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Abstract

The presence of deformation bands (DBs) associated with porous volcaniclastic rocks, it is ubiquitous but poorly described. In Trindade Island,

the Paredao Volcano’s lapilli tuffs are deposited during the Middle Pleistocene, and several deformation bands are associated with conjugate pairs

geometry. To analyze the structural geometry and mineral phase of host rocks, we employed a multiscale approach that included regional fracture

and geometry studies in the field, microtectonics with a support of scanning electron microscopy (SEM-EDS), and 2D petrophysical properties

analysis. The analysis revealed that the deformation bands result from two mechanisms. The first is a granular flow mechanism characterized by

grain rotation and matrix reorganization. This mechanism is also associated with fluid flow and matrix zeolitization. The second mechanism is

a cataclastic flow marked by crystal fragmentation and the formation of a fine-grained matrix. It is observed that the pre-existence of mineral

cleavages and fractures facilitates these mechanisms. The combination of these two mechanisms, driven by fluid flow, leads to the development

of cataclastic bands characterized by the loss of porosity, matrix reorganization, and distinct geometric patterns. Those mechanisms are suggested

to be developed in a transtensional context related to the Vitéria-Trindade Fracture Zone.
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1. INTRODUCTION

Deformation bands (DBs) significantly impact rock
porosity, permeability and grain morphology in various
geological and tectonic settings (Fossen et al., 2007, 2018;
Balsamo etal., 2010; Alikarami et al., 2013; Ballas et al., 2012;
Rodrigues et al., 2015), also DBs impact fluid flow, affecting
transport capacity (Antonellini & Aydin, 1995; Parry et al,,
2004; Medeiros et al., 2010; Okubo et al., 2009; Souza et al.,
2021; Berge et al, 2022; Stohler et al, 2022). Extensive
research has been carried out on the petrophysical impacts of
DBs on the host rocks (HR) (e.g., Antonellini & Aydin, 1995;
Shipton et al., 2002; Farrell et al., 2014; Del Sole et al., 2020;
Nogueira et al., 2021; Torabi et al., 2021; Silva et al., 2022).

Most of these structures can be found within porous
quartz-rich sandstones (Aydin, 1978; Aydin & Johnson,
1978; Antonellini & Aydin, 1995; Zuluaga et al, 2014;
Rodrigues et al.,, 2015; Soliva et al., 2016; Fossen et al., 2018;
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Bonato et al,, 2022) and carbonate grainstones (Tondi et al,,
2006; Cilona et al., 2012; Dimmen et al., 2017; Del Sole &
Antonellini, 2019). They can also occur in poorly lithified
2020; Nicchio et al, 2023).
However, DBs are poorly described in volcaniclastic rocks,
but are very commonly observed (e.g,, Dinwiddie et al,, 2012;
McGinnis et al., 2009; Wilson et al., 2003, 2021; Cavailhes &
Rotevatn, 2018; Chung et al,, 2023; Leroy et al., 2023). The
first description of these structures in volcaniclastic rocks was
made by Wilson et al. (2003), highlighting the influence of
hydraulic dynamics on these structures. Other researchers have
conducted additional studies in comparable environments to

sandstone (Pizzati et al.,

investigate this occurrence further (Dinwiddie et al., 2006;
Evans & Bradbury, 2004; McGinnis et al., 2009).

The current understanding of deformation mechanisms and
granularity studies in volcaniclastics is limited, and the influence
of fabric, cleavage, and interaction with volcanic glassy, fluids, and
gas on the DBs is not well understood (e.g, Evans & Bradbury,
2004; Cavailhes & Rotevatn, 2018; Chung et al,, 2023). It is
recognized that variations in hydrogeology can impact the DBs,
affecting the fabric and grain morphology (Dinwiddie et al,
2006, 2012). Furthermore, the volcanic system’s contribution
cansignificantly the emplacement ofbrittle deformation systems,
as described by Wilson et al. (2021). The volcanic system can
affect the development of DBs and fluid presence, indicating
a complex interaction between volcanism and deformation
processes. The DBs can be associated with a different tectonic
context in compressive settings, displaying both reverse-sense
and strike-slip kinematics (Cavailhes & Rotevatn, 2018), as well
as in extensive/transtensional settings, demonstrating normal-
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sense kinematics (e.g, Dinwiddie et al, 2006; Cavailhes &
Rotevatn, 2018; Leroy et al., 2023; Nicchio et al., 2023).

The DBs identified in the stratified lapilli-tufts of Trindade
Island represent structures formed during Pleistocene
volcanic activity in transtensional context associated with an
oceanic fracture zone, described by Vitdria-Tridade Fracture
zone developed in a transtensive context (Bario et al., 2020).
Therefore, making this area a unique site to study the influence
of the fabric and the interaction between volcanic fluids and
gases in the formation of DBs in transtensive tectonic regimes.

This paper defines the main structural characteristics of
the DBs in porous volcaniclastic rocks formed in Paredio
Volcano, Trindade Island. We (i) studied the distribution,
geometry, and architecture of DBs in the Paredao volcano,
as well as microstructures and the properties of HR and DBs
such as porosity data, the difference of deformation in glass and
main minerals as feldspar and pyroxene; (ii) define the main
deformation mechanisms, mineralogical control on deformation
mechanisms and the relationship with tectonics; (iii) discuss the
relationship between deformation and the volcanism.

2. GEOLOGICAL CONTEXT

The Trindade Island and Martim Vaz Archipelago
emerged portions of the Vitdria-Trindade Fracture Zone
(VTFZ) with the main direction E-W, which is located
roughly 1150km eastward to the Brazilian, coast reaching
a width of up to 200 km along the fault (Figure 1A).
The VTFZ is associated with the most recent alkaline
volcanism in the Brazilian Territory, this zone of weakness
allowed magma to rise as the South American plate moved
over a mantle anomaly, during Atlantic Ocean formation
(Hartnady & Le Roex, 198S; Siebel et al., 2000; Almeida,
2006; Alves et al., 2006, 2022). This made it possible
to form volcanoes aligned with the VTFZ, which when
emerged appear as islands, when inactive, they end up being
eroded by marine and subaerial erosion, transforming into
submarine-forming guyots along the VTFZ (Figure 1B)
(Szatmari & Mohriak, 1995; Rego et al., 2021). The islands
of Trindade and Martin Vaz are the only ones not eroded
and emerging from this volcanic chain, denominated
Vitoria-Trindade Ridge (Figure 1B).

The volcanic activity in Trindade Island has initial age
of approximately 3.9 Ma to less than 0.25 Ma (Pires et al,,
2016). This volcanic activity is associated with the post-
Gondwana breakup and the opening of the South Atlantic
(Hawkesworth et al., 1999; Almeida, 2006; Gibson et al.,
2006) and is believed to be linked to mantle plume activity
(Hartnady & Le Roex, 1985; Siebel et al., 2000).

The tectonic framework of Trindade Island is characterized
by a predominant NW-SE structural trend, as evidenced by
the orientation of fractures, faults, and dikes in this direction
(Almeida, 1961) (Figure 1C). Bardo et al. (2020) identified
an extensional phase responsible for the formation of normal
faults trending NNW-SSE (Figure 1C), associated with a post-
volcanic stage. The development of NE marks the subsequent
progression of deformation on Trindade Island-SW-striking
right-lateral strike-slip faults (Figure 1C).

The structural relationship between the normal and
oblique faults suggests that the main shortening direction was
initially vertical, indicating active tectonics during the first
volcanic phase of the island, suggesting active tectonics during
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the first volcanic event of the Island (Bario et al., 2018, 2020;
Motoki et al., 2024). Trindade Island’s volcanic history dates
to the Middle Pliocene and continued until the Pleistocene
(Pires et al., 2016). The accumulation of lava formed the
island flows, pyroclastic deposits, and phonolitic intrusions
from strongly sodic alkaline and SiO, under saturated magma
(39.8 £ 42.9 wt.%) (Marques et al., 1999; Siebel et al., 2000;
Bongiolo et al., 2015; Monteiro et al.,, 2022).

Almeida’s (1961) defined five units, which were later
redefined following the most up-to-date stratigraphic
nomenclature (Monteiro et al,, 2022; Santos et al., 2025), being
them: Trindade Fm., Desejado Fm., and the Morro Vermelho
Fm., Valado Fm., and Paredio Volcano Fm. (Figure 1C). The
study area corresponds to the most recent volcanic event on
Trindade Island (~0.25 Ma; Pires et al., 2016), located on the
southeastern edge and known as the Paredao Volcano Formation
(Figure 1C). This event resulted in the deposition of a range of
pyroclastic components, witha minor contribution from effusive
eruptions, as described by Pires et al. (2016). The volcanic
edifice associated with this activity is well-preserved and consists
of a scoria cone known as Paredo Volcano (Figures 1C, 1D).
The volcanic structure exposes the intercalation of lapilli-tuffs,
tuff-breccias, breccias, and agglomerates (Pires et al, 2016;
Pasqualon et al., 2019) (Figures 1D, 1E).

2.1 Host rock characterization

This study focuses on proximal pyroclastic deposits
and associated deformation bands (DBs) cutting through
a proximal pyroclastic sequence composed of alternating
layers of lapilli-breccias and lapilli-tuffs, characterized
by planar bedding, massive textures, and reverse grading
(Figures 1D, 1E). These deposits consist of volcanic
ash, lapillitic scoria, bombs, and nephelinitic lava blocks
(Pasqualon et al., 2019). The volcanic sequence is interpreted
as a scoria cone formed primarily by Strombolian eruptions,
with subordinate phreatomagmatic activity (Pires et al,
2016; Pasqualon et al., 2019).

According to Pasqualon et al. (2019), the lapilli-tuffs
contain Y, P, and X-shaped shards with subangular scoria
lapilli fragments, ranging in size from ash to lapilli, with
reverse grading and ballistic bombs and blocks. Oxidized
olivine phenocrysts occur within scoria fragments, and pores
are often partially or fully filled with zeolite. Fine zeolite
grains and mineral particles constitute the groundmass. The
volcaniclayers are locally tilted by fault surfaces that affect the
proximal deposits (Figures 1D, 1E). This study emphasizes
DBs associated with conjugate normal faults, typically
dipping between 45° and 809, reflecting the influence of
transtensional stress on Trindade Island (Bario et al., 2020).

3. METHODS

3.1 Spatial analysis and outcrop

characterization

The deformation bands (DBs) and faults were initially
characterized using aerial imagery, as these structures are
effectively delineated through aerophotogrammetric surveys
(Bemis et al., 2014; Bonato et al., 2022; Freitas et al., 2023).
A UAV survey provided high-resolution imagery (10 cm
resolution; Figure 2A), which was processed, shaded, and
interpreted using ArcGIS 10.6.1.
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Figure 1. (A) Localization of Trindade Island; (B) location of Trindade Island in the South America comprising the E-W direction Vitoria-Trindade
Chain; (C) the Island is composed of five distinct geological units with ages varying between Lower Pleistocene to Middle Pleistocene (3.7 to
<0.17Ma) (Modified of Bario et al, 2020). The Paredao Volcano is highlighted in the map.; (D) stratigraphic column depicting the proximal facies
of pyroclastic deposits. adapted from Pasqualon et al. (2019); (E) Image showing the volcanic layering and stratification of the Paredo Volcano.
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Figure 2. The spatial analysis of the structures observed in the Paredao Formation. (A) A UAV image of the Pareddo Volcano. which
highlights the main fractures. volcanic layering. and deformation band; (B, C) Interpreted structures in UAV highlighting the joints and
Deformation Bands (DBs); (D) rose diagram of volcanic layering; (E) rose diagram of joints; (F) rose diagram of DBs.
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The interpretation of linear structures in the UAV images
allowed identification of both primary features, such as volcanic
layering, and secondary features, such asjoints and DBs. Azimuthal
orientations were extracted using the Azimuthfinder plugin
(Queiroz et al,, 2014) for ArcGIS, and directional rosettes were
generated with Dips software (Rocscience), enabling detailed
structural characterization of the Pareddo Volcano (Figure 2A).

Field-based structural analysis involved observing,
describing, and mapping five accessible DB outcrops along
the Pareddo Volcano (Figure 2A). Structural data, including
dip and strike, were collected at each site, and photomosaics
were constructed to support mapping and sketching.
Oriented samples were also collected for laboratory analyses,
including petrography, SEM, and EDS studies.

3.2 Microscopic analysis

The samples were analyzed using thin sections toidentify the
deformation mechanism during DB formation by delineating
microstructures, tectonic fabric, compaction, porosity, and
mineralogy. Also, observe the alteration of crystals and matrix
inside and outside the DBs. We analyzed the porosity of 18 HR
and 14 DB samples using the software Image].

3.2.1 ImageJ porosity analysis

Image] software differentiates porosity characteristics of
deformation bands (DBs) and host rock (HR). To analyze
the porosity of both HR and DBs, we used the software
Image] (Ferreira & Rasband, 2012; Schneider et al., 2012)
and followed the methodology employed by Dimmen et al.
(2017) and Leroy et al. (2023) for 2D macroporosity
analysis of DBs and HR. We chose 300x1200 pixel areas of
HR and DBs in thin sections to compare porosity, because
it’s high quality image can be examined by the software.
The porosity was estimated in selected photomicrographs
and using a macro developed by Grove & Jerram (2011).

That macro is designed to convert images that are raster,
which stands for Red, Green, and Blue, to HSB format,
which stands for Hue, Saturation, and Brightness (Grove
& Jerram, 2011). This process differs from a red threshold
color, therefore, the blue epoxy in the empty spaces from
the rest of the matrix color spectrum using a red threshold
image is also converted to black and white, resulting in a
binary image. This image is then analyzed for “particle”
analysis to measure the percentage of porosity and the total
area of pores.

3.2.2 SEM-EDS analysis

Samples were analyzed using a Thermo-FEI Quanta
650 SEM equipped with a Mineral Liberation Analyzer
(MLA) at GTK forhigh-resolution porosityand mineralogical
characterization. The system, integrated with EDS, enabled
mineral chemical analyses, with a thin carbon coating applied
to prevent electron charging (Kong et al., 2019).

TheXMOD_STD MLA method employed backscattered
electron (BSE) imaging to distinguish mineral phases in both
host rocks and deformation bands. Mineral identification,
porosity mapping, and modal mineralogy determination
were based on BSE images and spectral library comparisons
(Supplementary Material 1).

Additionally, a Renishaw InVia Qontor Raman microscope
was used to differentiate zeolite types (Krolop et al., 2019)
(Supplementary Material 2).
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4. RESULTS

4.1 Spatial distribution of structures

The circular shape of the Pareddo Volcano (Figure 2A) is
strongly influenced by fractures, faults, and DBs (Figures 2B, 2C).
Four main structural features are distinguishable: volcaniclayering
and stratification, joints, faults,and DBs (Figure 2A). UAV imagery
(Figure 2A) reveals subhorizontal volcanic layers (Figure 1E)
with a predominant orientation of N30-SOW (Figure 2D).

The eastern portion of the structure has been eroded or
collapsed and is no longer accessible (Almeida, 1961). The
remaining layers consist of stratified deposits interbedded
with lapilli-breccias and lapillistone, as described by
Pasqualon et al. (2019) (Figures 1D, 1E). Joints, faults, and
DBs are easily distinguishable in UAV images. Joints and faults
appear as dark features (Figure 2B) due to voids created by
fracturing, while DBs appear brighter (Figure 2C) because of
their subtle prominence, as observed in outcrops (Figure 3).
Faults and joints are dispersed throughout the analyzed
section of the Paredio Volcano, exhibiting a radial pattern
associated with cooling and collapse processes (Figure 2E).
These structures locally displace volcanic stratification,
resulting in offsets ranging from 0.30 to 1.00 m (Figure 2B).

The DBs are oriented along two main directions:
N20-45W and N20-30E. In certain areas, they intersect to
form conjugate patterns (Figure 3A), which are indicative of
localized deformation processes.

4.2 Deformation bands in macroscale

The UAV images and field outcrops reveal mainly two DBs
geometries: (i) conjugate patterns of DBs (Figures 3A, 3B)
and (ii) isolated DB clusters locally displacing volcanic
stratifications (Figures 3C-F).

The conjugate pair geometry consists of structures with
scattered orientations (Figures 3A, 3B), moderate to high dip angles
(45-75°), and local normal stratigraphic displacements of 3-7 cm.
They are sparsely distributed (5-10 m apart) along the Pareddo
Volcano and are easily identifiable in drone imagery (Figure 2C).

DB clusters exhibit greater displacement, with lapilli-
tuff stratifications displaced by 3-10 cm (Figures 3C-F).
The thickness of these DBs ranges from 2 to 10 cm. Vertical,
newly formed normal faults frequently intersect the DBs
(Figure 3C). Eye and ramp structures, formed by two or
more sub-parallel deformation band fault segments, are
also observed (Figure 3E), highlighting an anastomosed
geometry (Mollema & Antonellini, 1996).

Reverse slip is also recognized in the DBs clusters, with
reverse faults resembling the conjugate pair morphology and
local displacements of 2-3 cm (Figure 3F).

The conjugate pair structures have a mean orientation
of approximately N4SE and N4SW (Figure 3G), with an
interplane angle of about 60°. The DB clusters with normal
kinematics have a mean orientation ranging from N40°W to
N45°W, with dip angles between 30° and 45° (Figure 3H).
In contrast, clusters with reverse kinematics exhibit mean
orientations ranging from N85°W to N15°E, with dip angles
between 40° and 85° (Figure 3I).

4.3 Deformation bands in mesoscale
The DBs are characterized to decrease in grain-size from
the HR to the DB Compared to the HR, DBs are more
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Figure 3. Conjugate pairs geometry of normal faults and deformation bands in the Pareddo Volcano. (A, B) Photos of DBs localized in
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densely compacted and have lower porosity (Figure 4).
Internally, DBs show a structural fabric that involves
fragmentation or cataclasis of minerals and lithoclasts,
decrease the grain size, and reduction of pore size and its
complete closure along the bands (Figures 4A, 4C, 4E).
Three distinct zones can be observed within the DB:

the main damage zone where is observed the DB, the
interband space (IS), which extends approximately 3 to
S mm from the main damage zone, and the preserved HR
(Figures 4B, 4D, 4F).

Due to fault displacement, grains and fragments within
the DBshave beenrotated and reoriented, formingstructures
resembling pressure shadows (Figures 4A and 4B). The
fragments exhibit a finer-grained matrix asymmetrically
arranged around angular-shaped fragments, which appear
as gray-colored areas (Figures 4A and 4B).

Angular minerals and glass fragments shows slightly
preferred oriented shear planes, with matching normal shear
sense observed in DBs outcrop (Figures 4E, 4F). The fabric
generated during the shearing propitiate the orientation
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Figure 4. Enlargement (or details) of the internal structures observed in the deformation bands and the zonation of the deformation bands
(DBs) in outcrop. (A, B) Itis possible to observe the internal orientation. the matrix reduction; (C, D) irregular morphology of DBs. with
fine grained matrix and some internal orientation; (E, F) microfaults with local displacement of the clasts. with similar kinematic to DB.

HR: Host Rock; IS: Interband Space; DB: Deformation Band.
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intern of the DBs (Figures 4A to 4F).

Another characteristic that distinguishes the DBs from the
HR is the presence of cement within the bands (Figure 4). The
bands are predominantly composite by finer grain size matrix
(Figures SA to SD). In some cases, a whitish mineral can be
observed filling the pores, probably corresponding to a zeolite.
(Figure 4C). In the HR, cavities produced by gas escape during

Sigmpi
structure

formation canbe observed as primarypores (Figure 4), whereas, in
the DBs, these structures are sealed by light grey cement composite
by zeolite and a finer grain size matrix (Figures 4A, 4C, 4D).

4.4 Deformation bands in microscale
The thin sections revealed a mineral assemblage mainly
consisting of pyroxene (5-35%), K-Feldspar (5-20%),

L]

Phonolite
Fragment

Figure 5. (A) Scanned thin section of the host rock (HR) and the deformation band (DB) where we can see the local displacement

of volcanic stratification with 2mm; (B) zoom area of deformation. highlighting the presence of pressure shadow around the phonolite
fragment and the fine-grained matrix generated by cataclastic and comminution process. It also observes the weak orientation in the matrix;
(C) clearly defined deformation band zones characterized by grain size reduction and matrix deformation within the region. Additionally.
shear fractures can be observed running parallel to the walls of the deformation bands. exhibiting kinematics similar to those indicated by
crystal sigmoidal opaque shape. Opq: Opaque mineral; Cpx: Clinopyroxene; Afs: Alkali Feldspar; HR: Host Rock; IS: Interband Space.
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amphibole (5-15%), spinel (5-10%), volcanic glass (S-
10%), zeolite in cavities and matrix (5-20%), glass (5%),
and magnetite (traces) (Figure SA). This assemblage likely
represents the lapilli tuff described by Pasqualon et al. (2019).

The petrographic sections (Figure S) shows that the DBs
have irregularly shaped mineral grains and rock fragments
scattered randomly in a cohesive matrix with reddish colors
(Figure SA). Fragments observed in the DBs are lack distinct
optical microstructures and exhibit a roughly equant shape
(Figure SA). Grain aggregates in the matrix show no specific
orientation and display variability in shape and size (Figure SB).
Two distinct types of interactions between the HR and DB
can be observed, resulting in different morphologies. These
include the presence of an interband space (Figures SA-E)
and transitional features ranging from protocataclastic to
ultracataclastic textures, which are observed in some fractured
crystals and a fine-grained matrix (Figures SA-E).

The scanned thin section of the DBs reveals a local
displacement of HR stratification (approximately 2 mm),
with the internal stratification being much finer, more
disorganized, and fragmented compared to the HR. The
mineralogy of the DBs consists of fragmented minerals,
phonolite clasts, and a finer-grained matrix (Figure SA).

DBs matrix shows fewer internal pores when compared
to HR (Figures SB and SC), with the pores are generally
filled by a fine-grained matrix or sealed by deformational
or zeolitization process (Figure SB and SC). It exhibits a
cataclastic texture fabric dominated by comminution and
fragmentation, resulting in small, sharp particles of K-feldspar
and clinopyroxenes (<1 mm) (Figures SB and SC). As
observed in macrostructures (Figure 4A and 4B), pressure
shadow microstructures occasionally form around large
5B). These structures
indicate normal kinematics similar to those observed in
the field. Additionally, the internal shearing generate shear
surfaces, resulting in matrix orientation (Figure SB).

fragments of phonolites (Figure

The shear fractures observed within the DBs have the same
sense of shear as the overall DBs (Figure SC). These fractures
can cut across fragments of feldspar grains, which indicates the
deformation occurred within the DBs. Microscopic deformation
may occur at specific layers where cataclasis dominates.

4.5 2D porosity and SEM analysis

In the HR samples, porosity appears as rounded cavities
ranging from 50 to 400 ym (Figure 6A). The photomicrographs
reveal low connectivity between pores in the HR (Figures 6A),
with an average porosity of approximately 16%. However,
when fractures are more densely distributed in the HR samples,
However, when fractures are more densely distributed in the
HR samples, porosity can increase to up to 40%.

DB’s samples exhibit reduced porosity, with only a few
open spaces remaining unfilled due to mineral precipitation
or compaction (Figure 6B). The DBs have a porosity of up
to 13%, with an average of 6% along the band (Figure 6C).
At this study scale, the pores in the DBs are isolated and
lack connectivity. Unlike the rounded pores observed in
the HR samples, the pores in the DBs appear elongated or
rectangular, without any specific orientation.

The microstructures of the DB are different from
those of the HR samples, as observed in SEM images
(Figure 7). The grains in the DBs are visually smaller than
HR (Figure 7A - 7D), and some exhibit micro faults and
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shearing features (Figure 7D). The porosity and pore sizes
in the DBs are lower than those in the HR samples. However,
it is essential to note that all analyses were conducted on
thin sections, and some of the observed porosity may be
due to artifacts rather than actual pores. This is because
SEM characterization has limitations in revealing the
morphology of pores in three dimensions.

Some grains in DBs exhibit rounded contours
(Figure 7D), it is embedded in a finer-grained matrix
that contains fragments distributed without preferential
orientation. Approximately 63% of the DB comprises of the
finer-grained cataclastic matrix, while the rest is fragments of
zeolite, pyroxene, k-feldspar, amphibole, and oxides, similar
to HR. The groundmass in the DBs is classified as a finer-
grained matrix in SEM-EDS analysis (Figure 7A and 7B)
since these grains are too fine to be detected.

There is a significant difference in the occurrence of
phillipsite, a type of zeolite, is observed in the DBs and HR
samples (Figures 8A and 8B). In the DBs, phillipsite appears
fragmented, while in the HR samples, it remains undeformed,
preserving its fibrous morphology and, in some cases, filling
cavities. Additionally, flat and prism-shaped minerals,
such as mica and amphibole, are aligned with their longest
dimensions parallel to the DB walls. Tiny fragmented grains
surround larger ones, transitioning from protocataclastic
to ultracataclastic textures in certain portions of the DBs
(Figure 8C). The ultracataclastic texture exhibits intense
deformation, with shear planes forming parallel to the DB
orientation (Figure 8C). In contrast, the cataclastic texture is
characterized by partial orientation and rotation of fragments
embedded in a finer-grained matrix (Figure 8D).

The presence of biotite with deformed cleavage,
suggests normal kinematics within the DB (Figure 8E)
and highlights the mechanical incorporation of larger
fragments. The protocataclastic texture demonstrates
pervasive fragmentation and significant grain size reduction
(Figures 8E and 8F), with flaking most pronounced on
K-feldspar, phillipsite, and pyroxene grains. Rotated grains
(Figure 8E), as well as wing cracks and fractures exploiting
mineral cleavage (Figure 8F), are commonly observed.

4.6 Grain size distribution

We compare the histograms of grain size distribution
between HRs and DBs, it becomes evident that there
is a reduction in grain size. We analyzed the grain size
distributions of pyroxene and feldspar, the most abundant
grains in HR and DB. The data presented in Figure 9 and in
Tables 1 to 3 represent the grain size distribution information
for pyroxene and feldspar in HR and DB.

The tendency curve in HR shows particle sizes mostly
between 45 and 100 ym (Figure 9A). The mean grain size
for pyroxene is approximately 218 pm with a standard
deviation of 270 pm.

In contrast, the grain sizes of pyroxene and K-feldspar in
DB are significantly smaller (> S pm), with the largest size
being around 100 ym (Figure 9C-9D). The average length of
pyroxene is about 30 ym with a standard deviation of 48 pym
(Figure 9C). For K-feldspar, they exhibit a similar statistical
trend with an average size of 35 ym and a standard deviation
of about 52 ym (Figure 9D).

The trend of size reduction persists even when the
two minerals are combined, considering their particle


https://creativecommons.org/licenses/by/4.0/

Braz. J. Geol. (2025), 55: €20250013

Table 1. Mineral contents data for the analyzed thin section.

Area2 -
Mineral Areal-HostRock Deformation Band
(Wt%) (W)
Quartz 0.01 0
Pyroxene 15.42 9.04
Amphibole 11.76 6.73
K_feldspar 5.38 3.83
Albite 0.08 0.01
Biotite 523 6.33
Phillipsite Ca_K 13.08 5.89
Titanite 0.49 0.62
Apatite 0.82 0.52
Magnetite_Ti 4.52 2.63
Ilmenite 0.45 0.25
Pyrrhotite 0 0
Pyrite 0 0
Glass 0.62 0.51
Groundmass 41.57 63.29
Unclassified 0.57 0.34
Total 100 100
Number of measured points 28506 8825

Table 2. Grain size distribution in deformation bands and host
rock for Pyroxene.

Mineral Size Distribution - Grain Layer - SEM

Size Particle Count Retained W (%) Cul?nlmation

Passing Wt (%)
1009.08 0.00 0 100.00%
848.53 1.00 1.05 98.95%
713.52 0.00 0 98.95%
600 2.00 1.02 97.93%
504.54 3.00 12 96.73%
424.26 14.00 3.67 93.05%
356.76 23.00 425 88.80%
300 38.00 4.98 83.82%
252.27 57.00 5.47 78.35%
212.13 113.00 745 70.91%
178.38 177.00 8.23 62.68%
150 230.00 7.7 54.97%
126.13 333.00 7.92 47.06%
106.07 455.00 7.63 39.43%
89.19 544.00 6.45 32.98%
75 731.00 6.1 26.88%
63.07 957.00 5.65 21.23%
53.03 1215.00 5.08 16.15%
44.6 1323.00 391 12.24%
37.5 1505.00 3.16 9.08%
31.53 1709.00 2.54 6.54%
26.52 1781.00 1.86 4.68%
22.3 1860.00 1.37 3.31%
18.75 1894.00 0.98 2.33%
15.77 2085.00 0.75 1.58%
13.26 1871.00 0.48 1.09%
11.15 3090.00 0.55 5.40%
9.38 1476.00 0.19 3.50%
7.88 3786.00 0.35 0.00%

sizes (Figure 9E-9F). This trend further emphasizes a
significant textural alteration between the HR and DB.
A closer examination of particle sizes in the HR reveals a
normal distribution with a peak between 10 ym and 45 ym,
extending up to 600 pm for the largest particles (Figure 9E).

Table 3. Grain size distribution in bands and host rock for Alkaline

Feldspar.
Mineral Size Distribution - Grain Layer - SEM
Size Particle Count Retained W Cm-mlmation
Passing Wt (%)
1200 1.00 16.73 83.27
1009.08 0.00 0 83.27
848.53 0.00 0 83.27
713.52 2.00 2.08 81.19
600.00 1.00 0.69 80.50
504.54 S.00 2.77 77.73
424.26 4.00 1.58 76.1S
356.76 12.00 3.44 72.70
300.00 13.00 2.67 70.04
252.27 21.00 2.9 67.13
212.13 45.00 442 62.71
178.33 67.00 4.74 57.97
150.00 83.00 4.14 53.82
126.13 154.00 541 48.42
106.07 189.00 4.71 43.71
89.19 307.00 54 38.31
75.00 438.00 5.5 32.80
63.07 636.00 5.66 27.14
53.03 924.00 5.78 21.48
44.60 1120.00 4.97 16.39
37.50 1365.00 431 12.08
31.53 1402.00 3.12 8.96
26.52 1517.00 2.38 6.58
22.30 1576.00 173 4.85
18.75 1673.00 1.29 3.55
15.77 1989.00 1.07 248
13.26 1902.00 0.74 1.74
11.15 3224.00 0.87 0.87
9.38 1516.00 0.3 0.58
7.88 4196 0.58 -

In contrast, in the DB, the trend line varies throughout the
graph (Figure 9F 13F), indicating an irregular distribution of
grain sizes, with a predominant range of 5 to 10 pm.

5. DISCUSSIONS

The deformational evolution of the Paredio Volcano
is driven by the interaction of five key processes: (1)
volcanism (Figure 10A), (2) hydrothermalism and mineral
alteration (Figure 10B), (3) fracturing assisted by fluid
flow and mineral alteration, (4) granular flow, and (5)
cataclastic flow (Figure 10C). The Figure 10 summarizes
the processes driving the deformation and evolution of the
volcano’s geological structure. The observed DBs can be
classified as cataclastic shear bands (CSBs), as defined by
Ballas et al. (2012), in which cataclasis and grain-crushing
processes dominate. This is similar to what occurs in
immature sandstones or poorly lithified sandstones with a
wide mineralogical variety and granulometry, as described by
various studies (Aydin, 1978; Chuhan et al,, 2002; Rawling &
Goodwin, 2003; Fossen et al., 2007, 2018; Exner & Tschegg,
2012; Torabi, 2014; Pizzati et al., 2020; Souza et al., 2021;
Nogueira et al., 2021; Silva et al,, 2022; Chung et al,, 2023).

The main deformation zone (Figure 8A) is characterized
by a preferential cataclastic flow orientation, dominated by
cataclastic to ultracataclastic textures (Figure 8C). This feature
is also evident near the core of the deformation zone, where a
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Figure 6. Porosity analysis used photomicrographs and JPor. (A) A photomicrograph of the host rock (HR) was taken. and the HSB
macro was applied to estimate the 2D porosity. The porosity in this portion of the HR was estimated at 16%. (B) deformation band was
analyzed using the HSB macro. revealing a significant porosity reduction compared to the host rock. with an estimated porosity of 4%; (C)
comparative graph was generated. illustrating the variation in porosity between the host rock and the deformation band. The HR exhibited
porosity ranging from 7% to 25%. while the deformation band showed porosity ranging from 2% to 11%. Afs: Alkali Feldspar; Ol: Olivine;

Opq: Opaque mineral; Cpx: Clinopyroxene.
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Figure 7. Scanning Electron Microscope (SEM) Backscatter Electron (BEI) and Energy-Dispersive X-ray Spectroscopy (EDS) images

were obtained to analyze the textural and mineralogical characteristics of the thin section. (A) The BEI image shows the textural differences
between the host rock (HR) and the deformation band (DB). the contrasting features between these two regions are evident; (B) EDS phase
map provides mineral identification and highlights the tuffaceous matrix present in the sample. Different minerals can be distinguished based
on their elemental composition; (C) zoomed-in image of the HR reveals well-shaped biotite. titanite. and zeolite (phillipsite). These minerals
exhibit distinct morphologies and can be identified based on their characteristic composition; (D) the internal portion of the DB is depicted.
where the dominant features include groundmass and fragmented crystals. Tensile fractures and microfaults are also observed within this zone.

protocataclastic texture is observed, along with grain alignment
and the development of shear fractures (Figures 8C, 8E and 8F).
This orientation leads to a local shear planes, likely resulting
from intense cataclasis, which accommodates displacement
along the direction of the DBs (Cladouhos, 1999; Del Sole &
Antonellini, 2019; Pizzati et al., 2020).

Two primary mechanisms govern the deformation
process: (i) granular flow, extensively studied by Adam et al.
(2005) and further examined by Fossen et al. (2007, 2018)
(Figure 10B), and (ii) cataclastic deformation, as described
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by Aydin (1978) and Pizzati et al. (2020) (Figure 10C).
These studies suggest that initial mineral anisotropy in the
hostrock, such as cleavage planes, likely facilitated the onset
of deformation processes (Nicchio et al., 2018; Cavailhes &
Rotevatn, 2018; Souza et al., 2021; Leroy et al., 2023).

5.1 Fluid flow and volcano-tectonic history

The first phase of the geological evolution of the area is
represented by the volcanic system involving phreatomagmatic,
Strombolian, and Hawaiian eruptions, resulting in flat, layered
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Figure 8. Details of the deformation band are revealed through SEM backscatter images and the EDS phase map. (A) The morphology of

the deformation band is prominently displayed. showcasing the main zone of deformation with a distinct texture characterized by intense

comminution and fragmentation; (B) EDS phase map allows for the identification of the groundmass. It should be noted that some grains

may appear smaller than the detection limit of the EDS. resulting in a gray coloration; (C) Closer examination of the main deformation zone

reveals intense cataclastic features and notable matrix reduction. Shear planes are locally associated with mineral alignment. while intragranular

and transgranular fractures indicate shearing and deformation. Deformed cleavage is also observed in biotite crystals. further confirming the
shearing kinematics; (D) prismatic and phyllosilicate crystal fragments exhibit an orientation parallel to the direction of the deformation band;
(E) the mineral orientation within the deformation band becomes more pronounced. with evidence of grain rotation and fragmentation of
phillipsite crystals; (F) fragmentation and rotation of grains are evident. suggesting mechanical incorporation within the deformation band.

pyroclastic deposits and lava flows (Figure 10A). These deposits,
composed of lapillitic scoria, volcanic ash and lava flows
(Figures 1D and 1E) (Pires et al., 2016; Pasqualon et al., 2019).

Thesecondevolutionaryphaseismarkedbythe development
of pervasive radial fractures, particularly around the Paredao
Volcano. This fracturing is associated with volcanic collapse and
an extensional stress regime oriented NW-SE, imposed by the
VTFZ during volcanic activity (Barao etal., 2020) (Figure 10B).
These fractures exhibit a radial pattern centered on the volcanic
caldera and are interpreted as tectonically influenced (e.g, De
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Rita et al., 1983, Gudmundsson, 2006, Cimarelli & De Rita,
2006; Norini et al,, 2019). The fracturing process facilitated
hydrothermal alteration of the lapilli-tuff through interaction
with magmatic fluids and seawater (Godelistas et al., 2010),
creating preferential pathways for fluid circulation (Wilson et al,,
2003). Asaresult of this alteration, volcanic glass and K-feldspar
were extensively replaced by phillipsite (Figures 7, 8).

The mineral transformations occurred along stratification
planes and fractures (Figure 10B) during hydrothermal or
post-depositional phases. These transformations were driven
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Figure 9. Grain size distribution for Pyroxene and K-Feldspar was obtained using the EDS phase map. (A, B) The grain size distribution
of Pyroxene and K-Feldspar in the host rock (HR) reveals a concentration of particle sizes between 15 to 4Spm. indicating a relatively
uniform distribution within this range; (C, D) In contrast. the grain size distribution of Pyroxene and K-Feldspar in the deformation band
(DB) demonstrates a concentration of particle sizes smaller than 15um. This indicates a significant reduction in grain size within the (DB)
compared to the HR. likely attributed to the intense comminution and fragmentation; (E) particle size distribution graph for Pyroxene
and K-Feldspar in the HR confirms the concentration of particle sizes between 15 to 4Spm. with a relatively symmetrical distribution; (F)
particle size distribution graph for Pyroxene and K-Feldspar in the DB highlights the predominance of smaller particle sizes.

by fluid alkalinity, pH variations, alkaline earth element
activity, temperature, and pressure, resulting in diagenetic
rock alteration (Hay, 1977; Christidis, 2001; Leroy et al.,
2023). In case of Paredio Volcano two distinct processes led
to the hydrothermalism event. Firstly, the formation of zeolite
phillipsite is closely associated with hydrothermal processes.
Secondly, the formation of phillipsite is primarily influenced
by weathering conditions, especially seawater interaction.
Seawater alters pH and temperature, driving the zeolitization
of K-feldspar and volcanic glass, resulting in a phillipsite-
rich matrix (Hernandez et al., 1993; Robert & Goffé, 1993;
Ghiara & Petti, 1996; Etame et al., 2012; Mateus et al., 2020).

The final phase is associated with the development of
transtensional tectonics during the Middle Pleistocene,
linked to the right-lateral kinematics of the VTFZ, as
discussed by Ferrari & Riccomini (1999), Ribeiro et al.
(2019), and Bardo et al. (2020) (Figure 10C).

The fabric, characterized by the flat arrangement of
layers composed of dense lapilli-breccias and lapilli-tuffs,
is comparable to cataclastic bands observed in arkosic
sandstones or grainstones (Del Sole & Antonellini, 2019;
Nogueira et al,, 2021; Pizzati et al., 2020; Souza et al., 2021,
2022). These DBs show variations in grain size and mineral
composition, reflecting distinct deformational behaviors.
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Figure 10. Schematic evolution of the hydrothermal and deformation stages of the Pareddo Volcano. (A) The first stage represents the volcanic event.
characterized by the deposition of planar stratified pyroclastic deposits and lava flows. The resulting lapilli-tuff facies consists of fragments of pyroxene.
alkali feldspar. amphibole. glass. and magnetite. This volcanic activity contributes to the initial stratigraphy and composition of the volcano; (B) the
second stage is marked by hydraulic fracturing. which leads to hydrothermal alteration. Fractures created during this process facilitate the circulation
of fluids. resulting in the transformation of volcanic glass and alkali feldspar into phillipsite. This hydrothermal alteration is an important factor in

modifying the mineralogy of the rocks; (C) the third stage is associated with

ectonic activity and the formation of cataclastic bands. This stage can

be divided into two sub-stages: (1) the granular flow of particles. where grain rotation and local reorganization occur. resulting in a reduction in grain

sizes and the creation of a cataclastic matrix; (2) the cataclastic flow. which involves intense deformation and fragmentation of grains. Cataclastic flow

leads to the generation of a very-fine matrix. This stage is a result of the tectonic stress acting on the volcano. leading to deformation.

The deformation process initiates with the fracturing of
minerals along pre-existing mechanical weaknesses zones,
such as cleavages (Cavailhes & Rotevatn, 2018; Fossen et al.,
2018; Souza et al, 2021, 2022) and by grain size effect
(Chung et al,, 2023). The fracturing induced by the cleavages
leads to granular flow, culminating in the complete cataclasis
of DBs (Figure 10C). This fracture also induced by the grains
size variation, the large particules size results in larger contact
forces (Antonellini & Aydin, 1995), impacting in grain
fracturing an DB development (Chung et al., 2023).
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5.2 Deformation mechanisms

5.2.1 Granular flow

The movement of grains occurs in non-fractured areas,
leading to rotation and localized reorganization of primary
microstructures (Figures 8D, 8E). The rotational movement
produces angular fragments and decreases the porosity in certain
regions (Fossen et al,, 2018; Pizzati et al., 2020). Grain rotation
is more likely to occur along mineral cleavages (Figure 8E). This
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deformation processis closely linked to the abundance of minerals
like pyroxene, K-feldspar, and amphibole, which enable rotation
along the significant cleavage planes (Figure 8F) (Mair et al,
2002; Del Sole & Antonellini, 2019; Cavailhes & Rotevatn, 2018;
Pizzati et al,, 2020; Leroy et al,, 2023). In this case, pyroxene and
phonolite appear to be more resistant to the deformation process
during granular flow compared to K-feldspar and phillipsite,
with pyroxene crystals showing greater resistance to applied
deformation (Ulrich etal., 2020; Speciale etal,, 2022) The process
of granular flow may be influenced by fluid flow resulting from
ongoing magmatic activity during deformation or variations in the
hydrogeological/hydrological context (Bense & Van Balen, 2004;
Wilson et al., 2006; Dinwiddie et al., 2012; Pizzati et al., 2020).

As the area is surrounded by ocean water, there is a
potential for interaction between seawater and the rocks
of the Paredio Volcano region, under conditions of low
temperature (80-100°C) and pressure (Ramalho et al,
2013; Valdivia, 2022). The finer-grained matrix in both
DBs and HR, primarily composed of hydrothermal zeolite
(Figures 8, 9), exhibits evidence of contributions from
magmatic activity and fluctuations in seawater levels.

Fluid flow is more intense along the DBs than in the
HR, likely facilitated by the structures observed in the
Pareddo volcano. These structures promote fluid flow,
possibly associated with a vadose zone where fluids become
supersaturated through seawater evaporation (Wilson et al,,
2003; Leroy et al., 2023) (Figures 2, 3). However, variations
in the vadose zone in this context consider the tropical
and humid climate of an oceanic island, which could have
directly influenced the control of this zone during the Middle
Pleistocene (Jha et al., 2019).

Due to the effects of fluid interaction the grains tend to
redistribute, decreasing porosity when comparing the DBs
and HR (Figure 6). In the case of DBs, porosity reduction
occurs due to fluid circulation along these bands and their
interaction with mineral and rock fragments. (Parry et al,
2004; Dimmen et al., 2017). The interaction between fluids
and minerals changes pyroxenes, volcanic glass, amphiboles,
and K-feldspar, leading to the formation of zeolite cement
within these DBs (Figures 7 and 8). This deformation and fluid
flow interaction process has likely contributed to the sealing of
primary porosity inlapilli-tuff. According to Parry etal. (2004),
the chemical alteration process probably played a crucial role
in initiating and facilitating the deformation process.

5.2.2 Cataclastic flow

The cataclastic flow can be synchronous to granular
flow as described in bibliography (eg. Pizzati et al,
2020; Leroy et al, 2023). It is characterized by crystal
fragmentation and the formation of a finer matrix in the
main deformation zone, resulting in a protcataclastic to
ultracataclastic fabric (Pizzati et al., 2020; Nogueira et al,
2021) (Figures S, 7 and 8). During the process, the grains
experience internal fracturing. These fractures can display
intra- or transgranular fracture styles (Figure 10C) (Aydin &
Johnson, 1978; Balsamo & Storti, 2010; Fossen et al., 2018;
Pizzati et al., 2020).

Pre-existing cleavage and fracture planes in K-feldspars,
zeolites, pyroxenes, and amphiboles (Figures S, 7 and 8)
facilitate fragmentation and a formation of finer matrix
(Dinwiddie et al, 2006; Cavailhes & Rotevatn, 2018;
Fossen et al,, 2018; Pizzati et al,, 2020; Leroy et al., 2023).
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Angular grains with sharp edges, particularly in K-feldspars,
pyroxenes, and amphiboles (Figures 8D and 10C), contribute
to the formation of microfaults (Figure 10C). These findings
alignwith Dinwiddie etal. (2012), who observed microfractures
parallel to cleavages and a fine matrix around crystals. Cataclasis
further aligns grains and reduces porosity along the DBs.

Phillipsite grains exhibit intragranular tensile fractures
(Figures 7D and 8E, 8F), resulting in isolated fragments locally
sealed. This process likely reflects interactions between the rock
and environmental fluids (Parry et al,, 2004). Intragranular
fracturing contributes to grain breakage and the formation of a
finer-grained matrix (Sibson, 1977; Balsamo et al., 2010).

Unlike other studies on DBs in volcaniclastic rocks (e.g,
Cavailhes & Rotevatn, 2018; Leroy et al., 2023), the zeolite,
in this case, plays a significant role in deformation, acting as
the weak phase. It undergoes greater deformation, leading
to the formation of ultraclastic textures in some instances,
concentrating strain, and facilitating sliding deformation,
similar to the behavior of volcanic glass reported by Cavailhes
& Rotevatn (2018). In contrast, the strong phase is composed
of minerals such as K-feldspar, pyroxene, and amphibole,
which form the most resistant portion of the DB.

The cataclastic flow phase is associated with the
extensional stress field recorded from the Middle Pleistocene
to the present. The NW-SE-oriented shortening stress is
responsible for the right-lateral kinematics observed along
the VTFZ (Bardo etal., 2020), that promote the development
of DBs and conjugate pair geometries. Also, this phase it may
be influenced by ongoing magmatic activity at the Paredao
Volcano (Pires et al., 2016; Pasqualon et al., 2019).

6. CONCLUSIONS
Examining the structures in both outcrops and thin

sections of the Paredao Volcano on Trindade Island provides
valuable insights into the structural evolution, kinematics,
and deformation mechanisms that contributed to the
formation of DBs in the pyroclastic rocks. The following
conclusions can be drawn:

1. The initial stage of the volcanic system involved
phreatomagmatic, Strombolian, and Hawaiian eruptions,
producing flat, layered pyroclastic deposits. Subsequent
fracturing, likely linked to volcanic collapse and VTFZ-
related stress, developed radial patterns around the
caldera. These fractures enabled hydrothermal alteration
of lapilli-tuft through interaction with magmatic fluids
and seawater, leading to a zeolitization process;

2. Zeolitization of lapilli-tuffs is attributed to the interplay
between post-volcanic hydrothermal fluids and seawater.
This interaction establishes a complex hydrogeological
system within the rocks of the Paredao Volcano;

3. Deformation is primarily governed by granular flow as
the dominant mechanism. This stage is characterized by
subordinated fragmentation and rotation of crystal grains,
which produce angular fragments in response to elevated
fluid pressure;

4. Following the granular flow phase, cataclastic flow becomes
the dominant deformation mechanism. Thisis evidenced by
crystal fragmentation and the development of a fine-grained

matrix within the main deformation zone, where observed
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cataclastic to ultracataclastic textures. This results in the
formation of a cataclastic fabric, accompanied by areduction
in pore size within the pyroclastic rocks along the DBs;

S. The process of cataclasis is strongly influenced by the
mineralogical composition and occurs preferentially along
cleavages or pre-existing microfractures. This phenomenon
is particularly pronounced in minerals such as pyroxenes,
K-feldspar, and amphiboles, where deformation is
primarily associated with the development of fractures;

6. 'The zeolite fabric appears to be associated are the weak
phase of deformation, acting as a secondary contributor
to the development of DBs.
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Supplementary Material

Supplementary material accompanies this paper.

Supplementary Material 1 - EDX spectrum for matrix and zeolite.

Supplementary Material 2 - Raman spectrum of the zeolite mineral, phillipsite. The spectrum below (black) is from the studied
sample. The upper one (blue) is from RRUFF-database. The matching percentage is 98%. The laser wavelength was 532 nm.

This material is available as part of the online article from https://doi.org/10.1590/2317-4889¢20250013
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