and to enable us to separate out
the magnetic domains’ directions (Fig. 5).

4.5. Euler deconvolution

The Euler deconvolution method is applied to both gravimetric and
magnetometric data to obtain estimates of causative source location in

depth (Doo et al., 2007). Although this technique is not based on a
geological model, the elemental magnetic distributions should be
interpreted regarding geological elements such as faults, plutons, dikes,
or necks. These aspects, discussed by Hood and Teskey (1989), are
expressed in equation (1):

(xfxo)g—i-l-(y—yo)%f-i-zo%: — NAT(x,y) (@)
where x,y, zodefine the position of the magnetic source, represented by
the anomalous magnetic field (7), x, y, zdefine the detection position
and Nis the magnetic force decay rate, which is related to the distance to
the source and considered as the structural index. Based on Keating
(1998), an N value of 0.5 has been adopted as it is adequate for esti-
mating the source’s geometry, highlighting contacts and comparing
results with the local geological features. Regarding the plausible
behavior of the solution clouds, the investigation window size has been
set in 1250 m.

4.6. 2D modeling

In this work, it was used gravimetric modeling in GM-SYS (GM-SYS,
2004) software of the Oasis Montaj, based on the algorithm proposed by
Won and Bevis (1987), which is based on the methods of Talwani et al.
(1959) and Talwani and Heirtzler (1964). With this methodology, a
geophysical model is created and its theoretical response (either mag-
netic or gravimetric) is calculated; therefore, the model is adjusted
intuitively until the answer matches the surveying results. The gravity
modeling consists of iterative methods or automated techniques, using
data inversion procedures. The procedure estimates the depth of one or
more interfaces that separate the geological medium according to den-
sity. The direct modeling compares and adjusts the calculated to the
observed gravity values, determined by density contrasts and source
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geometry. It considers that the gravity field is additive, i.e., the total
field is the sum of the gravitational effects of the sources present in the
region, from the surface to the upper mantle (Castro, 2005).

Density values were obtained from the literature (Blakely, 1996;
Telford et al., 1990; Castro et al., 2002; Castro, 2011 and Pedrosa et al.,
2015) and estimated through adjustment between the observed and the
calculated curves, whereas the depth values were estimated from the
solutions provided by analytical signal amplitude, curvature, and Euler
deconvolution.

The 2D geological modelling was focused on determining the
configuration of the shallower crustal levels that were estimated from
previous regional studies, emphasizing the Cococi rift heterogeneity, as
well as major lithostratigraphic units in the border region between
Parnaiba Basin and Cococi Basin. The initial models were created based
on surface geology data (Cavalcante et al., 2003), the 3D curvature, 2D
analytic signal, and Euler deconvolution.

5. Results
5.1. Magnetic data

The anomalous magnetic field (Fig. 5a) has anomaly values with
amplitudes ranging from —363.5 nT to 165.8 nT. The smallest values
(—363.5 nT to 9.0 nT) are located below the Senador Pompeu shear
zone, comprising the Rio Grande do Norte Domain, which is composed
predominantly by gneiss. On the other hand, the highest values (9.0 nT
to 165.8 nT) are located above the Senador Pompeu shear zone,
belonging to the Ceard Central Domain, which has dikes and a pre-
dominance of basic rocks. The high amplitudes that are present in the
Parnaiba Basin portion are related to the underneath extension of the
Ceara Central and Rio Grande do Norte Domains, as well as partially the
Cococi Basin.

The set of maps developed from magnetic data (Fig. 5a-d) was used
to extract magnetic lineaments and to differentiate seven magnetic do-
mains, which are shown separately in the vertical derivative map
(Fig. 5¢). Domain delimitation was defined by recognizing areas with
magnetic anomalies of similar dimensions and orientations, based in
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Fig. 7. Regional (a) and residual (b) magnetic maps derived from power spectrum analysis (Fig. 3). TSZ - Taua shear zone, SPSZ - Senador Pompeu shear zone.

direction lineament show tilt derivative (Fig. 5d) and minima curvature
(Fig. 9¢). Futhermore, rose diagrams have been produced for domain
comparison and to analyze each domain individually (Fig. 6). Generally,
there is a preferential NE orientation all domains, but some E-W and
WNW trends become evident in the southernmost Orés domain. These
are attributed to the effects of the Orés-Jaguaribe sigmoidal shear zone.
The seven domains with their outstanding characteristics are listed
below. The magnetic lineament A’, displayed in Fig. 5S¢, is oriented in NE
direction, is coincident with barite occurrences and was referred to
Cococi lineament by CPRM (1979).

The magnetic lineaments extracted from the map of the tilt signal
inclination (Fig. 5d) show persistent longitudinal extensions and trends
that average a NE direction. The shear zones, which controlled the
opening of the Cococi Basin, become evident in certain locations,
especially at the limits of the Basin, where various late reactivations
associated with volcanic breccia and pyroclastic rocks were observed.
Intrabasinal anomalies evidence small amplitudes and become
enhanced in the vertical derivative and tilt derivative maps (Fig. 5c and
d), showing consistent NE orientation with other lineaments. These
features could be associated with the reactivation kinematics of the
major regional shear zones.

The Cococi Lineament was defined by CPRM (1979) as the limit of
between two grabens within the Cococi Basin, which were differentiated
based on the characteristics of the sedimentary rocks. These included,
fracture direction analysis, maturity, and post-sedimentation tectonic
structures. The difference between the directions of the fractures is
subtle since the eastern graben of the Cococi lineament presents pre-
dominant N37°W direction, and the western graben presents N50°W
direction. CPRM (1979) highlighted that the constituent sediments of
the eastern graben are less immature when compared to the western
graben, their sedimentary layers are less disturbed in their compart-
ments, and the fractures are longer in the longitudinal direction often
showing signs of shear movement in greater evidence than in the
western graben.

The regional magnetic anomalies display long-wavelength (>2.5
km), ranging from —96.6 nT to 27 nT, from west to east (Fig. 7a). This
continuous increase of the magnetic anomaly can be explained by the
intrusion of the Parnaiba Basin in Ceara Central Domain, influencing the
framework of the Cococi Basin. The residual magnetic anomaly map
(Fig. 7b) is represented by medium to long-wavelength (>2.5 km)
negative and positive anomalies, the difference of anomaly, ranging
from —22.9 nT to 19 nT, is in the amplitude of the magnetic signal, while
the direction is predominantly NE-SW.

5.2. Magnetic domains

1 - Canindé Domain I: Situated to the northwest of the Basin and
elongated in ENE direction, it shows anomalies with a mean ampli-
tude of 60.47 nT. The preferential orientation of magnetic linea-
ments is N62°E, and dominant lithologies are metaplutonic and
metasedimetary rocks of the Canindé Unit of the Ceara Group.

2 - Canindé Domain II: Located in the north part of the area, this
domain has magnetic amplitudes that reach 124.20 nT within the
anomalous field (Fig. 5a), suggesting the presence of a swarm of
volcanic dikes intruded in the Neoproterozoic metamorphic Canindé
Unit. Source depths range between 300 and 500 m depth estimates
based on minimal curvature (Fig. 9a) and the magnetic lineaments
have a mean N54°E trend, showing some smooth inflections due to
the presence of the regional shear zones.

3 - Cruzeta Domain: Occupying the northeastern portion of the area,
this domain extends in NE direction and has moderate amplitude
values, with a maximum of 72.38 nT (Fig. 5a). These values may
respond to intense tectonic-metamorphic migmatization and
reworking processes that occurred in this zone, which may have
produced a magnetic homogenization of the rocks. Magnetic linea-
ments are oriented towards the N44°E.

4 - Arneiroz Domain: Constitutes an area located to the south of the
CB, which includes a belt of very low amplitudes with a mean
calculated value of —10.07 nT (Fig. 5a), probably related to the high
volume of quartzites present in the zone. The preferential orientation
of magnetic lineaments is N51°E, with shallow depths ranging from
300 to depth estimates based on minimal curvature (Fig. 9a). How-
ever, in the sector occupied by the Parnaiba Basin, there is an overlap
in the Arneiroz domain, which is more depth.

5- Intrusive Suites Domain: This southeastern domain holds the larger
anomalies with a maximum of 149 nT corresponding to the sye-
nogranitic to granitic Neoproterozoic intrusive suites. The magmatic
lineaments strike N53°E.

6 - Oros Domain: Covering the southern portion of the area, this
domain shows low magnetism in general, with a mean value of —18
nT. Lineament orientation prevalence is N44°E; nevertheless, sig-
nificant divergences to E-W and NW-SE could be noticed and are
attributed to the sigmoidal behavior of the Orés Group mega-
structure (Santos Filho et al., 2015). Similarly to the Arneiroz
Domain, it corresponds to the sector that is covered by sedimentary
rocks of the Serra Grande Group of the Paranaiba Basin

7 - Rio Juca Domain: Located at the Cococi Basin, this domain shows a
smooth texture in the magnetic maps reflecting anomalies of short
amplitude with a mean value of —2.92 nT; this presents shallow
sources because it is nearby Parnaiba Basin. The lineaments follow
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the regional trend (N44°E) and are related to fractures affecting the
basement and the sedimentary rocks of the Juca Group. The linea-
ments identified within the Cococi Basin were originated during its
formation in response to the reactivation of the regional shear zones.
Moreover, some reactivations that correlate Parnaiba Basin events
were recognized (Godoy, 2010), with some of them hosting Fe-Cu
mineralization and barite occurrences (Santos Filho et al., 2015).

5.3. Gravimetry

The limits between lithologies are evidenced by their density con-
trasts, facilitating the correlation of gravimetric and magnetic anomalies

magnetic. Lithological boundaries correlated with gravimetric anoma-
lies are used in all profiles, mainly the rift boundaries, which are evi-
denced by the gravimetric lows corresponding to Senador Pompeu and
Taua shear zones.

Anomalies within the Cococi Basin have small amplitudes as they are
related to low-density rocks, and 2D modeling confirms that the Basin
has a semi-graben structure. In section S1 (Fig. 8a), the limits of the
Cococi Basin are well defined, whereas the Parnaiba Basin influence can
be noted to the south, where the gravimetric effects of elevated base-
ment portions tend to elevate the gravimetric values. Section S2 (Fig. 8b)
crosscuts the Cococi Basin, including the Cococi lineament. Neverthe-
less, this structure does not show any magnetic or gravimetric anomaly



F.F.B.S. Filho et al.

9300000

Depth
(m)
® >900
® 700-900
® 500 - 700
© 300-500 g
<30 8
g
8
8

Journal of South American Earth Sciences 106 (2021) 102903

350000

Legend

® Canindé Domain |
e Canindé Domain Il
® Cruzeta Domain Il
Ameiroz Domain Il
© Intrusive Suites Domain
@ Oros Domain
Rio Juca Domain

Fig. 9. a) Curvature solutions with depth estimates for lineaments and contacts; b) Extracted magnetic lineaments separated in seven domains according to their

directions. TSZ — Taua shear zone and SPSZ — Senador Pompeu shear zone.

s _ Parnaiba Basin g Cococi Basin Canindé Unit « N
0.0 -
a) ‘ s ®
L]
] ° .
-1.0 - R s o o4t -~ 3
* L]
JE ] o® 1. e °se % .
o ° °
-2.0 - . . . ¢ ¢
. .
@ Mag ® Grav
-3.0 T T T T T ]
0 5 10 15 20 25 km 30
3 Suit South 5%52 Cococi Basin TSZ Suit North N
>% >
0.5 { b)
e -~ ‘c. % .‘.
. k]
-1.0 1 3 ~ o .
L]
& " .o M B :
-1.5 N .
K s
y ]
-2.0 1
@ Mag ® Grav
-2.5 T ¥ T T ]
0 5 10 15 20 km 25
P Arneiroz Unit\ P Suit South SQZ Cococi Basin Cruzeta Cpx. Suit North N
0.0 1
. L] .. P
) $ ) s %
-4.5 ‘ R - b [ Y .
o o0 L ®
e ° ° .' . L
G [
-3.0 1 . S
3
.. L]
-4.5 1 .
@ Mag ® Grav
-6.0 T T T T T T ]
0 5 10 15 20 25 30 km 35

Fig. 10. Solution clouds obtained for 2D analytic signal amplitude processing. Sections S1 (a), S2 (b) and S3 (c) are represented. See location of the sections in Fig. 4.

that may be associated with the existing barite deposits. Differently from
the other cases, in section S3 (Fig. 8c), the gravimetric and magnetic
profiles have similar behaviors due to a relative increment in the mag-
netic values; this variation is probably associated with the proximity of
the Basin’s border.

5.4. Curvature

The obtained solutions were useful to identify magnetic domains,
which were differentiated based on depth and direction criteria. As seen
in Fig. 9, the depths found a range between 300 m and 500 m, with a few
values overpassing 1000 m. The mean trend of the magnetic lineaments
is N45°E, with some cases within the Ords-Jaguaribe domain showing
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Fig. 11. Euler deconvolution solution for sections S1 (a), S2 (b) and S3 (c). See location of the sections in Fig. 4.

variations to the N20°W direction.

For the main faults, at the edge of the Cococi Basin, depths estimates
were variable, from less than 700 m to more than 1000 m. In some cases,
lineaments extend under the Parnaiba Basin, where they show greater
depths than in the uncovered sectors.

5.5. Analytic signal amplitude

According to Castro et al. (2014), the main purpose of this method is
to enhance depth in approximately vertical two-dimensional structures,
such as dikes, fracture zones and faults. In this study, the solution clouds
of magnetic and gravimetric data presented similar behavior, showing
coincident inclinations and depths (Fig. 10a—c). In general, greater
depths are observed within the Cococi Basin but fracture density in-
creases outside the Basin.

Section S1 (Fig. 10a) shows deep faults within Parnaiba and Cococi
Basins, with depths of about 1,9 and 2,7 km, respectively, both of them
contrasting with Senador and Taua shear zones. The scarcity of struc-
tures in Canindé Unit is attributed to the low contrast between the
anomalies corresponding to this lithology.

The concentration of deeper fractures at the Cococi Basin is also
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highlighted on section S2 (Fig. 10b) with depths over 1,5 km. The data
clouds associated with ~1,5 km deep faults, located at the southern limit
corroborate field observations and previous studies developed by Men-
eses (2012). Even though in this section, the Taua shear zone reaches
almost 2 km, the Senador Pompeu shear zone still appears to be shallow.
It is noticeable that within this profile, several fractures exhibit in-
flections at low depths.

The solutions observed in section S3 (Fig. 10c) reveal outstanding
increasing depths (up to 4,5 km) in the Senador Pompeu shear zone, as
well as in the Cococi Basin faults, although the latter are reduced in
number. Similar profound structures also define the contacts between
the southern and northern intrusive suites with their host rocks
(Arneiroz unit and Cruzeta Complex, respectively).

5.6. Euler deconvolution

According to Barbosa and Silva (2005), this method is used to obtain
rapid interpretations of magnetic and gravimetric data attempting to
eliminate the classical magnetic ambiguity caused by simultaneous es-
timate of magnetization intensity and the volume of the bodies, in order
to estimate the depth of the sources. The gravimetric and magnetic
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Table 1
Density values attributed to the different sources considered for 2D gravimetric
modeling.

Crustal Index  Geological unit Lithology Density (kg/
domain m®)
Ceara 11 Cruzeta Volcanic and 2.68
Central complex cataclastic
Domain 10 Gneisses and 2.72
migmatites
9 Intrusive suites Granitoids 2.76
8 Canindé unit Meta sediments 2.70
7 Arneiroz unit Quartzite and schist 2.70
Cococi Basin 6 Rio Jucd group Low grade 2.54
metamorphic
5 Intrusive suites Granites 2.65
4 Volcanic dikes Basic to acid 2.90
Parnaiba 3 Serra Grande Sandstones 2.50
Basin group
2 Basement Gneisses 2.75
Upper crust 1 Basement Volcanic 2.80

solutions obtained for each section are presented in Fig. 10.

Gravimetric solutions viewed in Section 1 (Fig. 11a) occur at depths
varying from 50 to 2000 m, where the deeper points are probably
associated with the contact between the Basin and the southern intrusive
suite. In Section 2 (Fig. 11b), the gravimetric data suggest an asym-
metric rift Basin with its main fault dipping southward and an antithetic
fan beginning near the Senador Pompeu shear zone. Faulted blocks lay
at estimated in depth between 200 and 500 m. Magnetic data define a
horizontal surface that probably represents the basement of the Cococi
Basin, while gravimetric data represent the limits of Cococi Basin. In
Section 3 (Fig. 11c), Euler deconvolution solutions show well-defined
line patterns with variable depths that could be interpreted as contact
surfaces that delimitate the intrusive suites, the Cruzeta complex, and
the Precambrian basement. Also, it is noticeable that within the Cococi
Basin, the barite bearing Cococi lineament is enhanced by both
solutions.

5.7. 2D gravimetric modeling

The results of Euler deconvolution, which aided with describing the
geometry and thickness of the sedimentary package together with the
analytic signal amplitude solutions that helped with defining contacts
and fractures, gave support to develop 2D gravimetric models in vertical
sections (Fig. 12). Previous studies such as Oliveira et al. (1972), Gomes

SPSZ 10 15
v
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et al. (2000), and Meneses (2012) were used to determine constraints for
the models. According to these authors, the CB is formed by two
half-grabens, controlled by normal faults, and composed by different
lithologies. In this work, the NE-SW striking faults, that control the
Basin’s structure within the studied area were inferred by combining the
analytic signal amplitude and minimum curvature methods. For gener-
ating the initial model, it was considered eleven gravimetric sources of
significant expression. The density values adopted for each source were
either estimated through the adjustment between the observed and the
calculated curves or obtained from previous work that dealt with
equivalent lithologies (Table 1). For the main basement, which was
assumed to be composed of gneisses, granitic intrusions, and sporadic
basaltic dikes, a mean density value of 2.8 kg/m® was used in agreement
with similar studies carried out in nearby areas (Cavalcante, 1999;
Osako et al., 2011). Within the area of section S1, bimodal volcanism,
mainly expressed by volcaniclastic lithologies, has been recognized in
the Cococi Basin, and a density value of 2.8 kg/m>, has been determined
for these units. Considering that granitic rocks are rich in K-feldspar and
plagioclase (Arthaud, 2007), their estimated density value was 2.65
kg/m>. For the Parnaiba sedimentary basin unit that appears in the study
area, Jaicos Formation and the Basin’s basement rocks (gneisses, am-
phibolites, and granitoids), it was adopted the density values of 2.45
kg/m® and 2.75 kg/m?, respectively, which were determined by Castro
(2011). The granitic intrusions which constitute the basement of the
Cococi Basin in sections 1 and 2 have been intensely fractured and
intruded by mantle-derived material, following a density of 2.65 kg/m®
was adopted for this association (value also corroborated by the
adjustment between curves). The density of 2.55 kg/m> estimated for
the sedimentary sequence of the Cococi rift is coincident with the value
used by Castro (2011), and the estimated thickness of the sequence was
of 1 km in section S1. For the Ceara complex, Osako et al. (2011) and
Pedrosa Jr et al. (2015) reported density values of 2.68 kg/m> and 2.72
kg/m®, respectively, which agree with the calculated value of 2.7 kg/m®
for both the Canindé and Arneiroz units. For the Cruzeta complex, it was
adopted the density value of 2.72 kg/m® that was used by Cavalcante
(1999), whereas for the mylonitic rocks, which border this comple, it
was estimated a value of 2.67 kg/m°.

A tectonic influence of the Parnaiba Basin was inferred on section S1,
probably associated with the bimodal volcanism recognized in the
Cococi Basin, mainly expressed by volcaniclastic lithologies.

Section S2 (Fig. 12b) has an N-S orientation aiming to cut the NE-SW
trending Cococi lineament (Fig. 5¢), which, according to Oliveira et al.
(1972), constitutes the limit between the two asymmetric half-grabens
that within the Cococi Basin. This model has been developed with
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four gravimetric sources: the basement of rocks, the Basin’s sedimentary
package and the southern and northern intrusive suites. The geometry of
the modeled Basin resembles a northward deepening half-graben with
its axis oriented E-W, characteristics that could also be appreciated in
the Euler deconvolution solutions (Fig. 11b). With an estimated depth of
650 m, the depocenter is situated in the north portion of the Basin. The
Cococi lineament, which has been associated with basement fracturing
and hydrothermal occurrences (Santos Filho et al., 2015), as well as the
Basin’s generating faults, have been highlighted in the model.

Section S3 (Fig. 12c¢) crosscuts all the Cococi Basin formations,
Arneiroz and Canindé units, both intrusive suites, and the Cruzeta
complex, showing the modeled contacts between these units. In this
section, the Cococi Basin presents an inverted geometry (relative to
section S2), showing a southward deepening half-graben with a
maximum depth of 1 km at the southern portion of the rift.

The integrated interpretation of the results led to the development of
three geological models corresponding to the three surveyed sections
(Fig. 13a to c), where new geological features not acknowledged in
previous studies are exposed.

6. Discussion and conclusion

The integrated interpretation of the results led to the development of
three geological models corresponding to the three surveyed sections
(Fig. 13a to c), where new geological features not acknowledged in
previous studies are exposed.

Gravimetric and magnetometric modeling confirm shear and deep
faults reaching 4 km or more. These lineaments are responsible for the
Basin structure and subsequent reactivations of fracturing and failing
the sediments and volcanic of the Basin. The volcanic rocks are found in
the basement and in granites. On the limits of the Basin, there are metric
dikes of basalts, which proves that faulting affects the Precambrian and
has a connection with mantle magma.

The Cococi Basin is divided by the N-S Cococi lineament into two
antithetic half-grabens with opposite vergencies. The western half-
graben, represented by the geological model presented in section S2
(Fig. 13b), deepens northward and has an E-W oriented axis with a
maximum depth of 1000 m. A strong post-rift influence of the Parnaiba
Basin is considered to affect the western portion of the Cococi Basin,
suggested by the presence of faults reactivations structures on the Basins
border. This reactivation occurred at the tectonic boundary between the
granite and the basement, building the eastern boundary of Cococi
Basin. Basaltic and rhyolite volcanism is the last volcanic activity within
the Cococi Basin, as it cuts into other sedimentary lithologies and border
granites. Barite deposits that occur at the limits between Basin’s half-
grabens are interpreted to be associated with fault-reactivations.

At Section S2 (Fig. 13b), this same half-graben is limited by the
Cococi lineament and appears to be shallower, showing a depth of about
500 m. The eastern half-graben, modeled in section S3 (Fig. 13c), pre-
sents an inverted geometry, deepening southward and having its axis
oriented ENE-WSW, with a maximum depth of 1 km at the southern
portion of the rift. In this model, it is proposed that the basement of the
Cococi Basin near the border is partially formed by Cruzeta Complex
portions. In this section, the Basin presents asymmetry, with the
northern part deeper than the southern part by at least 200 m of dif-
ference. In general, the Eopaleozoic Basins are associated with mantle
plume ascendance that may lead to a rifting process forming volcani-
clastic rocks. As illustrated in section S1 (Fig. 13a), within the Cococi
Basin, the upwelling of mantle-derived material occurred mainly the
northern and southern limits of the Basin through extensional fractures
that generated the Miranda Formation dikes (500-452 My), appearing
to be contemporaneous with the Cococi rift (Santos Filho et al., 2015).
This fact is also documented by the presence of volcanoclastic rocks
among the Basin’s conglomerates.

Through overall analysis, it could be observed that the identified NE-
SW magnetic lineaments follow the regional trend of the Central Ceara

Journal of South American Earth Sciences 106 (2021) 102903

domain, in which the CB is inserted. The combined kinematics of the
sinistral Taud shear zone and dextral Senador Pompeu shear zone
generated a trans-tensional regime in the terrain comprised between
both shear zones. The fragile extensional deformation has litho-
structural field expressions such as cataclastic rocks associated with
volcanic lithologies and abundant sub-volcanic rocks intruding exten-
sional fractures. In Section S2, it can be noted that the Cococi Basin is
wider and less deep than in the other sections. The faults are predomi-
nantly listric and converge to the central part of the Basin.

The limits and depth of the Basin, some of its internal main struc-
tures, as well as the contacts between the associated lithological units,
have been modeled with good resolution. As the obtained solutions are
coherent with geological field observations, cartography, and previous
works, it was concluded that potential methods have been used satis-
factorily to investigate the structural features of the Cococi Basin and its
basement.
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