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Abstract: The Parana-Etendeka Magmatic Province is associated with the distensive
tectonics that caused the rupture of the Gondwana continent during the Lower
Cretaceous and generated an intense volcanism that covers South America and the NW
portion of Namibia in Africa. In Brazil, this volcanic sequence is named Serra Geral Group
and predominantly consists of basalts and subordinated silicic rocks. The goal of this
study is to characterize the geomorphological features observed in the Aparados da
Serra region, southern Brazil, and to evaluate the relationship between these structures
and the primary silicic volcanic structures. The geomorphological features were first
identified using remote sensing and then correlated with flow structures observed in the
field, as well as petrographic and geochemical data. AMS data were used to determine
magnetic patterns and the direction of magmatic flow of the rocks. Despite the low
degree of anisotropy, clear patterns of lineation and foliation were identified in the
studied rocks. Our data shows that Units | and Il correspond to silicic lava flows linked to
effusive fissure eruptions, presenting a dome morphology caused by differential erosion.
Unit Il rocks may correspond to true volcanic domes, whereas the Unit IV corresponds to
the effusive feeder structures.

Key words: Anisotropy of Magnetic Susceptibility, image processing, silicic lavas, volcanic
morphologies.

INTRODUCTION

The Serra Geral Group (SGG) represents the
Brazilian portion of the Parana-Etendeka
Magmatic Province (PEMP), which is the second
largest Large Igneous Province (LIP) in the world
(White & Mckenzie 1995 apud Frank 2008). About
10% of PEMP corresponds to silicic magmatism,
whichis concentrated onthetop of thissequence
(Lima et al. 2012a, Waichel et al. 2012). The
region known as Aparados da Serra is located
in the extreme south of Brazil and hosts several
geomorphological structures identified by
remote sensing (Benites 2015). These structures

may correspond to domes and volcanic
conduits, or they may result from differential
erosion processes (Benites 2015). According to
Werlang (2004), the superposition of different
lithologies with different degrees of resistance
to weathering creates zones of lithostructural
weaknesses, playing an important role in the
Parana Basin relief carving. The morphology
of lava domes is variable. They are typically
thick, steep extrusions, with morphologies
varying from circular, low-profile domes to
cylindrical spines with thick talus slopes (Jain
2013). According to Polo et al. (2017a), the wide
variety of structures such as lava-domes, simple
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or compound lobate flows, and tabular flows
point to an effusive volcanism fed by unstable
and continuous fluxes, without significant
temporal intervals between the eruptions,
but with important variation in the discharge
rate. The volcanic conduits are associated with
a linear top horizontal morphology, with sub-
vertical to vertical flow structures. This study
aims to investigate the landforms related to the
silicic magmatism of the Serra Geral Group in
the Aparados da Serra region (Fig. 1), with the
intend to draw considerations about its genesis
and to analyze if the landforms identified
through remote sensing are primary structures
or resulting from secondary erosive processes.
In this study, the geomorphological features
of the candidate domes and conduits were
integrated to petrological, geochemical, and
main magmatic and magnetic flow directions
obtained through the anisotropy of magnetic
susceptibility (AMS) to establish the correlation
between the magmatic flow and the structures
present in the outcrops.

MATERIALS AND METHODS

Using the Google Earth Pro software, images
were observed to identify features that could
correspond to volcanic structures. Based on
this analysis, the most representative targets
were selected to be verified in the field stage.
LANDSAT-5 images in the R5G4B3 and R5G4B7
compositions were used for the analysis of
structural lineaments on a regional scale
because they return the best visual result.
The results obtained were used as a basis to
elaborate thematic maps, supporting the data
interpretation.

From the set of collected samples, 22
petrographic thin sections were prepared and
11 whole-rock samples were analyzed to obtain
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the oxides, some trace elements and REEs with
the use of the ICP-AES and ICP-MS techniques,
performed by Acme-Analytical Laboratories
Ltda.

For the application of AMS (Anisotropy
of Magnetic Susceptibility), four prominent
targets were selected, and six representative
paleomagnetic sites were sampled, with a total
of 64 oriented cylinders. The cylinders were
cut into standard specimens measuring 2.5
cm in diameter and 2.2 cm in height, totaling
185 specimens for AMS measurements. The
measurements were performed using a MKF1A
Multifunction KAPPABRIDGE instrument, at
the Laboratorio de Paleomagnetismo da
Universidade de Sao Paulo (USPmag). The data
acquisition and analysis were accomplished
with the software SUFAR and ANISOFT 5. For
the identification of the magnetic minerals,
thermomagnetic curves, remnant magnetization
acquisition curves and hysteresis curves were
obtained. To obtain the thermomagnetic curves,
the magnetic susceptibility was measured under
a low magnetic field as a function of temperature,
using an AGICO Kappabridge susceptibility
meter. To obtain the remnant magnetization
acquisition and hysteresis curves, a MicroMag
3900 vibrating sample magnetometer was used.

GEOLOGICAL SETTING

The Parana-Etendeka Magmatic Province (PEMP)
is associated with the distensive tectonics that
led to the opening of the South Atlantic Ocean
due to the rupture of the Gondwana continent in
the Lower Cretaceous. About 90% of its area is in
the South American continent and the rest is on
the African continent (Ewart et al. 1998). In Brazil,
these rocks are represented by the Serra Geral
Group (SGG), which covers the predominantly
siliciclastic sediments of the Parana Basin and
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is considered one of the largest volcanic mafic
continental manifestations on the planet (Milani
2004, Milani et al. 2007). According to Zalan et al.
(1987, 1991), the NW and NE lineaments stand out
in the structural framework of the basin. These
lineaments are considered older structures
originated from the reactivation of weakness
zones present in the basement, recurrently
reactivated during the Phanerozoic period. These
weakness zones influenced the paleogeography,
sedimentation, and distribution of facies in the
basin, as well as the development of tectono-
sedimentary structures; E-W, developed during the
Gondwana separation, active since the Triassic,
as well as many of the NW-oriented faults, while
those of NE direction remained inactive.

Geochronological data indicate ages
between 134 and 137 Ma for the SGG rocks
(Janasi et al. 2011, Pinto et al. 2011, Thiede &
Vasconcelos 2010). According to some authors,
the main magmatic phase occurred between
133 and 130 Ma (Renne et al. 1992, 19964, 1996b,
Peate et al. 1992, Turner et al. 1994, Stewart et
al. 1996, Ernesto et al. 1999, 2002, Mincato et al.
2003) and the dataset was consistent with the
short volcanism duration.

Several studies based on chemical data
(Bellieni et al. 1984, Mantovani et al. 1985,
Piccirillo & Melfi 1988, Piccirillo et al. 1989,
Marques et al. 1989) have suggested a division
of the basic volcanic rocks into two large groups:
high-Ti basalts (TiO,>2%) and low-Ti basalts (TiO,
< 2%). The silicic volcanic rocks were subdivided
into the Chapeco type and Palmas type. The
main distinguishing factor of these groups is
the abundance of incompatible elements. The
Chapeco facies show Zr > 500 ppm, Ba > 900
ppm and Sr > 250 ppm, while the Palmas facies
presents Zr < 400 ppm, Ba < 800 ppm and Sr <
170 ppm (Peate et al. 1992).

The Chapeco type silicic rocks are
concentrated in the center of the Parana Basin
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and are represented by dacites, rhyodacites,
quartz latites, and rhyolites, hypohyaline,
porphyritic to strongly porphyritic. They are
subdivided into Guarapuava (64.3 < Si0, < 66.3%;
TiO, > 1.47%; 0.7055 < ¥'Sr/**Sr < 0.7060), Tamarana
(65 < SiOZ< 66%; 1.29 < TiOz< 1.47; 0.7060 <
¥Sr/®Sr < 0.7070) and Ourinhos (65 < SiO, < 69%;
TiO, < 1.29%; 0.7076 < ¥'Sr/**Sr < 0.7080) based on
chemical data (Mantovani et al. 1985, Peate et al.
1992, Garland et al. 1995, Nardy et al. 2008).

The Palmas type silicic rocks correspond
to rhyolites and rhyodacites, typically aphyric,
with “salt-and-pepper” structure, holohyaline to
hypocrystalline. They are subdivided into Santa
Maria (69.56 < SiO2 < 70.28%; TiO2 < 0.87%; 0.7217
< ¥Sr[®Sr < 0.7274), Clevelandia (69.56 < SiO, <
70.28%; TiO, < 0.87%; 0.714 < ¥'Sr/**Sr < 0.727),
Anita Garibaldi (63.83 < SiO2 < 69.56%; 1.06 < TiO2
< 1.25%; 0.7137 < ¥Sr/*Sr < 0.7147), Caxias do Sul
(68 < SiO2 < 69.56%; 0.91 < TiO2 < 1.03%; 0.7137 <
¥Sr/*Sr < 0.7264) and Jacui (63.83 < Si0, < 69.56%;
1.05 < TiO, < 116%; 0.714 < ¥'Sr/*Sr < 0.727) showing
a particular geochemical signature (Peate 1997,
Garland et al. 1995, Nardy et al. 2008).

Nardy et al. (2008) established an ideal
stratigraphic column for the Palmas type, divided
into 3 levels: i) lower portion, characterized
by areas of epiclastic breccias and horizontal
igneous bedding; ii) massive main portion
with vertical diaclasing; and iii) upper portion,
characterized by horizontal igneous bedding
zones, followed by contorted bedding, lens-
shaped pichestones and top vesicular area.

In general, these rocks of silicic composition
are preferentially present in the states of Rio
Grande do Sul, Santa Catarina, and Parana (Bellieni
et al. 1986, Piccirillo et al. 1989, Nardy 1995).

Recent studies, focusing on a more
detailed work scale, have suggested new
stratigraphic models for the SGG, based on
the facies architecture. These models have
been proposed for the Torres Syncline region
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(Lima et al. 2012b, Waichel et al. 2012) and are
based on the morphology of basic and silicic
flows, paleotopography and effusion rates,
complementing similar studies based on the
volcanism stratigraphy of the Etendeka Province
(e.g. Mountney et al. 1998, Jerram et al. 1999,2000)
in the Huab Basin, Namibia. With this approach,
this region is mainly composed, in its lower
portions, by basic lavas with thick pahoehoe
morphology that fill the interdune spaces of the
Botucatu Formation. The intermediate portions
of this province are composed of pahoehoe
and rubbly pahoehoe flows at the top, with less
frequent occurrences of basic/intermediate
intrusive bodies. The magmatism that originated
the SGG is predominantly basic (about 97.5%),
and the silicic flows and domes predominate in
the upper units of this volcanic sequence (Lima
et al. 2012a, Waichel et al. 2012).

Although several volcanic structures
associated with fissure-fed magmatism have
been identified, the genesis of the silicic
volcanic deposits in the PEMP continues to be
questioned, and their generation is debated,
which may be by lava flows (Comin-Chiaramonti
et al 1988, Bellieni et al. 1988, Henry & Wolff 1992,
Umann et al. 2001, Lima et al. 2012a, Lucchetti et
al. 2014, Polo & Janasi 2014, Simoes et al. 2014,
2017,2018, Guimaraes et al. 2018, Polo et al. 2017a,
2017b) and/or pyroclastic flows (Petrini et al.
1989, Roisenberg 1989, Whittingham 1989, Milner
et al. 1992, 1995, Wildner et al. 2006a, Riccomini
et al. 2016, Luchetti et al. 2018).

Feeder conduits of silicic lavas were
suggested by Lima et al. (2012a, 2018) and may
be represented by silicic rocks with composite
magmatic foliation, but with a sub-vertical
pattern, revealed by the alternation of different
degrees of crystallinity and oxidation. Following
this study, conduit systems were described
to the south of the Antas Lineament in the
northeast of Rio Grande do Sul (Simdes et al.
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2017, 2018). These conduits are characterized by
banded vitrophyres, containing many vesicular
fragments, laterally gradating into breccias.
These structures have dominant sub-vertical
orientations trending NE-SW and NW-SE, and,
on a regional scale, these outcrops of conduits
are elongated from NW-SE to NE-SW.

The magnetic flow orientations obtained by
the AMStechniqueforconduitsandlavascoincide
with the orientations of the magmatic structures
in most cases (Simoes 2018). According to these
authors, the flat arrangement of the magnetic
foliation in lavas indicates a predominantly
horizontal magmatic flow. The distinction
between conduits and lavas is evidenced in
field structures, microscopic textures and the
orientation of the magnetic fabric. The conduits
have a greater dispersion of the AMS data and
may have horizontal or locally vertical k__, but
the complexity of the rheological behavior along
the conduits has divided these systems into
different domains of magmatic flow. In the lavas,
horizontal k__ values associated with horizontal
magnetic foliations are a common pattern.

The results of Polo et al. (2017b) show that
the effusive deposits appear to predominate
in the Palmas type silicic units, and structures
like lava domes, lobed flows, sheet flows and
auto-brecciation are common, indicating that
they are more abundant than it was previously
thought in the PMP silicic volcanism.

According to Angelini (2018) the
geothermometric data calculated using
different models indicate that the Chapeco-
type rocks crystallized from very hot magmas,
with temperatures on the order of 950 -
1,050°C. Simoes et al. (2014) suggest very high
temperatures between 1,000°C and 1,100°C
for samples of Palmas-type rocks obtained by
saturation in apatite method. This one reflects
the amounts of P,O, and SiO,, because the level
of dissolved P,O, required for apatite saturation
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Figure 1. Location map of the study area.

is positively dependent upon temperature and
negatively dependent upon SiO, content. Results
obtained by Polo & Janasi (2014) indicate mean
temperatures of the magmas of 992, 992.7 and
1,000°C for the rocks of the Santa Maria, Barros
Cassal and Caxias do Sul sequences respectively,
from the saturation in apatite method. The
very high pre- and syn-eruptive temperatures,
obtained from this method and pyroxene-liquid
geothermometry data, in the order of 1,000~
1700°C, as well as low relative viscosities for
rhyodacite-rhyolite magmas is the significant
rheological property of the Parana-Etendeka
silicic volcanic rocks (Milner et al. 1992, Bellieni
et al. 1984, 1986, Garland et al1995, Janasi et al.
2007, Simoes et al. 2014, Angelini 2018). Lima et
al. (2012a) estimated the liquidus temperature of
the felsic volcanites in a range between 946 and
1001°C. They affirm that these high values are

consistent with the hypocrystalline to aphanitic
textural pattern of the silicic volcanites of the
Parana-Etendeka Basin and resemble super
liquidus temperatures (Green & Fitz 1993) where
primary crystallization may occur after eruption.

Simoes (2018) attributed the genesis of the
SGG to the constant generation of hot silicic
magma derived from the fractionation of basalt
and andesite caused by a constant source of
mantle heat, with high temperatures, inhibiting
the crystallization and the association of OH’
radicals to form hydrated minerals, combined
with the low water content of 1-2% by weight.
This constant generation and rapid ascending
through faults could explain the large volume of
silicic magma in the south of the PEMP, as their
high temperature and low viscosity flows may
result in a non-explosive volcanism and simple
deposition as lava flows.
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Figure 2. Geomorphological
features. (a) Distribution of
linear and circular features
in the investigated area. (b)
example of linear feature
and (c) circular feature.
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RESULTS

Analysis of geomorphological features

The geomorphological features observed in the
images were divided into two groups: linear and
circular (Fig. 2a). The linear features correspond
to elongated bodies of positive relief or linear
depressions (Fig. 2b). The circular features
comprise rounded bodies (Fig. 2c) and were
subdivided into four groups (Fig. 3) according
to their geometries: (i) circular features with
positive relief from the edge to the center and

a domed top; (ii) circular features with positive
relief from edge to center and flattened top;
(iii) circular features with positive relief from
the edge to center and depressed center; (iv)
composite features, with a central uplift followed
by a depressed peripheral zone and uplifted
edge. The analysis resulted in the identification
of 320 geomorphological features in the region,
with a predominance of the circular type (i): with
positive relief from the edge to the center and
domed top (Benites 2015).
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Graphic: Min, Med, Max |Elevation: 1279, 1287, 1303m
Totals of period: Distance 441m Maximum slope: 93.4%

Graphic: Min, Med, Max |Elevation: 1216, 1233, 1245m
Totals of period: Distance 486m Maximum slope: 97.2%
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Graphic: Min, Med, Max |Elevation: 1221, 1245, 1264m
Totals of period: Distance 821m _Maximum slope: 20.9%

Graphic: Min, Med, Max 'Elevation: 1125, 1135, 1142m
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Figure 3. Subdivision of circular features. (a) circular feature with positive relief from the edge to the center and

a domed top; (b) circular feature with positive relief from edge to center and flattened top; (c) circular features
with positive relief from the edge to the center and depressed center; (d) composite feature, with a raised center
followed by a depressed peripheral zone and uplifted edge. NASA’s Shuttle Radar Topography Mission (SRTM) is
the source of the Google Earth altimetry base and has a space resolution of 90 meters. The average altitude error
varies between five and ten meters. Despite the error seen in terrain elevation profiles, especially where sharp
relief breaks occur, this Google Earth tool allows you to view relief shapes.

Geological and petrological characterization of
geomorphological features

The identified geomorphological features from
satellite images processing were divided into
linear and circular groups. In the field, both groups
were correlated with the type of flow structures
observed and individualized in four units.

The circular features were individualized
into the following units: (i) lava flows with
magmatic foliation incipient to massive, (ii) lava
flows with sub-horizontal flow structures, and
(iii) lava flows with dome flow structures.

The linear features were individualized
into the following unit: (iv) lava flows with sub-
vertical flow structures.

UNIT I: Lava flows with magmatic foliation
incipient to massive

This unit is composed of black obsidians and
vitrophyres and microporphyritic rocks (Fig.
4a, b). The presence of amygdales, filled by
carbonates is common, which may be well-
rounded or horizontally stretched and aligned
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Table I. AMS data parameters and field data. N: number of specimens; Km: site-average magnetic susceptibility;
P: anisotropy degree; T: shape parameter; F: magnetic foliation; L: magnetic lineation; K1, K2 and K3: maximum,
intermediate and minimum axis of magnetic susceptibility; e/z: angular error for the maximum and minimum

ellipses of Jelineck’s statistics.

Site PASO06v PASO6h
N 26 22
km (1073SI) 315 369
g P 1.036 1.023
a
5 T 0.320 -0.075
]
(%]
n F 1.023 1.010
L 1.013 1.013
K, 261 /14 212/80
g elz 32/12 37/17
a
= K, 335/11 331/05
o
kS elz 32/11 36/33
(3]
a K, 102/72 062/08
e/z 14/9 34/17
5 ..
2w Foliation Pole 10/280 81/041

in the flow direction, with a NW preferential
direction. This incipient foliation is defined by
the alignment of amygdales.

UNIT II: Lava flows with sub-horizontal flow
structures

This unit is composed of black obsidians and
vitrophyres and microporphyritic rhyolites (Fig.
4c, d). It shows either tabular structures or
horizontal to sub-horizontal flow structures,
with predominating SE bedding. The rocks
display an aphanitic texture, and sometimes, a
granophyric texture. Amygdales filled by quartz
and/or chalcedony, elongated up to 4 mm in
the major axis, and colorless quartz geodes are
common. This foliation is defined by a strong
horizontal or tabular diaclasing, common in the
central zone of the silicic lava flows according to

PAS017 PAS038 PAS41c PAS41e
26 39 39 33
40.8 17 172 206
1.017 1.009 1.011 1.007
-0125 -0.490 0.240 0142
1.006 1.002 1.007 1.004
1.011 1.007 1.004 1.003
232/29 068/02 039/11 122/07
34 (24 33/9 68/24 37/13
063/61 337/26 307/12 032/00
52/29 44/32 68/20 37/19
325/05 163/64 170/ 74 299/83
52/29 44/9 26/18 20/13
10/290 48/312 64/315 72232

schematic representation of the structuring of
the lava flows of the Parana Basin proposed by
Wildner et al. (2006a).

UNIT 11l Lava flows with dome flow structures

This unit consists of gray obsidian and
aphanitic rocks (Fig. 4e, f), with a massive and
well-preserved core, well-marked foliation by
diaclasing and highly vesiculated edges that
can be quite altered and autobrecciated. It has
vesicles and amygdales, elongated and well-
rounded, up to 7 mm and geodes of up to 4 cm
in size.

UNIT IV: Lava flows with sub-vertical flow
structures

This unit is composed by rocks of aphanitic
texture with strong flow structures (Fig. 4g, h),
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characterized by a colorimetric lamination/
banding, given by the alternation of dark gray
and red colors. The foliations are defined by the
diaclasing and a highly sloped to sub-vertical
colorimetric banding, with preferential NE
direction. The gray portion contains the most
diagnostic feature in the lamination, while in the
burgundy portion the presence ofautobrecciation
is common. Localized homogenization seems to
occur with a full mixture of these two lithotypes,
but the red portion also appears as breccias

Figure 4. Representative
photographs of the
individualized units. UNIT I: (a)
and (b) lava flows massive and
fractured; UNIT II: (c) and (d)
lava flows with sub-horizontal
flow structures; UNIT IIl: (e)
lava flows with dome flow
structures; (f) highlight for
observed foliation; UNIT IV: (g)
lava flows with sub-vertical
flows structures; (h) sub-
vertical flow under plan view.

within the gray portion. There are pockets
of angular breccias, composed of clay and a
high concentration of elongated vesicles, and
approximately 15 cm in size.

Petrography

The units I, Il and Il are characterized
by microphenocrysts of plagioclase and,
subordinately, clinopyroxene, scattered in a glassy
matrix formed by quartz-feldspar crystallization
residue (Fig. 5b, ¢). The plagioclase grains
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Figure 5. Representative photomicrographs of the samples: (a) Presence of spherulites;

(b) Plagioclase with swallow-tail termination are common. (c) Presence of Plagioclase
microphenocrysts in matrix of quartz-feldspathic crystallization residue. (d) Aspect of banding
formed by a difference in degree of oxidation commonly found in Unit IV. Mx: Matrix. PL:
plagioclase. Qz: quartz. Px: pyroxene. Sf: spherulite. Op: opaque.

commonly exhibit chaotic orientation and
swallow-tail termination, skeletal, and hollow
crystal textures, indicative of rapid cooling. An
intergranular texture with interstitial pyroxene
it is also common. The pyroxene is represented
by anhedral to subhedral crystals. The presence
of spherulites is common (Fig. 5a) due to
devitrification. There are microfractures filled by
oxides scattered throughout the thin section as
well as very fine quartz veins and quartz-filled
amygdales.

The unit IV is characterized by the presence
of a thin banding, parallel to the sub-vertical
flow direction (Fig. 5d). The color variations are
due to differences in the degree of crystallinity,
and an intense oxidation of the ferromagnesian
minerals, associated with a lower amount of

plagioclase is observed in the red band. The gray
color bands are devitrified, with crystallization
residue in the matrix and a greater proportion
of plagioclases. Parallel to these bands, quartz
venules occur, while the venules of oxides occur
orthogonally to the layers. It can present a fluid
texture, characterized by the slight alignment of
plagioclases crystals. The crystals are euhedral
and sometimesthinand elongated, with swallow-
tail terminations. Hollow/skeletal crystals may
also occur, indicating rapid cooling. They may
occur aligned in the flow direction, sometimes
exhibiting two preferential directions. Oxidation
is also present around fractures and quartz vein.
Microlites and oxidation tracks may be present. It
also contains quartz-filled amygdales stretched
in the flow direction.
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Lithochemistry behavior of the incompatible trace elements,

In general, the obtained data indicate a slight
compositional variation among the individual
units. Samples show a silica concentration
ranging between 65.6 and 68.1% and alkali
content between 6.54 and 7.2%. They occupy
the dacite field (Fig. 6a) when plotted in the TAS
diagram (Le Bas et al. 1986), and the rhyodacite
field (Fig. 6b) by the classification obtained from
the R-R, diagram (De La Roche et al. 1980). They
also display a sub-alkaline and tholeiitic affinity
and a metaluminous character (Fig. 6¢, d).
When primitive mantle-normalized (Sun &
McDonough 1989) the samples show a similar
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highlighting positive anomalies in Cs, U, K, Th,
and Nd as well as the negative anomalies in
Ba, Nb, Sr, P, and Ti (Fig. 7a). The anomaly in
these elements is a common feature in more
differentiated rocks and may be explained by
the higher degree of fractionation involving
minerals such as plagioclase, apatite and Fe-Ti
oxides (Brown et al. 1984).

When chondrite-normalized (Nakamura
1974), the samples show a moderate
concentration of rare earth elements (.= 194
- 229 ppm). The fractionation between LREE and
HREE is moderate in the representative samples
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Figure 7. Diagrams based on
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lithochemistry. (a) Primitive
mantle-normalized spider
diagram (Sun & McDonough
1989). Trace elements and
REE amounts in ppm; (b) REE
Diagram normalized by the
chondrite (Nakamura 1974).
REE amounts in ppm; (c)
Diagram for silicic volcanic
rocks subdivision of the
Palmas and Chapeco types

(b)
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7 7 to the study by Nardy et al.
2008.
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Palmas subtypes Units
E Anita Garibaldi O UNIT I lava flows with magmatic foliation incipient to massive
[] Caxias do Sul O UNIT II: lava flows with sub-horizontal flow structures
[] Santa Maria O UNIT Ill: lava flows with dome flow structures
A @ UNIT IV: lava flows with sub-vertical flow structures
H Clevelandia
[ vacui

of the Units, with a La,/Yb, ratio ranging
approximately between 6 and 7.75. In general,
the fractionation of the LREEs is higher than
that of the HREEs, with La,/Sm, ratios (2.66 -
3.43) higher than the Tb, /Lu, ratios (1.51 - 1.75). A
strong negative Eu anomaly (Eu/Eu* = 0.61-0.72)
occurs in all samples and is probably related to
the bivalent character of this element and the
fractionation of feldspars (Fig. 7b).

The studied samples show properties
compatible with the typical characteristics of
the Palmas Group (Nardy et al. 2008, Lima et

An Acad Bras Cienc (2020) 92(2)

al. 2012a). They occupy the dacite field by the
classification obtained from the Na,0+K,O x
Si0, diagram (Fig. 7c) and show a low Rb/Ba
ratio ranging from 0.21 to 0.27 ppm and a low
Nb content, between 17.9 and 20.5 ppm. To
discriminate the subgroups of the Palmas type,
the diagram was based on the work of Garland
et al. 1995, Nardy et al. 2008, Lima et al. 2012a
and Polo 2014. The studied samples vary among
the subgroups Anita Garibaldi, Caxias do Sul and
Jacui. (Fig. 7d).
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Figure 8. Directional data by anisotropy of magnetic susceptibility and bootstrap analysis,
as well as anisotropy degree diagrams (P), mean magnetic susceptibility (K ) and shape
parameter (T). K, K, and K;: maximum, intermediate and minimum axis of magnetic
susceptibility. PAS06v: sub-vertical flow structure. PASO6h: sub-horizontal flow structure.
PAS038: dome flow structure. PAS017: sub-vertical flow structure. PASO41c: raised center of
the composite geomorphology. PASO41e: uplifted edge of the composite geomorphology.
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Figure 9. Thermomagnetic, hysteresis and MRI acquisition curves, and SEM observations of
representative samples of the studied sites. The results show that mineralogy is related
predominantly to a low coercivity mineral, such as magnetite and/or titanomagnetite.
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AMS - Anisotropy of Magnetic Susceptibility

Volcanic rocks preserve the structural features
associated with the processes of ascent,
placement, and extrusion of magmas through the
alignment of magnetic crystals (Guimaraes 2014).
By applying this principle, the AMS can be used
to determine the magnetic fabric allowing the
identification of flow directions in volcanic rocks.

Recent studies have applied this technique
to silicic volcanic systems, enabling the
reconstruction of volcanic environments, such
as domes related to caldera collapses (Tomek
et al. 2016) and fissure systems associated with
large igneous provinces (Simoes 2018). In these
studies, satisfactory relationships were found
among the bedding planes and lineations with
the directions of maximum mean susceptibility,
intermediate mean susceptibility and the plane
that contains the maximum and intermediate
susceptibility directions.

Directional data

The AMS directional results were displaying
using equal area stereograms and, using the
software ANISOFT 5 AGICO (Advanced Geoscience
Instruments Company) a statistical bootstrap
analysis was applied to the data (Tauxe et al.
1991), allowing a better identification of the K__
K., and K __ axes of the magnetic tensor. This
technique allowed to determine more reliably the
attitude of the tensor and the lava flow direction.
Figure 8 shows the directional data (P vs. K ) and
(T vs. P) plots for the sampled sites. The mean
susceptibility (K ) of the sample ranges between
11.7 and 40.8 x 107 SI. The degree of anisotropy (P)
found is low, not exceeding 1.036. Regarding the
shape of the ellipsoids, the shape parameter (T)
indicates a presence of both oblate and prolate
ellipsoids. Despite the low degree of anisotropy
of the samples, it was possible to identify clear
patterns of lineation and foliation, as can be
seen in the stereograms of Figure 8.

VOLCANIC STRUCTURES IN THE SOUTHERN BRAZIL

Magnetic mineralogy

Figure 9 shows a representative thermomagnetic
curve for each sampled site. In most cases, the
samples show reversible curves (PAS17, PAS38,
PAS41c, PAS41e), except for samples PASO6v and
PASO6h, with irreversible behavior. However, in
all cases, it is possible to observe a total loss
of susceptibility (the Curie temperature) at
temperatures between 550°C and 580°C. The
reversible curves do not indicate mineralogical
alteration or destruction during heating.
The Curie temperature spectrum is mainly
associated with the variation of the titanium
content in the samples and their oxidation state.
The opposite happens with irreversible curves.
The curves with reversible behaviors indicate
that the magnetic mineralogy is composed of
titanomagnetites with low titanium. Eventually,
some hematites are present, as well as small
amounts of maghemite, as seen in curves
PAS06v, PASO6h, and PAS17.

Figure 9 also shows the hysteresis loops
obtained for the same set of samples. The
hysteresis loops are similar, typical of low
coercivity magnetic minerals, with values (Table
I) within the pseudo-single domain - PSD (Day
et al. 1977, Dunlop 2002). This field is a transition
between single-domain (SD) and multi-domain
grains (MD). In igneous rocks, most of the
magnetite and titanomagnetite grains carrying
stable thermal remnant magnetization fall into
the field of PSD grains (Dunlop & Ozdemir 1997).
The IRM curves for all the samples saturate
in fields lower than or near 300 nT, indicating
that the main magnetization carrier shows low
coercivity compatible with titanomagnetites.

Scanning Electron Microscopy (SEM)

Though the use of Scanning Electron Microscopy
was determined the habit and distribution
of the magnetic minerals and obtained the
present elements through Energy Dispersive
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Spectroscopy (EDS). Through the SEM
observations, four types of magnetic fabrics
were identified in the samples (Fig. 9), which are
characterized by the predominance of:

| - anhedral phenocrysts (2100 pm) and
euhedral, scattered microcrystals (< 20 pm),
(samples PASO6v and PAS06h). In these samples,
the tensor obtained by AMS for the magnetic
foliation and lineation does not coincide with
the field data, although the axes are well
grouped with low e/z values;

Il - anhedral phenocrysts (2100 um) and
small anhedral crystals (¢ 10 pm) associated
with oriented plagioclase crystals (PAS17). In
this fabric, it is observed that the AMS tensor
does not agree with the flow structures and the
magnetic axes are scattered, showing high e/z
values.

Il - anhedral phenocryst (2300
um), sometimes clustered, exhibiting
glomeroporphyrytic texture and with a low
number of microcrystals (PAS41c and PAS41e). In
these samples, the magnetic fabric is consistent
with the flow orientations measured in the
field, although there is a high dispersion of the
magnetic axes.

IV - euhedral phenocrysts (2400 pm),
showingilmenite exsolution features, sometimes
with a glomeroporphyritic texture, and anhedral
microcrystals (< 10 um), associated with crystals
of plagioclase (PAS38). In these samples, there
IS no concordance between the magnetic data
and the geological structures, although the
magnetic axes are relatively clustered and may
represent a mixture between fabrics Il and IIl.

Geoprocessing

The results obtained using satellite images
served as the basis to elaborate thematic maps,
supporting the data interpretation. The rosette
diagrams prepared with the field measurements
and the measurements taken from the satellite

VOLCANIC STRUCTURES IN THE SOUTHERN BRAZIL

images (Fig. 10) indicated the predominance
of NE-SW trending structures, followed by
NW-SE and E-W directions in the field, and a
predominance of NE-SW over NW-SE trending
structures on a regional scale. It is usually
the bedding planes identified in the field are
concordant with the lineaments observed in the
image analysis.

There is a greater concentration of features,
both linear and circular in the municipality of
Sao José dos Ausentes, where the lineaments
are scarce and more spaced, but more extensive.
The landforms are less common in regions where
there is a great density of small lineaments of
NE direction, such as in the municipalities of
Cambara do Sul and Bom Jesus.

The thematic map (Fig. 10) allows verifying
the behavior patterns of the structures. The
small domed circular features have a preferential
alignment in the NNE direction in the city of Sao
José dos Ausentes, while the larger features
have a random distribution throughout the
region and may be related to large N-S direction
lineaments. The flat top circular features did not
show a preferential distribution, presenting only
a slight tendency to form clusters of smaller
features, while the larger structures are widely
spaced. The smaller linear features, with sizes
up to 500 meters, often occur in aligned clusters,
with directions ranging from NE-NNE to N-NNW.
This pattern follows the predominant trending of
the lineaments observed at the sites. However,
the larger features are not oriented.

Based on the analysis of the satellite
images, structures similar to lava flows and lava
flows with vertical foliations were identified.
Some of these structures are depicted in the
map of Figure 10. Structures similar to vertical
foliations commonly occur associated with large
lineaments. The presence of linear and circular
geomorphological features in these areas is
frequent and may be an indicative of effusive

An Acad Bras Cienc (2020) 92(2) e20180981 16 | 26



SUSANA BENITES et al.
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volcanic systems in the region such as feeder
conduits.

DISCUSSION

The region known as “Aparados da Serra” in
southern Brazil consists of the silicic volcanic
rocks of the Serra Geral Group, which is linked
to the PEMP. These silicic rocks are related to
tabular deposits of great extension, whose origin
is still a subject of discussion, and the debate
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Figure 10. Thematic map,
containing comparison
between the patterns of
lineaments measurements
in the field and observed
in the satellite images on
the lithotypes present in
the region and highlighting
structures identified in
satellite images.
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regarding its genesis by lava flows (Bellieni
et al. 1988, Comin-Chiaramonti 1988, Henry &
Wolff 1992, Umann et al. 2001, Lima et al. 2012b,
Polo et al. 2017a, b, Guimaraes et al. 2018, Lima
2018, Simoes 2018) or pyroclastic flows (Petrini
et al. 1989, Roisenberg 1989, Whittingham 1989,
Milner et al. 1992, 1995, Luchetti et al. 2018)
remains. In the investigation of the Serra Geral
volcanism, the emphasis is usually given to
the lithochemical and isotopic aspects, usually
organizing the data on a regional scale, where
aspects related to local structures, flow regime
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and effusion are suppressed or overlooked
(Waichel 2006). The apparent monotonous and
homogeneous nature, much ascribed to the
PEMP, has been one of the main factors for the
geochemical characterization to be the central
definition focus for the units (Piccirillo et al.
1990, Peate et al. 1992, Turner et al. 1999, Ewart
et al. 2004). The stratigraphic lithofaciological
approaches have been the subject of recent
research, focusing mainly on the basic units
related to this magmatism. (e.g. Lima et al. 2012a,
Waichel et al. 2012, Barreto et al. 2014, Rossetti et
al. 2014, Lima 2018, Simdes 2018).

Umann et al. (2001) suggest that the silicic
volcanism of the Aparados da Serra region can
be interpreted as successive high-temperature
pyroclastic flows. The authors did not identify
diagnostic fragments of explosive volcanic
activity in any of the studied units, such as
pyroclasts and accidental fragments. They
locally observed basal breccias, similar to those
reported by Roisenberg (1989) in the region of
Nova Prata (RS) and by Milner et al. (1992) in the
Ftendeka Group (NW of Namibia). However, these
brecciated layers are characterized by a random
distribution of rhyolitic angular clasts, usually
banded, of decimetric dimensions, surrounded
by a quartz-feldspar matrix, typical of an auto-
breccia generated by the friction of the flow
base with the substrate. Flow foliations are
commonly observed, sometimes with continuous
asymmetric folds, which are frequent features in
intermediate to silicic lavas, although they may
also occur in high-temperature pyroclastic flows
(Henry et al. 1988, Henry & Wolff 1992, McPhie
et al. 1993). Pumice, fiamme, crystalloclasts, and
lithoclasts were not observed, and a vitrophyre
under scanning electron microscopy indicated a
compact holohyaline condition, with crystallites
and microliths of feldspars randomly distributed,
typical of silicic flows.

VOLCANIC STRUCTURES IN THE SOUTHERN BRAZIL

Lima et al. (2012b, 2018) identified feeder
systems related to the silicic lavas and, according
to these authors, the presence of a feeder root
suggests that, in certain portions, the structures
may assume dome shapes in response to the
resistance to the flow.

Polo (2014) concludes that the silicic
volcanic sequences of the Soledade region are
widely dominated by effusive deposits and that
the extrusion occurred through fissures. The
volcanic eruptions of the Palmas type began
with the effusion of lava flows and lava domes
of dacitic compositions, identified as subtype
Caxias do Sul.

Among the 320 individualized structures
in the Aparados da Serra region, there is a
predominance of circular features related to
group |, with positive relief from the edge to the
centerand domed top. In the field, these features
are represented by mounds with rounded to
acute convextops. The linear features are usually
represented by elongated bodies (Benites
2015). The foliations found in the field are often
concordant with the lineaments identified in the
image analysis. Some lineaments may represent
the structural framework of the Parana Basin,
where NW and NE orientations are considered
to be older and originate from the reactivation
of weak zones present in the basement and
the E-W lineaments were developed from the
Triassic during the Gondwana separation (Zalan
et al. 1987, 1991).

The “flat” domes (pancake-like) and the
possible coulées of the early sequence of Caxias
do Sul dacites are preferentially aligned in the
NE-SW direction, following the main structural
directions of the crystalline basement of the
Parana Basin and approximately perpendicular
to the Torres Syncline axis (Waichel et al. 2012).

The analysis of the structures that
characterize the volcanic conduits in the area
investigated by Simoes et al. (2015), covering the
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municipalities of Mato Perso, Sao Marcos and
Cambara do Sul, indicates a banding arranged
with predominant NE-SW over NW-SE directions,
with subordinate E-W and N-S directions and
dipping ranging from 1to 89°, with predominant
sub-vertical dips. In the Jaquirana region,
the sub-vertical banding measurements are
predominant in the NE-SW direction.

The conduits identified by Simoes (2018)
present predominant sub-vertical orientations
trending NE-SW and NW-SE, and, on a regional
scale, these conduits are elongated from NW-
SE to NE-SW. The field measurements of the
conduits banding inferred by Simdes (2018) also
show NW-SE and NE-SW trends, as well as the
magmatic flow directions obtained through the
AMS technique for conduits and lavas.

The direction of the foliations measured
in this study show preferentially SE for the
sub-horizontal foliations of the lava flows
and NE for the sub-vertical foliations of the
feeders. The identified units show lava flows
features, such as the presence of auto-breccias
typical of flows combined with the absence of
pyroclastic structures and textures, lithoclasts,
crystalloclasts, shards and pumices.

According to Simodes (2018), the rheological
homogeneity of the lava flows allows
interpreting the magmatic flow directly from
the magnetic foliations and the k__ directions.
In lavas, horizontal k__ values are associated
with flat magnetic foliations, which indicate a
predominantly horizontal magmatic flow. In the
conduits, a high dispersion of the axis data k__,
k..,andk resultingfromtherandom orientation
of the magnetic fabric is often observed, and
they may present a horizontal or locally vertical
k.. Domes exhibit almost vertical k_., high-
angle k__ and horizontal k -k axes and also
show fabric zoning with high angle k__ near the
conduit zone and horizontal k__ on the edges
of the flow.
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In samples PAS41c and PAS41e, which
representUnitlinthis study,thek _ ishorizontal
and the magnetic fabric is consistent with the
flow orientations measured in the field that
indicates directions ranging from NE and SW for
the edge portion and SE direction for the core
portion. In sample PAS38, which represents Unit
[Il'in this study, k__ is horizontal, which could
indicate a flow boundary, but can also indicate
a predominantly horizontal magmatic flow. In
samples PASO6h, PASO6v, PAS17, which represent
Unit IV in this study, a high dispersion of the
k .k . andk_ axis is observed, similar to the
one observed in the conduits studied by Simoes
(2018).

The units identified in this study are formed
by dacites, rhyodacites, and rhyolites of tholeiitic
affinities and metaluminous character. These
units are chemically homogeneous, with the
distinction based primarily on field structural
aspects.

According to Polo et al. (2017a), a
predominantly effusive model is consistent with
the physical properties of the Serra Geral Group
silicic magmas, such as higher temperatures
(1,010-930°C), lower water content (1-2% of
weight) and lower viscosities (104-106 Pas),
unlike typical silicic magmas.

High effusion rates could explain how large
areas were covered by silicic lava flows since
the distance traveled by lava can be directly
proportional to the effusion rate (Walker 1973).

Regarding the structural difference shown
in Units | and Il (lava flows with magmatic
foliation incipient to massive vs. lava flows with
sub-horizontal flow structures), this can be
explained by the preserved area after erosion.
The core presents a massive structure, while the
peripheral zones, both in the upper and lower
portions, present horizontal bedding, according
to the model suggested by Nardy et al. (2008).
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Unit 11l could be interpreted as a possible
lava dome, due to the presence of flow foliations,
auto-breccias, and characteristic textural
variations, according to the model proposed
by McPhie et al. (1993). The auto-brecciation
could be explained by the non-explosive
fragmentation of a lava flow, since the upper
and lower portions of a lava flow present a faster
heat loss when compared to its core, responding
to stress in a fragile manner and causing the
external fragmentation of the shell (McPhie et
al. 1993). According to the endogenous dome
model (Williams 1932 apud Newhall and Melson
1983), when the surface of the dome expands to
accommodate the effusion of lava through the
conduit, the external portions that are already
cooled (base, top and front), break due to the
great expansion pressure exerted on them and
develop auto-breccias (the previously cooled
shell, formed by massive obsidian, banded or
pumice, is broken, generating angular clasts that
are surrounded by a lava that stills in a plastic
flow). The foliated edge around the solid core is
caused by shearing of the fluid.

Unit IV is interpreted as a feeder conduit
system. This unit shows a banding pattern and
foliation attitudes similar to the results obtained
by Simoes et al. (2015), who investigated
the occurrence of volcanic conduits in the
northeastern region of Rio Grande do Sul. The
foliations measured in the outcrops of Unit IV
have two preferential directions. Foliations with
sub-vertical dipping have a preferred NE-SW
direction, while foliations with sub-horizontal
dipping have a preferred NW-SE direction.

CONCLUSIONS

Among the landforms investigated in the
AparadosdaSerraregion,thereisapredominance
of circular features, and the linear features are
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usually represented by elongated bodies of
subordinate occurrence. The identified units are
formed by dacites, rhyodacites, and rhyolites
of tholeiitic affinities and metaluminous
character. They are chemically homogeneous,
which led to a new classification based on the
present geological structures. They are: (i) Unit
I: lava flows with incipient magmatic foliation
to massive, (ii) Unit II: lava flows with sub-
horizontal flow structures, (iii) Unit 1l: lava flows
with dome flow structures, all associated with
the circular features; (iv) Unit IV: lava flows with
sub-vertical flow structures, associated with the
linear features.

The unit | was confirmed by the AMS
technique, which showed a flat arrangement of
the magnetic foliation of the lavas, indicating
a predominantly horizontal magmatic flow,
characteristic of lavas flows. The landforms can
also be explained by weathering processes that
cause differential erosion, resulting in dome
geomorphologies, and the structural difference
between Unitslandllistheresult of the exposure
of different portions of the lava flows. Thus, Unit
| represents the core, most central zone of the
effusion, while Unit Il represents the peripheral
zones, both in the upper and lower portions.
The results obtained using the AMS technique
were not conclusive to correlate the targets to
volcanic domes in the samples of Unitlll, such as
the almost vertical kmin, high-angle kmax, and
horizontal kmax-kint axes. However, the circular
features grouped in this unit may correspond
to volcanic domes, due to field observations as
the presence of auto-breccias, foliated edges
surrounding massive cores and texture features
such as the presence of highly vesicular breccias
at the edges. The structures measured in the
field in Unit IV were also confirmed by the AMS
technique, which showed horizontal or locally
vertical kmax and a greater dispersion of AMS
data as a result of very complex, sometimes
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turbulent magmatic flow patterns, as expected
for volcanic conduits. These feeder conduits are
possibly associated with extensive lineaments,
similar to that described by Simoes et al. 2017.

Therefore, the circular landforms
represented by Units | and Il can be considered
secondary and derived from the differential
erosion of silicic lava flows associated with
subsequent tectonism. Regarding Unit I, it
is suggested that the circular feature and the
dome morphology have a direct relationship
with a volcanic morphology, due to its primary
geological structures. The linear features
represented by Unit IV can also be considered
as primary structures related to feeder conduits
and directly associated with primary volcanic
processes.
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