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Abstract

The filling materials in brittle structures can provide useful information about the Cenozoic evolution developed
over proterozoic terrains. When these materials are affected by faults, they record deformation phases that can be
determined chronologically and, in the occurrence of lateritic materials, it is possible to infer the paleoenvironmental
conditions during the mineral formation. This work aimed to identify crystalline phases of brittle structure filling materials
and to propose evolutionary interpretations for Cenozoic tectonic reactivation based on literature data. The study area
is located in the Southern part of the Espirito Santo State, near the Brazilian Southeastern Continental Margin, where
proterozoic geological structures have been reactivated since the mesozoic rift phase, up to the Holocene. The mineral
assemblage found in the filling materials includes primary minerals such as quartz, muscovite, microcline, rutile, titanite,
and bannisterite; and the weathering minerals such as kaolinite, illite, hematite, goethite, hydrobiotite, lithiophorite and,
birnessite. The mineralogical association found in the filling materials denotes the action of fluid phases with mineral
precipitation at the brittle discontinuities during the weathering processes that occurred during the Cenozoic, probably
between the Miocene and the Pleistocene. The faults, which striations are marked on the filling materials, originated
after (in the case of the manganese oxides) or during (in the case of the illite) the mineral formation, indicating that the
maximum age of these faults is in the Miocene. The origin of the brittle structures that affected the filling materials studied
here is linked to the uplifting of the Continental Brazilian Margin, when ancient geological structures were reactivated as
normal faults due to the local action of an extensional regime.

keywords: Brittle Structures; Relative Dating; Cenozoic.

Resumo

Os materiais de preenchimento de estruturas rupteis podem fornecer informagdes importantes sobre a evolugao
cenozoica em terrenos proterozoicos. Quando afetados por falhas, eles permitem determinar cronologicamente as
fases de deformacdo e, quando materiais lateriticos ocorrem, ¢ possivel definir as condigdes paleoambientais durante
a formacdo dos minerais. O objetivo deste trabalho ¢ identificar as fases cristalinas dos materiais de preenchimento
de estruturas rupteis e propor interpretagdes evolutivas quanto a reativagdo tectdnica cenozoica com base nos dados
da literatura. A area de estudos ¢ a por¢do Sul do Estado do Espirito Santo, nas proximidades da Margem Continental
do Sudeste do Brasil, onde estruturas geologicas proterozoicas tém sido reativadas desde a fase rifte mesozoica até
o Holoceno. A assembleia mineral encontrada nos materiais de preenchimento inclui os minerais primarios: quartzo,
muscovita, microclina, rutilo, titanita e banisterita; além dos minerais de intemperismo: caolinita, ilita, hematita, goethita,
hidrobiotita, litioforita e birnessita. A associacdo mineraldgica encontrada nos materiais de preenchimento denota a
acdo das fases fluidas com precipitagdo mineral em descontinuidades rupteis durante os processos de intemperismo que
ocorreram durante o Cenozoico, provavelmente entre 0 Mioceno ¢ o Pleistoceno. As falhas, com estrias marcadas nos
materiais de preenchimento, originaram-se depois (no caso dos 6xidos de manganés) ou durante (no caso da ilita) a
formagdo mineral, indicando idade maxima dessas falhas no Mioceno. A origem das estruturas rupteis que afetaram
os materiais de preenchimento aqui estudados esta ligada ao soerguimento da Margem Continental Brasileira, quando
estruturas geoldgicas herdadas foram reativadas como falhas normais devido a acdo de um regime distensional local.

Palavras-chave: Estruturas Rupteis; Datagdo Relativa; Cenozoico.
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1 Introduction

The mobilization of material through the
weathering profile, carrying substances to a deeper
level of the substrate, can occur along discontinuities,
where mineral precipitation is favored. These
discontinuities generally are brittle structures, such
as joints and faults, which control fluid flow in
low permeable rocks. Depending on their nature,
distribution, continuity, and connectivity, these
structures allow the transport of mineralizing fluids
(Kurz et al., 2008; Faulkner et al., 2010; Balsamo
et al., 2013), as they generate ducts and sites for
mixing of fluids and mineral precipitation (Zhang et
al., 2008).

The study of weathering profiles and lateritic
materials can help understand the Cenozoic
geological events, as they give information about
climate and relief evolution, environmental
conditions, weathering intensity, and Neotectonic
phases (Costa, 1991; Romano & Castaneda, 2006;
Santos & Ladeira, 2006; Modenesi-Gauttieri et
al., 2011; Augustin et al., 2013). Here, we use the
term laterite as referring to the weathering material
composed mainly by oxides and hydroxides of
Aluminum and Iron, clay minerals and some
silicates, commonly originated under hot and wet

climate (Allaby, 2008).

According to Monteiro et al. (2014), the
rocks and laterites exposed at the atmosphere-hy-
drosphere-lithosphere-biosphere  interface, are
constantly reworked by mineral dissolution and
re-precipitation. Supergene deposits with manganese
oxides are formed due to strong and prolonged
weathering processes, resulting in a thick cover of
weathered rock under wet and hot climate, favorable
geomorphologic conditions, and relatively stable

tectonic environment (Deng & Li, 2013).

The compositional study of brittle structure
filling material made it possible, according to
Carmo & Vasconcelos (2004) and De Putter et al.
(2015), to access information about climate, tectonic
environment, and geomorphology at the time of
mineral formation. Lateritic material that fills the
space between the rock discontinuities is called,
by Costa (1991), as “fissure ferruginous rock”, that
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compose thin goethite laminas accumulated on the
fracture walls. Some supergene manganese minerals
that fill brittle structures can be dated using isotopic
and paleoclimate data (Carmo & Vasconcelos, 2004;
2006; De Putter et al., 2015).

In the State of Espirito Santo, Southeastern
Brazil, Calegari et al. (2016) identified brittle
structures with lateritic materials and clay minerals
that fill or cover planar joint and fault surfaces. The
mineralogical characterization of these materials
can give relevant information about the poorly
evolution and

understood Cenozoic tectonic

weathering processes of this region.

In this work, we selected eight outcrops where
brittle structures with filling material occur, seven of
them located in Southern Espirito Santo and one in
the Southeastern of Minas Gerais State (Figure 1).
The aim is to identify the crystalline phases of filling
materials and analyze the structures for kinematic

interpretations of the Cenozoic tectonic tying up
with literature data.
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Figure 1 Outcrops location map. Cities: A= Alegre, C = Castelo,
CI = Cachoeiro de Itapemirim, G = Guagui, L = Lajinha, MF =
Muniz Freire. Vetorial map data from GEOBASES (2002).
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2 Methods

During the field works, after the detailed
description and photographic register of the outcrops,
samples of filling materials and host rocks were
collected, also the attitude of geological structures
was measured. For the identification of the mineral
phases, the material was analyzed macroscopically
with the naked eye, with a hand magnifier (20-times
magnification), and a binocular loupe (10, 15, 20,
30 and 40-times magnification). The samples with
black color were submitted to the peroxide hydrogen
reaction test in order to verify the eventual presence
of manganese oxides.

Twenty samples were prepared for
diffractometric analysis by trituration using an
agate mortar, up to reach granulation minor than
a 350-mesh screen (0,044 millimeters). The
diffractograms were constructed using a goniometer
with cooper anode x-ray tubes, K-alfa radiation with
1,45418 Angstrom wavelength, scanning speed of
0,3° 2 theta/min, and 2 theta angle varying from 5 to
75°. The diffractograms were interpreted using the
software X ’Pert HighScore Plus v. 2.0.1 and known
patterns from the literature (Brindley & Brown,

1980).

The structural data were analyzed using the
software OpenStereo v. 0.1.2f (Grohmann et al.,
2011) and WinTensor v. 5.8.9 (Delvaux & Sperner,
2003). The joint data were plotted on density
stereograms, and the fault data were inverted by the
“Right Dihedron Method” (Angelier & Mechler,
1977), in order to obtain four classifications of the
reduced stress tensor: the main stress axes: cl, 62,
and 63 (maximum, intermediate, and minimum
compression) and the stress ratio R (R =62 - 63 /
ol - 63). To obtain the stress regime, we used the
values of R according to the classification defined
by Delvaux et al. (1997): radial extensive (UF;
vertical 61, 0 <R <0.25); pure extensive (NF; o1
vertical, 0.25 < R < 0.75), transtensive (NS; ol
vertical, 0.75 <R <1 or o2 vertical, 1 <R <0.75);
pure strike-slip (SS; o2 vertical, 0.75 < R < 0.25);
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transpressive (TS; o2 vertical, 0.25 <R <0 or o3
vertical, 0 < R < 0.25); pure compressive (TF; o3
vertical, 0,25 < R < 0,75), and radial compressive
(UF; o3 vertical, 0,75 <R < 1). Kinematic data were
plotted on Frohlich’s Triangular Diagram (Frohlich,
1992) to assess the distribution of the stress regime
in the area. Finally, for the deformation analysis, we
used the values acquired by the fault data inversion
to obtain the paleotension fields by the “Rotational
Optimization” procedure using the F5 function in

the Win-Tensor software.

3 Geological Setting

The study area is located in the Araguai Belt
domain, Northern part of the Mantiqueira Province
(Almeida et al., 1981; Heilbron et al., 2004; Fuck et
al., 2008). The Mantiqueira Province is a segment
of the Brazilian-Pan African Orogenic System
developed, during the Neoproterozoic and the
beginning of the Paleozoic (Almeida et al., 1981;
Brito-Neves et al., 1999). The collisional event that
generated this orogenic system registered in the
Atlantic Margin of South America and Africa, is

called Brazilian-Pan African orogeny.

The Araguai Belt extends between the
parallels 15° e 21° south, from the eastern limit of
the Sao Francisco Craton up to the South Atlantic
Coast. The Aracuai Belt Southern limit is considered
as a transition zone where the foliation trend
changes from N-S to NE-SW, near the 21° parallel,
at the very beginning of the Ribeira Belt, belonging
to the central segment of the Mantiqueira Province
(Pedrosa Soares & Wiedemann-Leonardos, 2000).

The study area is located at the Crystalline
Nucleus of the Orogenic System, comprised of
a Paleoproterozoic

substrate, metamorphosed

in  high-amphibolite ~ to  granulite  facies;

metasedimentary —  metavolcanosedimentary
assemblage (paragneiss complexes) and pre to
post-collisional granitic suites (G1 to G5; Alkmim

et al., 2006; Figure 2).
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Figure 2 Regional geological map showing lithotypes and geological framework of study area (modified from Horn et al. (2007);
Novo et al. (2014) and Vieira & Menezes (2015), with location of sampling outcrops. ASTER GDEM image from ERSDAC (2013).
Lithological units: 1 = Alluvial-colluvial/coastal deposits, 2 = Barreiras Formation, 3 = G5 Supersuite, 4 = G2 Supersuite, 5 = G1
Supersuite, 6 = Metasedimentary and metavolcanosedimentary rocks, 7 = Basement complexes. Shear zones: G = Guagui, B = Batatal.
Lineaments: A = Alegre, I = Itaoca, P = Piuma. Cities: A = Alegre, CI = Cachoeiro de Itapemirim, G = Guagui, L = Lajinha, MF =

Muniz Freire, C = Castelo.

The Caparad Suite, a Paleoproterozoic
remaining unit, is a granulitic association with
enderbites, charnockites, diorites, and gabbroic
rocks, which occurs in the core of a large antiformal
structure at the homonymous mountain range (Noce
et al., 2007).

The metasedimentary and metavolcanose-
dimentary rocks, metamorphosed in the pre-orogenic
stage, are aluminous gneisses derived from
calcium-silicate rocks and volcano-sedimentary
sequences, with basics and felsic volcanic rocks
(Féboli, 1993; Pedrosa Soares et al., 2008). This
association is included in the Paraiba do Sul Complex
(Féboli, 1993) or in the Undivided Paragneisses

240

Complex (Pedrosa Soares et al., 2008), and the
provenance of these rocks can be related to passive
margin sequences or arc complexes (Pedrosa-Soares
& Wiedemann-Leonardos 2000).

The magmatic suites are 630 to 460 Ma in
age, and register the various orogenic stages of
the Brazilian-Pan African event (Pedrosa-Soares
& Wiedemann-Leonardos, 2000; Pedrosa-Soares
et al., 2001, 2007, 2008; Silva et al., 2005; Figure
2). The Gl1-Supersuite, pre-collisional, is related
to the edification of the Aracuai Orogen magmatic
arc and is composed mainly by ortho-derivative
rocks, of tonalitic and granodiorite protoliths
(Pedrosa-Soares & Wiedemann-Leonardos 2000;
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Pedrosa Soares et al., 2008; Pedrosa Soares et
al., 2011). The G2-Supersuite, sin-collisional, is
related to deformation and regional metamorphism
and involves Type-S granitic protoliths, such as
peraluminous, sub-alkaline, and calcium-alkaline
granites (Pedrosa Soares et al., 2008; Pedrosa
Soares et al., 2011). In the post-collisional stage,
the plutons of G5-Supersuite formed, characterized
as Type-I, with granite and charnockite, besides
gabbro (De Campos et al., 2004; Pedrosa Soares et
al., 2008).

The gneissic foliation, also related to the
Brazilian-Pan African Cycle, has a main trend in
the NE-SW to N-S striking (Wiedemann et al.,
2002), while the mylonitic foliation occurs along
the shear zones with NE-SW to NNE-SSW striking.
These shear zones, such as the Guacui Shear Zone
(GSZ) and the Batatal Shear Zone (BSZ) (Figure
2) are related to an orogenic lateral escape, at the
collisional final phase (Cunningham et al., 1998;
Alkmim et al., 2006).

The Alegre Lineament, with NNW-SSE
striking, reflects a regional fault zone that reaches
the Campos coastal basin (Calegari et al., 2016). It
is considered of Cambrian age, but with distensive
reactivation movements that occurred during the rift
phase and at the Cenozoic. The Piuma Lineament,
another structure that is prominent in the area,
was described as a brittle shear zone, with NW-SE
striking dipping to SW (Lourengo et al., 2016).
According to these authors, it was originated in a
post-Brazilian event that promoted NNE-SSW
distension and was reactivated most probably in
the South Atlantic opening as a normal dextral to
transtensional dextral shear zone.

The Cenozoic lithostratigraphic units present
in the area, are the Miocene siliciclastic sediments
of the Barreiras Formation and the quaternary
alluvial-coastal deposits (Silva et al., 2004; Vieira &
Menezes, 2015; Figure 2).

In this region, there are few studies on the
Meso-Cenozoic geological evolution. Relevant
studies have been developed in Southeastern Brazil,
indicating periods of denudation during the Late
Cretaceous, at the Paleogene and the Neogene, linked
to the rupture of the Gondwana and the evolution of
the coastal basin (e.g. Cogné et al., 2012; Karl et
al., 2013; Hackspacher et al., 2004). Further north
of the study area, Jelinek et al. (2014) identified
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three denudation episodes at different periods:
Early Cretaceous, Late Cretaceous-Paleocene, and
Neogene. Other studies developed in the same
region also point out episodes of denudation in
the Late Cretaceous and Neogene (Morais Neto et
al., 2009), and in the Early Cretaceous and Late
Cretaceous-Paleocene (Harman ez al., 1998). Jelinek
et al. (2014) and Harman et al. (1998) associate the
Early Cretaceous denudation to the changing of
local base level related to rifting and initial opening
of the South Atlantic Ocean. The Late Cretaceous
denudation has been associated to mantle anomalies
and thermal isostasy, which caused a broad crustal
lifting; and the Neogene denudation may have
occurred due to climatic change, with a transition
to a semi-arid climate (Morais Neto et al., 2009;
Jelinek et al., 2014).

4 Results

4.1 Macroscopic Analysis

In the studied outcrops, gneisses, migmatites,
and mylonites predominate, with local occurrences
of mafic dikes and quartz veins (Figures 2 and 3A
and C). Gneisses (outcrops 1 and 4-7), migmatites
(outcrop 8) and mylonites (outcrops 2 and 3) occur
as weathered rocks from reddish to whitish in color.
The minerals macroscopically identified in the
filling materials are quartz, feldspars, white mica,
biotite, white clay and, occasionally, red and orange
clay. Most samples of filling materials in brittle
structures developed in gneisses show manganese
oxide in the form of a black clayey material, which
compounds millimetric pellicles over discontinuity
planes, such as foliation and fractures. Occasionally,
oxide pellicles in planes show striations, indicating
kinematics (Figures 4A to C).

One of the samples (outcrop 1) is from a
quartz vein that contains white mica, white clay,
and manganese oxide with botryoidal habit and
dendritic structure; the oxide composes thin black
pellicles that fill fissures (Figures 4D to F). The
diabase dikes are generally weathered and occur in
outcrops 1, 5, 7, and 8. Macroscopically it is possible
to observe orange, red and white clays, quartz,
besides feldspars and black oxide. The oxide is on
discontinuity planes, mainly in the contact between
the dike and the host rock and also in striated plans
(Figures 4G and H).
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Figure 3 Field characteristics of some studied outcrops: A. weathered gneiss (Outcrop 1, sample 1-A); quartz vein with black oxide

(Sample 1-B) and diabase dike (Sample 1-D); B. Mylonitic gneiss with foliation to N10E/85SE (Outcrop 2, sample 2-B); C. Weathered
gneiss (Outcrop 7).

Figure 4 Manganese oxide pellicles on discontinuity planes showing fault striations: A. Sample 3-A, Outcrop 3; B. Frontal and C.
lateral view of the Sample 8-A, Outcrop 8. Manganese oxides collected in quartz vein: D. filling fissures; E. composing dendritic forms

and; F. showing botryoidal habit (Sample 1-B, Outcrop 1); G. Fractured diabase dike with manganese oxide filling the discontinuities
(Outcrop 8) and; H. striations marked on this material (Sample 8-E).
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4.2 Diffractometric Analysis

The samples analyzed by x-ray diffractometry
are representative of the black and the clayey filling
material in gneisses, quartz vein, and mafic dikes.

The chemical composition of the primary and
weathering minerals found in these samples are

shown in the Tab. 1.

Mineral

Chemical Composition

bannisterite

KCa(Mn?, Fe>, Zn, Mg), (Si, Al),,0,(OH), ..4-12H,0

73 microcline KAISi.O,
'é muscovite KAL(Si,Al)O, (OH,F),
g quartz Sio,
§ rutile TiO,
titanite CaTiSio
birnessite (Na, Ca), .(Mn*, Mn**).0,.1.5H,0
S goethite a-Fe**0(0OH)
é hematite a-Fe,O,
g’ hydrobiotite [K(Mg, Fe*),(Al, Fe**)Si.O, (OH, F).].[(Mg, Fe*, Al),(Si, Al),0, (OH),.4H,0]
E illite (K, H,0)(Al, Mg, Fe),(Si, Al),0, [(OH),,(H,0)]
§ kaolinite AlLSi,0.(OH),
lithiophorite (Al, Li)Mn*0_(OH),

Table 1 Primary and weathering minerals found in the samples by XRD analysis (chemical composition from Anthony et al., 2001).

In gneisses filling materials, it’s observed
the characteristic peaks of quartz, muscovite and
microcline, and the weathering minerals kaolinite,

illite, hydrobiotite, and hematite; in one of the
samples, the goethite occurs, and two of them
display bannisterite (Figure 5).
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Figure 5 Diffractograms of gneisses: A. samples 1-A (see Figure 3B) and; B. 8-B (H = hematite, Hy = hydrobiotite, I = illite, K =

kaolinite, Mc = microcline, M = muscovite, Q = quartz).
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The kaolinite (Figures SA and B) and illite
(Figure 5B) are clay minerals common in soils
(Velde & Meunier, 2008). The hydrobiotite (Figure
5B) is a phyllosilicate formed in the initial stages of
weathering (Anthony et al., 2001). The iron oxide
and hydroxide identified in several samples are
hematite (Figure 5A) and goethite. These minerals
indicate different stages of iron oxidation, different

humidity conditions, pH, Eh, and microbial activity
during the weathering (Velde & Meunier, 2008).

The manganese minerals lithiophorite and
birnessite occur on the fault planes, foliation, and
fractures of gneisses (Figure 6). These minerals
give a typical black color to the hand samples and
are commonly associated with the presence of iron
oxides (Velde & Meunier, 2008).
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Figure 6 Diffractograms of the black filling material found on fault planes, foliation and fractures of gneisses. Samples: A. 8-A (see
Figures 4B and C); B. 3-A (see Figure 4A) and C. 4-B. (Bn = bannisterite, Br = birnessite, Hy = hydrobiotite, I = illite, K = kaolinite,

L = lithiophorite, M = muscovite, Q = quartz).

The bannisterite was also identified (Figures
6B and C). Itis a primary mineral with the manganese
as the main cation (Dunn ef al., 1981) and occurs in
manganese and zinc-bearing metamorphosed rocks
(Anthony et al., 2001). This mineral can be related
to the manganese field that occurs in the region of
the Caparad6 Mountain Range, according to Vieira
& Menezes (2015). The other primary minerals

244

identified are remnants that were not affected by
weathering.

The quartz vein presents the peaks of quartz,
muscovite, kaolinite, and lithiophorite appear
(Figure 7A), while the clayey filling material in the
fractures present peaks of quartz, illite, and kaolinite
(Figure 7B).
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Figure 7 Diffractograms of the materials collected in the quartz vein; A. Black manganese material (sample 1-B, see Figures 3A and
4D to F) and; B. fracture filling material in the quartz vein (Sample 1-C) (I = illite; K = kaolinite; L = lithiophorite; M = muscovite; Q

= quartz).

The mafic dikes have quartz, kaolinite,
goethite, and titanite, (as shown in Figure 8A);
besides rutile, hydrobiotite, and illite. Peaks of
lithiophorite, quartz, kaolinite, goethite, illite,
and hematite appear in the black filling material

of striated fault planes that occur in these dikes,
while the birnessite and muscovite were found in
a discontinuity plane existent between the dike and
the host rock (Figures 8B and C).
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Figure 8 Diffractograms of A. mafic dike (Sample 1-D, see Figure 3A); B. and C. filling material in the mafic dike (Sample 8-E, see
Figures 4G and H) and (Sample 5-B) (Br = birnessite; G = goethite; H = hematite; I = illite; K = kaolinite; L = lithiophorite; M =

muscovite; T = titanite; Q = quartz).
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4.3 Geological Structures and Kinematics

Inthe studied outcrops, 73 joints measurements
and 75 brittle faults measurements were collected.
The joints are distributed into three main families,
one main striking NW-SE, with a high dip angle,
and two other families oriented to N52E/82NW
and N38W/38SW (Figure 9A). In Outcrops — 1 and
2, joints with NW-SE striking are predominant,
although NE-SW striking also occurs. In Outcrop-3,
there are NE-SW joints, and in Outcrops 4 and 6,
preferential trends are absent.

The brittle faults occur in weathered rocks
(gneisses and mafic dikes) and have fault striations
marked in thin layers of the filling materials. These
rupture plans are associated with normal, normal
oblique and transcurrent movements; approximately

47% is related to a pure extensional tectonic regime,
23% related to a transtentional tectonic regime, 20%
to a radial extensional tectonic regime, and 11% to
a pure transcurrent tectonic regime (Figure 9B). The
pure extensional regime is composed of mid-angle
normal faults, mainly in the NE-SW and NW-SE
directions, and are found in outcrops 1 to 6 and 8
(Figure 9C). Oblique faults, related to a transtensional
regime, have no apparent uniform orientation and
are found in outcrops 1 to 4, 6 and 8§ (Figure 9D). On
the other hand, normal faults that occur under the
extensional radial regime have preferential NE-SW
direction with a high dip angle in outcrops 2, 3, 5,
and 8 (Figure 9E). The faults associated with a pure
transcurrent regime, represented in outcrops 1, 2, 6,
and 8, have E-W and N-S direction with a high dip
angle (Figure 9F).
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Figure 9 A. Stereogram of poles of joints; B. Frohlich Triangle Diagram of fault data, stereograms of the fault data according to the

tectonic regime: C. NF — pure extensive; D. NS — transtensive; E. UF — radial extensive and; F. SS — pure strike-slip. (projections in low

hemisphere of equal area; striations are represented by colored symbols according to the outcrop; n = number of measures).
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The inversion and sectorization of the 75
mapped faults resulted in two different extension
paleostress fields, one with NW-SE direction and
the other one with NE-SW direction (Figures 10A
and B). The NW-SE extensional regime is related

to high-angle NE-SW normal faults, measured in
outcrops 2, 3 and 8. The NE-SW regime is evidenced
by oblique and transcurrent faults in the NE-SW and
NW-SE directions, with striations dipping towards
NE and SE, found in outcrops 1, 4 to 6, and 8.
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Figure 10 Paleostress regimes obtained by inversion of fault data; A. Fault data indicate extensional effort in the NW-SE and; B.
extensional effort in the NE-SW. (Striations are represented by colored symbols according to the outcrop; stress axis: 6,> ¢,> c,; n/nt

= number of compatible measures/total number of measures).
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5 Discussion

Field descriptions coupled with DRX analyses
allow to identify birnessite, goethite, hematite,
hydrobiotite, illite, kaolinite, and lithiophorite as
filling materials within brittle structures, generated
from weathering processes in gneisses, quartz veins
and mafic dikes (Table 2).

The origin of kaolinite is closely linked to
the chemical weathering of feldspars (Oberlin &
Couty, 1970; Anthony et al., 2001), while illite
originates by weathering of primary muscovite,
as from the breaking of mica films in minuscule
particles by physical processes until it reaches
the clay-size when the primary mineral loses
potassium (Velde & Meunier, 2008). Another
process of illite formation is from pseudomorphic
transformation of K-feldspar, during the primary
stages of physical weathering (Meunier, 1980, by
Velde & Meunier, 2008, p. 248). The hydrobiotite is
formed in the initial stages of weathering, originated
from the biotite transformation into vermiculite
(Anthony et al., 2001; Velde & Meunier, 2008).
The Fe-oxyhydroxides originate throughout the
weathering process and are formed from the iron
extraction of the silicate structure containing the
element, during the mineral oxidation (Velde &
Meunier, 2008). The presence of Mn oxides in
soils indicates oxidative conditions of high pH, and
are commonly associated with iron oxides such as
hematite (Churchman & Lowe, 2012; Vodyanitskii
et al., 2004). The birnessite and lithiophorite are
phyllomanganates (layer structures) that can be
associated with the formation of lateritic soils,
forming in the weathering initial phases of Mn-rich
silicates, like the bannisterite (Anthony et al., 2001;
Scheinost, 2004).

Quartz Mafic

Gneiss . .
vein dike
Wall-rock
T‘g bannisterite X
E microcline X X
= muscovite X
by quartz X
[4°]
g rutile
e titanite
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Quartz Mafic
vein dike
Filling material

Gneiss

= birnessite X X
.GE) goethite X X
S hematite X X
15 hydrobiotite X X
4_059 illite X X X
© kaolinite X X X
= lithiophorite X X X

Table 2 Minerals found in the filling materials and in the
respective wall-rock.

The weathering minerals found in this study
commonly occur distributed at different zones
of a typical crystalline rock weathering profile
(Righi & Meunier, 2005). The clay minerals, such
as 1llite and kaolinite, are concentrated in the
saprolite pedoplasma zone (clay-rich), although
kaolinite also occurs distributed in the whole profile
(Velde & Meunier, 2008). The concentration of
Fe-oxyhydroxides, and consequently of Mn oxides,
tends to increase towards the top of the profile, as
the degree of weathering rises (Anand & Paine,
2002; Churchman & Lowe, 2012).

During the weathering processes, the
accumulation of secondary minerals along brittle
structures occurs from the dissolution of primary
minerals by oxygenated waters and subsequent
precipitation of different mineral phases in lower
portions of the weathered profile. In the crystalline
rock weathering profiles, these structures are found
at any point of the profile (slightly altered rock,
saprock, saprolite), frequently with the association
of kaolinite, as the first mineral to form, and the iron
oxides, that precipitate after the percolation of the
fluid (Righi & Meunier, 2005). The filling materials
that occur in the fault planes described here belong
to this evolutionary scenario and are considered,
according to the proposition of Costa (1991), as
“fissure ferruginous crusts”.

In the Southern Espirito Santo State, where
sedimentary deposits are rare (Figure 2), the
difficulties for temporal tying in studies of Cenozoic
tectonics can be overcome by correlating the
formation of weathering profiles in near regions,
where weathering profiles have been dated. In
Southeastern Brazil, some authors have dated
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the weathering profiles distributed along large
geomorphological provinces, with decreasingly ages
from the central region of the state of Minas Gerais

to the coastal region of Rio de Janeiro (Carmo &
Vasconcelos, 2004; Vasconcelos & Carmo, 2018;

Figure 11).
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Figure 11 A. Summary table of ages attributed by previous authors for weathering profiles in the SE Brazil. 1 = Vasconcelos & Carmo
(2018); 2 = Spier et al. (2006); 3 = Carmo & Vasconcelos (2006); 4 = Carmo & Vasconcelos (2004); 5 = Vasconcelos et al. (1992);
6 = Monteiro et al. (2014); 7 = Modenesi-Gauttieri et al. (2011); B. Study area and C. topographic profile in the context the main
geomorphological provinces of SE Brazil. Legend: QF = Quadrilatero Ferrifero; BAP = Brazilian Atlantic Plateau; CJP = Campos do
Jordao Plateau; SF = Scarp front; MMR = Mantiqueira Mountain Range; PSV = Paraiba do Sul Valley; CP = Coastal Plain; CMR =
Caparad Mountain Range. States: SP = Sao Paulo; RJ = Rio de Janeiro; ES = Espirito Santo; MG = Minas Gerais; BA= Bahia. Digital
elevation mode and bathymetry from GEBCO (2020) and geomorphological provinces from Gatto et al. (1983), Carmo & Vasconcelos

(2004) and Ross (2011).
Applying the “°Ar/*Ar method for dating

Mn oxides in duricrusts and laterite deposits at
Quadrilatero Ferrifero, Vasconcelos & Carmo
(2018) and Spier et al. (2006) obtained ages for the
mineral precipitation between 70 to 14 Ma, defining a
long and well-marked history of chemical weathering
favored by climatic conditions (Figures 11A and
B). Monteiro et al. (2014), also in Quadrilatero
Ferrifero, used the (U-Th)/He geochronological
method in goethite indicating a historical process of
mineral dissolution and precipitation, that would be
initiated in the Eocene (48 Ma) and continued up
to the Pleistocene (2 Ma). Another important Iron
field in North of Brazil is the Carajas Province, in
which, Shuster ef al. (2012) dated multiple goethite
formations through the (U-Th)/He method, in which
precipitation occurred between the Eocene (41 Ma)
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and the Pleistocene (0.7 Ma).

On the Brazilian Atlantic Plateau, Vasconcelos
et al. (1992), Carmo & Vasconcelos (2004; 2006)
and Vasconcelos & Carmo (2018), also using the
“Ar/¥Ar method in Mn oxides obtained ages for
the formation of weathering profiles in saprolites
between the Mid and Neo Miocene (13 to 5 Ma).
On the Mantiqueira Mountain Range, at Campos do
Jordao Plateau (Sao Paulo State), Modenesi-Gauttieri
et al. (2011) consider three periods of lateritic
mantle formation in saprolitic rocks: an alitization
and laterite formation phase (Eocene to Late
Oligocene), a monosiallitization phase (Miocene),
and a podzolization phase (Pleistocene). On the
Paraiba do Sul Valley and the Coastal Plain, that are
close to the study area, Vasconcelos & Carmo (2018)
obtained ages from weathering profiles between 4
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Ma to the Present.

Cryptomelane and hollandite are the main
datable minerals by the *“°Ar/*Ar method in the
above-cited studies. These minerals were not found
at the study area, however, Carmo & Vasconcelos
(2006) report that lithiophorite, mineral identified in
the filling materials, occurs as microbands coating
crystals of cryptomelane. Therefore, it is possible
to consider that the formation of those materials,
mainly in Brazilian Atlantic Plateau, Paraiba do
Sul Valley and Coastal Plain, is correlated to the
evolution of weathering profiles in Espirito Santo
State, once the climatic conditions were supposedly
similar due to the geographic proximity and the
physiographic framework (Figure 11C).

Along this line of thinking, correlating the
datable manganese oxides precipitation encountered
in the literature - cryptomelane and hollandite -
Vasconcelos et al. (1992), Carmo & Vasconcelos
(2004; 2006), Vasconcelos & Carmo (2018); to the
formation of manganese oxides found in the study
area - lithiophorite and birnessite - we consider that
the formation of these minerals occurred between
the Miocene and the Pleistocene. Similarly, the
hematite and goethite precipitation in the filling
materials can be correlated to the lateritic process
identified by Modenesi-Gauttieri et al. (2011) in
Sao Paulo State, more probably to the phases of the
lesser intensity of alteration, between the Miocene
and the Pleistocene.

The weathering lateritic materials are usually
considered as markers of tectonic stability phases.
Tectonic movements, that occurred after these phases
and printed fault marks on these materials, are newer
than the lateritic materials. Then, these materials
could be considered important chronological
markers for the relative dating of faults.

The structural analysis of the described faults,
acting after the weathering process, indicates two
distensional tectonic regimes: one with the minor
horizontal axis directed to NW-SE and other with
this axis to NE-SW (Figure 10). This proposition
fits some models from previous researchers for the
Southeastern Region of Brazil. The minor tension
axis to NW-SE can be related to the E-W sinistral
transcurrence, acting in the Neogene, and to the
NW-SE distension, that occurred in the Quaternary
(as proposed by Riccomini et al., 1989; Salvador
& Riccomini, 1995; Silva & Mello, 2011). Another
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possibility is that these faults were generated by
the gravitational collapse, proposed by Zalan &
Oliveira (2005), which would generate a sinistral
transtension with the minor axis oriented to NW-SE,
between 58 and 20 Ma. The NE-SW distension can
be related to a dextral transcurrence that probably
acted in the Pleistocene (according to Riccomini et
al., 1989; Salvador & Riccomini, 1995 and Silva
& Mello, 2011 models). We highlight the findings
of Calegari et al. (2016) which affirm that, from
the Neogene, ancient structures in this area were
reactivated as a set of normal faults, subjected to
local tension relief. These authors detach, in unison
with other authors (such as Bezerra & Vita-Finzi,
2000), that the maximum horizontal axis recovered
from reactivated structures can be quite different
from the paleostress acting regionally.

Considering that the studied filling materials
have been crystallized during the times cited above
(Figure 11A) and are marked by the fault striations,
we deduce that these faults were generated after the
mineral precipitation, namely, after the beginning of
Miocene. Probably those events occurred in tectonic
pulses, with brittle structures formed in one or more
extensional events. Fractures were formed and later
filled with minerals newly formed by weathering;
the fault striations were posteriorly printed on these
filling materials in response to the movements of
blocks by, at least, one subsequent extensional
event. The displacement of rocky blocks would be
facilitated by preexistent discontinuities and clay
minerals such as illite, could be formed by dynamic
metamorphism, due the comminution of the original
material (muscovite) in the brittle planes, according
to Velde & Meunier (2008).

These events are connected to the evolution
of the Brazilian Atlantic Margin that developed
since the Gondwana fragmentation, as previously
studied by several authors that described the lifting
and denudation processes of the Brazilian coastal
margin. Some authors (e.g. Karl et al., 2013; Cogné
et al., 2012; Hackspacher et al., 2004) affirm that
such processes initiated in the Late Cretaceous and
lasted until the Neogene. Similarly, in Northeastern
Brazil, other authors (Jelinek et al., 2014; Morais
Neto et al., 2009; Harman et al., 1998) placed the
beginning of these events in the Early Cretaceous,
persisting up to the Neogene. Anyway, the crustal
lifting along the Atlantic margin led to the removal
of the more ancient surficial sedimentary covers,
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which corroborates the idea that the weathered
materials analyzed here formed with the maximum
age in Miocene, as well as the faults that affected
them.

6 Conclusions

The data obtained in this work permit to reach
the following conclusions:

- The filling material of brittle structures
found in the study area consists of primary minerals
from the fresh rock and secondary minerals formed
by weathering processes.

- The secondary minerals identified,
the hydrobiotite, kaolinite, hematite, goethite,
lithiophorite, birnessite and the illite originated by
chemical weathering. The illite also can be formed
by physical weathering, due to the comminution by
attrition that occurs during the fault development.
The mineralogical association found in the filling
materials denotes the action of fluid phases with
mineral precipitation at the brittle discontinuities
during the weathering processes.

- The formation of the weathering minerals
occurred during the Cenozoic, probably between the
Miocene and the Pleistocene.

- The faults, which striations are marked on
the filling materials, originated after (in the case
of the manganese oxides) or during (in the case of
the illite) the mineral formation, indicating that the
maximum age of these faults is in the Miocene.

- The origin of the brittle structures that
affected the filling materials studied here is linked
to the uplifting of the Continental Brazilian Margin,
when ancient geological structures were reactivated
as normal faults due to the local action of an
extensional regime.
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