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Graphical Abstract

Textural analysis and emplacement conditions of well-preserved Orosirian felsic
volcanic rocks of Northern Amazon Craton, Brazil
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Abstract

Located in the Amazon Craton, the Uatuma magmatism (1.89-1.87 Ga) consists in one
of the oldest Silicic Large Igneous Provinces (SLIPs) on Earth. For a long time, the access
to these deposits in the northern Amazon Craton (Erepecuru—Trombetas Domain) has been
set back for volcanological studies due to dense vegetation cover and the absence of roads.
Recent studies identify two Orosirian volcanic units in the region: the Iricoumé Group
(1.89-1.87 Ga) related to the Uatuma magmatism, and the Igarapé Paboca Formation (1.99-
1.94 Ga), associated to an older magmatism. Both units are widespread in the Erepecuru—
Trombetas Domain and include effusive and explosive deposits. In this paper, we apply
textural analyses and rheological estimations to determine the eruption and emplacement
conditions of these two volcanic sequences. Textural analyses were carried out through
fieldwork and petrography, including a systematic classification of lavas and volcaniclastic
rocks. Rheological parameters were determined using geochemistry data to obtain melt
viscosity (n) and temperature, zircon saturation (Tz), liquidus (Ti), and glass transition
temperatures (Tg), for anhydrous and hydrous compositions. Textural analyses indicate the
predominance of volcaniclastic facies with abundant eutaxitic and parataxitic textures.
Rheological estimations reveal Tr of 1020°C, Tz 650-905°C, and Tg 640-753°C for
anhydrous Iricoumé Group melts. Eruptive viscosity estimations range from 8.4 to 11.7 log
n (Pa.s). Igarapé Paboca melts present higher temperatures, with T of 1050°C, Tz 710-
880°C, and Tg 670-740 °C. Modeling using hydrous compositions indicate that minute
amounts of water can strongly affect the rheology of the studied melts, reducing n, T, Tz,
and Tg. The petrographic features indicative of hydrous magma reinforces the role of H,O
as a controlling agent in the fragmentation of Iricoumé and Igarapé Paboca melts. The
pyroclastic samples are marked by elevated ATz - Tg relationships indicative of high
emplacement temperatures above the Tg. Our results indicate that the high temperatures
and the presence of network-modifier cations in the studied melts favored the development
of extensive welded ignimbrites associated with low-eruption columns, likely developed in

fissural and/or caldera systems.

Keywords: Orosirian volcanism; Felsic ignimbrite; Magma rheology; Amazon craton;

Welding; Silicic Large Igneous Province.
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1. Introduction

Located in the northeastern section of South America (Fig. 1A), the Amazonian
Craton consists of the largest Precambrian domain in the South American Platform
(Almeida et al., 1981). This terrane hosts some of the most important mineral deposits of
the world (e.g., Juliani et al., 2005; Bettencourt et al., 2016; Motta et al., 2019), as well as a
significant geological record of the Paleoproterozoic period. The widespread Uatuma
volcano—plutonic event (1.89-1.87 Ga) covers 1.2 million km? of the Amazonian Craton
(Fig. 1B, Guiana and Brazil Central shields) and is considered by several authors a Silicic
Large Igneous Province (SLIP; Teixeira et al., 2019 and references therein). This Orosirian
magmatic province is considered one of the most intriguing magmatic events of the world,
with abundant explosive, effusive and intrusive rocks that are still poorly constrained due
to dense vegetation cover (Schobbenhaus and Brito Neves, 2003; Brito Neves, 2011;
Fernandes et al., 2011; Juliani et al., 2011; Klein et al., 2012; Barreto et al., 2013, 2014;
Roverato et al., 2019; Teixeira et al., 2019).

The Guiana Shield represents the northern portion of the Amazonian Craton, to the
north of the Amazon Basin (Fig. 1B). This area has been subdivided into several tectonic-
geochronological provinces (Santos et al., 2000, 2006; Tassinari and Macambira, 2004)
and tectonic—stratigraphic domains based on geological, geochronological, structural and
geophysical data (Reis et al., 2003, 2006; Vasquez and Rosa-Costa, 2008). Located in the
Brazilian part of the central-south Guiana Shield, the Erepecuru—Trombetas Domain (Fig.
1A) documents two Orosirian magmatic events separated by 100 Ma. These events include
the Uatuma magmatism, which volcanic rocks have been grouped in the Iricoumé Group
(1.89-1.87 Ga), and an older volcanism, related to Orocaima Event, grouped in the Igarapé
Paboca Formation (1.99-1.94 Ga) (Castro et al., 2014; Silva et al., 2019). Both the

Iricoumé Group and the Igarapé Paboca Formation consist of explosive and effusive
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volcanic rocks of felsic to intermediate compositions with well-preserved textures and
structures that record the dynamics of this volcanism.

For a long time, access to these units and the Erepecuru—Trombetas Domain was
hampered for systematic geological and geochronological studies due to the scarcity of
roads. As a result, studies on the Uatuma magmatism have been concentrated in Tapajos
and Iriri-Xingu domains, in the Brazil Central Shield (Fig. 1B - e.g. Lamarao et al., 2002;
Fernandes et al., 2006; Juliani and Fernandes, 2010; Fernandes et al., 2011; Semblano et al.,
2016; Lagler et al., 2019; Roverato et al., 2019) and in the Pitinga mining district of the
Uatuma-Anaud Domain (Fig. 1B - e.g. Ferron et al., 2010; Pierosan et al., 2011a, 2011b;
Simdes et al., 2014a). Recent geological mapping performed by the Geological Survey of
Brazil (Castro et al. 2014; Silva et al., 2019) in addition to petrographical, geochemical,
and geochronological studies (Barreto et al., 2013, 2014; Leal et al., 2015, 2018; Silva et al.
2019) improved the geological knowledge of this domain. However, investigations of
emplacement mechanisms and volcanic processes in the Erepecuru—Trombetas Domain are
still scarce.

This study aims to improve the current knowledge about the volcanic rocks of the
Iricoumé Group and the Igarapé Paboca Formation in the southern-central Guiana Shield.
In order to achieve this purpose, we applied textural analysis to define coherent and
volcaniclastic facies. For volcaniclastic samples, we also established a ranking of welding
intensity. To explore the conditions of emplacement of the ancient Uatuma SLIP and older
volcanics, we used geochemical data to obtain temperature and viscosity estimations using
zircon saturation, liquidus, and glass transition temperatures. Based on textural features
and the rheological parameters, we determine the eruption and emplacement mechanisms
of the Iricoumé Group and Igarapé Paboca Formation to reconstruct part of the Orosirian

volcanism.
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Fig. 1. A) Map of South America highlighting the Amazonian Craton and its subdivision into the a)
Guiana Shield and the b) Brazil-Central Shield (modified from Fraga and Cordani, 2019); B) Occurrence of
the Uatuma magmatism in the Amazonian craton, identified in the study area and previously studied regions:
1 - Ferron et al. (2010), 2 - Pierosan et al. (2011a), 3 - Pierosan et al. (2011b), 4 - Simdes et al. (2014a), 5 -
Roverato et al. (2019), 6 - Lamarao et al. (2002), 7 - Semblano et al. (2016), 8 - Roverato et al. (2019),9 -
Fernandes et al. (2006), 10 - Juliani and Fernandes (2010), 11 - Fernandes et al. (2011), 12 - Lagler et al.
(2019). Tectonic Domains: U: Uatuma-Anaua; E: Erepecuru-Trombetas; T: Tapajos; X: Iriri-Xingu; M:

North Mato Grosso. Based on Cordani et al. (2016).

2. Geological background
Located in the Amazon Craton, the Erepecuru—Trombetas Domain is constituted
by Archean and/or Paleoproterozoic basement units (undifferentiated complex and

volcano-sedimentary sequences), two Orosirian magmatic associations (ages ca. 2.0-1.95



116

117

118

119

120

121

122

123

124
125
126

127

Manuscript accepted for publication on Precambrian Research

Ga and 1.89-1.86 Ga), and Paleoproterozoic and Paleozoic sedimentary rocks.
Undifferentiated mafic rocks, diabases, and nepheline syenites are also identified in the
region (Vasquez and Rosa-Costa, 2008). The study area is located in the central-south
segment of the Erepecuru—Trombetas Domain. In this area, two Orosirian magmatic
associations are the dominant, whereas basement outcrops are absent. The available zircon
U-Pb and Pb-Pb radiometric data on the Orosirian magmatic rocks of the Erepecuru-

Trombetas domain are presented in Table 1.

U-Pb Pb-
Geological unit Rock type zircon Pb zircon Ref.
Age (Ma) Age (Ma)

0Old Orosirian magmatism

Syenogranite 1977+ 4 1

Monzogranite 1982 +9 1

Quartz-monzonite 1986 + 5 2

Caxipacoré Suite Monzogranite 1986 +£4 2
Monzogranite 1991 £6 3

Monzogranite 1989 +7 3

Monzogranite 1995 £ 19 4

Igarapé Taboca Andesite 1992 +3 5
Formation Andesitic ignimbrite 1948 + 6 2

Uatuma magmatism

Agua Branca Suite Monzonite 1887 +5 3
Mapuera Suite Granite 1881 £8 3
Granite 1889 +2 6

Granite 1861+ 20 6

Andesite 1889 £9 2

Iricoumé Group Trachydacitic Ignimbrite 1888 +3 5
Trachydacitic Ignimbrite 1889 £2 5

Table 1. Zircon U-Pb and Pb-Pb radiometric data on the Orosirian magmatic rocks of the Erepecuru-
Trombetas Domain. References: 1. Leal et al. (2015); 2. Silva et al. (2019); 3. Leal et al. (2018); 4. Vianna et
al. (2017); 5. Barreto et al. (2013); 6. Castro et al. (2014).
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The older magmatic association (2.0-1.95 Ga) is constituted by granites included in the
Caxipacoré Suite and volcanic rocks (effusive and pyroclastic) of the Igarapé Paboca
Formation. The Caxipacoré Suite consists of alkali feldspar granites, syenogranites,
monzogranites, and granodiorites, whereas the Igarapé Paboca Formation comprises
andesites, dacites, and subordinate trachyandesites, trachytes, ignimbrites, tuffs, and
breccias.

Both volcanic and plutonic rocks present a high-K to shoshonitic, calc-alkaline
signature related to arc-setting (Barreto et al., 2014; Leal et al., 2018; Silva et al., 2019).
The Caxipacoré granitoids show U-Pb and Pb-Pb zircon ages around 1.96-1.99 Ga (; Leal
et al., 2015, 2018; Silva et al., 2019; Vianna et al., 2017), whereas the Igarapé Paboca
Formation displays U-Pb and Pb-Pb zircon ages between 1.99 and 1.95 Ga (Barreto et al.,
2013; Castro et al., 2014; Silva et al., 2019).

The younger volcano-plutonic association (1.89-1.86 Ga), related to the Uatuma event,
is constituted by granitic rocks of Agua Branca and Mapuera suites and the volcanic rocks
of the Iricoumé Group. Both granitoid suites and the Iricoumé volcanics are considered
coeval (Table 1 and Fig. 2). However, the Iricoumé Group and Mapuera Suite, (which
predominate in the study area) share similar geochemical characteristics that are distinct
from the Agua Branca granitoids (Barreto et al., 2014; Leal et al., 2018; Silva et al., 2019).
The granitoids of the Mapuera Suite comprise alkali feldspar granites, syenogranites, and
monzogranites with A-type affinity. Pb-Pb and U-Pb zircon ages range between 1889 + 2
and 1861 + 20Ma (Castro et al., 2014; Leal et al., 2018; Silva et al., 2019).

The Iricoumé Group is composed of undeformed and unmetamorphosed effusive,
pyroclastic, and subvolcanic volcanic rocks of felsic to intermediate composition with K-

high calc-alkaline to shoshonitic signatures and A-type magma affinity. The available
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geochronological Pb-Pb and U-Pb zircon data for these rocks suggest a narrow range of
volcanism ages, from 1.89-1.88 Ga (Barreto et al., 2013; Silva et al., 2019).

The 1.89-1.88 Ga Uatuma volcanism has been studied in detail in several domains of
the Amazon Craton (e.g., Costi et al., 2000; Klein and Vasquez, 2000; Reis et al., 2000,
2006; Lamardo et al., 2002, 2005; Almeida, 2006; Fernandes et al., 2006, 2011; Ferron et
al., 2006, 2010; Valério et al., 2009; Pierosan et al., 2011a, 2011b; Klein et al., 2012;
Barreto et al., 2013, 2014; Marques et al., 2014). The designation of Iricoumé Group is
used for volcanic rocks outcropping in the Erepecuru-Trombetas and Uatuma-Anaua
domains to the north of the Amazon Basin. To the south of this basin, correlated volcanic
rocks occur in the Iriri-Xingu Domain under the designations of Sobreiro and Santa Rosa
formations (Fernandes et al., 2006, 2011; Roverato, 2016; Roverato et al., 2017). In the
Tapajoés Domain, the correlated volcanic rocks are grouped in the Moraes Almeida
Formation of the Iriri Group (Klein and Vasquez, 2000; Lamarao et al., 2002; Juliani et al.,
2005).

Several undifferentiated small mafic rock bodies intrude rocks of the Iricoumé Group
and Igarapé Paboca Formation. Geochronological data is still not available for these rocks,
which has been interpreted by Vasquez and Costa (2008) as intra-plate mafic magmatism
related to either Orosirian (=1.88 Ga) or Statherian (=1.78 Ga) crustal extension.

The Urupi Formation outcrops in the study area as an elongated ridge with NW-SE
direction. This sedimentary formation includes sandstones, arkoses, and siltstones
intercalated with volcaniclastic rocks (silicified tuffs and ignimbrites). The maximum age
for this formation has been established at ca. 1.88-1.86 Ga based on the ages of the
underlying Iricoumé volcanic rocks. Minimum age of 1.78 Ga was obtained with the U-Pb

zircon dating of diabase sills, which are intrusive in the Urupi Formation (Santos et al.,
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2002). Recently, two groups of U-Pb LA-ICPMS ages of 2167-2050 Ma and 2761-2574
Ma were obtained for detrital zircons of the Urupi Formation, (Magalhaes et al., 2017).

The Trombetas Group is composed of sandstones, shales, and siltstones that
correspond to the early stages of Paleozoic deposition of the Amazon Basin with
transgressive-regressive characteristics. As field data are lacking, the available information
about this unit was obtained from remote-sensing interpretations (Silva et al., 2019). The
rocks of this group occur in the southern limit of the studied region and show a pronounced
relief with well-fitted drainage and V-shaped valleys, which contrasts with the low-relief of

the Precambrian units of the Igarapé Paboca Formation and the Iricoumé Group.
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Fig. 2. Location map (see also Fig. 1B) with sampling sites and main geologic units. For a sample list of
geological units, please check Table 2. Geochronological data from Barreto et al. (2013). Map modified from
Silva et al. (2019), shaded relief derived from ALOS PALSAR digital elevation model

(https://vertex.daac.asf.alaska.edu/).
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3. Methods
3.1 Petrography

The fieldwork was performed by SBG-CPRM team during the project of mapping of
the Para state (Castro et al., 2014; Silva et al., 2019). For this study, the CPRM-Belém
provided the outcrop photographs and samples. From the most representative samples, 18
thin sections were prepared and described using a Leica DM4500 digital microscope model
with an attached camera (LEICA DFC495 model).
3.1.1 Ranking welding intensity

To compare our volcaniclastic samples, we present a scheme for ranking welding

intensity in pyroclastic rocks, which comprises five ranks (I-IV) defined according to
macroscopic and microscopic textural characteristics. Our classification is based on the
Quane and Russel (2004) scheme to characterize welding intensity, with some
modifications in order to highlight the differences observed in the studied samples. Our
scheme includes incipiently welded (rank I), moderately welded with eutaxitic texture
(rank II), and strongly welded with parataxitic texture (rank III). The petrographic
descriptions used to define each rank as well as the equivalences with the scheme from
Quane and Russel (2004) are listed in Table 2. Field and petrography data are depicted in

Figures 3 to 7 to illustrate the textural categories and the main characteristics of each rank.

3.2 Whole-rock geochemistry

The studies of textural analysis and imaging were performed in 18 samples of the
Erepecuru-Trombetas Domain, including 3 hypabyssal rocks, 2 lavas, and 13 ignimbrites
rich in juvenile fragments. The whole-rock chemical analyses of these samples were
performed at ACME Laboratories Ltd (Vancouver, Canada). Major oxides were obtained

by inductively coupled plasma atomic emission spectrometry (ICP-AES), while the zr trace



214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Manuscript accepted for publication on Precambrian Research

element was analyzed by inductively coupled plasma atomic mass spectrometry (ICP-MS).
The analytical protocol at the ACME laboratory included the analysis of standard STD SO-
18 and BLK and of three sample duplicates (LT-03, LT-13, and LT-32). The representative
geochemical results are presented in Table 2 and plotted in the SiO> vs Zr/TiO»
classification diagram (Fig. 8) using the GeoChemical Data toolkit v. 2.3 software

(available at http://www.gcdkit.org/gcdkit-publications/).

3.3 Rheology

Based on geochemical data, we estimated rheological parameters for the ignimbrites
and lavas of the Iricoumé Group and Igarapé Paboca Formation (Table 3) using the
numerical models of Watson and Harrison (1983), Sisson and Groove (1993), and
Giordano et al. (2008).

We applied the model of Watson (1979) and Watson and Harrison (1983) to estimate
magma temperatures using the zircon saturation geothermometer (Tz). The Zircon
saturation method has been successfully applied to igneous and volcanic rocks, allowing
the determination of transport and emplacement mechanisms (e.g., Liu et al., 2013). We
used the model of Sisson and Groove (1993) to determine the liquidus temperature (Tv),
which represents the magma generation temperature and can give clues about the
geotectonic and thermal regime of the region.

The model of Giordano et al. (2008) was applied to calculate the melt viscosity () and
the glass transition temperature (Tg). While Tr indicates the maximum temperature, Tg
reflects the boundary temperature between a ductile (above Tg, allowing viscous flow,
pyroclastic sintering, and welding) and a fragile (below Tg, allowing only elastic
deformation) behavior of a silicate melt (Webb, 1997; Giordano et al., 2005). A detailed

description of rheological calculations is given in Supplementary material A, B, C, and D.
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All mentioned parameters were estimated using both anhydrous and wet compositions
with 0.25, 1.0, 2.0, and 4.0 wt% of H>O, to evaluate the effect of dissolved magmatic water

on the studied melts.

4. Results
4.1. Field and faciological aspects

Ignimbrites are the main volcanic deposits in the area and are characterized by
eutaxitic and parataxitic textures (Fig. 3A-3C) with low to moderate inverse grading (Fig.
3D). These rocks are generally moderately to poorly sorted, with fragment sizes ranging up
to lapilli (Fig. 3E) of plagioclase, sanidine, and quartz crystals, as well as sub-angular to
sub-rounded lithic clasts and pumices (Fig. 3F). The groundmass of these deposits
generally includes pumices and fiammes (Fig. 3A, 3B, 3C, 3F) and sometimes fiammes
with spherulitic texture (Fig. 3G). Subordinately, some samples of crystal-rich ignimbrites
also occur in the studied area and are characterized by crystal contents of up to 40% (vol.),
mainly composed of quartz and feldspar (Fig. 3H).

The rheomorphic ignimbrites show subhorizontal bands (Fig. 4A), boudinage fiamme
characterizing the parataxitic texture, and sometimes tight isoclinal folds at the outcrop
scale (Fig. 4B-4C). These rheomorphic ignimbrites show angular-shaped broken crystal
fragments of plagioclase and lithic clasts with sizes ranging from ash to lapilli (Fig. 4D).
Often these ignimbrites show all fiamme collapsed and the parataxitic texture is faintly
visible, which could led to a false interpretation of porphyritic texture (Fig. 4D).

Minor occurrences of effusive deposits, including lava and subvolcanic rocks, have
been described in close association with the explosive deposits. The lavas are crystal-rich
andesitic and show massive structure as well as porphyritic texture, characterized by high

concentration (more than 35% vol.) of plagioclase and amphibole phenocrysts (Fig. 4E).
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The subvolcanic rocks comprise two groups of rocks: lamprophyres and dacites. The
lamprophyres are massive and porphyritic, characterized by amphibole phenocrysts set in
an aphanitic matrix (Fig. 4F). Dacitic rocks exhibit flow-foliations at outcrop scale (Fig.
4G) and alkali feldspar and plagioclase porphyries set in an aphanitic groundmass at a

macroscopic scale (Fig. 4H).

Fig. 3 (below). Field photographs of the ignimbrites of the Iricoumé Group and Igarapé Paboca Formation.
A-C) Hand-samples showing pumices and fiammes characterizing the eutaxitic and parataxitic textures. The
pumices and fiammes are marked with white arrow (samples LT-22, LT-25, LT-20); D) ignimbrite showing
weak inverse grading (sample LT-22); E) Poorly sorted ignimbrite with ash and lapilli-sized fragments
(sample LT-20); F) Detail of hand-sample showing the crystal fragments of plagioclase, sanidine, and quartz
(yellow arrow), as well as pumices in the groundmass (red arrow) and lithic clasts (red dotted area) (sample
LT-30); G) bands of fiamme devitrified to spherulitic texture. Some spherical spherulites are marked with red
arrow (sample LT-02); H) crystal-rich ignimbrites characterized by high crystal contents of quartz and

feldspar (yellow arrow) and pumices (white arrow) (sample LT-09).
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Fig. 4. Field photographs of the explosive and effusive volcanic rocks of the Iricoumé Group and Igarapé Paboca
Formation. A) Bands of rheomorphic ignimbrites characterized by angular-shaped crystal fragments of plagioclase and
fiammes (yellow arrow) characterizing the parataxitic texture (sample LT-25); B) Rheomorphic ignimbrite showing tight
isoclinal folds in field-scale (cf. Silva et al. 2019; sample LT-21); C) Detail of the fiammes and tight isoclinal folds in the

field-scale (yellow arrow) (sample LT-21); D) Rheomorphic ignimbrite showing all fiamme collapsed where the
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parataxitic texture is faintly visible, which could led a false interpretation of apparent porphyritic. The crystal fragments
of plagioclase and lithic clasts are highlighted by yellow and white arrows, respectively (sample LT-31); E) Crystal-rich
lava with porphyritic texture, characterized by plagioclase and amphibole phenocrysts set in an aphanitic groundmass
(sample LT-06); F) lamprophyre massive and porphyritic, characterized by amphibole phenocrysts (red arrow) set in an
aphanitic matrix (sample LT-11); G) Flow-foliations in hypabyssal dacite (sample LT-08); H) Dacitic rock in hand-

sample exhibiting alkali feldspar and plagioclase porphyries set in an aphanitic groundmass (sample LT-08).

4.2. Textural analysis
Volcanic rocks were divided into lavas and volcaniclastic facies and accordingly
subdivided into five textural groups with different welding intensities for the pyroclastic

deposits as shown in Table 2 and described below.

4.2.1. Volcaniclastic facies
Apparent porphyritic texture with granophyric groundmass (Incipient degree of welding
-rank )

The ignimbrites of this category show fragmental texture with low to voluminous (5 to
35 vol.%) poorly sorted angular to sub-rounded fragments of sanidine, plagioclase, and
quartz characterizing an apparent porphyritic texture set in a granophyric groundmass
made up of mosaic of quartz and feldspar (Fig. 5A, 5B). Some quartz fragments in the
ignimbrites exhibit corrosion embayments, which indicate magmatic resorption (Fig. 5C).
Subordinately, there are some samples of ignimbrites with high concentration of crystal
fragments and lithic clasts (Fig. 5A, 5D, 5E).

The crystal fragments are set in this groundmass rich in slightly deformed pumice and
devitrified glass shards (Fig. SA-5E). The pumice fragments have ragged margins, with
lenticular and blocky shapes and are completely altered to phyllosilicate minerals, ensuring

preservation of their outlines (Fig. 5A-5G). Pumices are deformed with flame-like ends,
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especially around accidental lithic clasts and crystal fragments, such as quartz, plagioclase,
and biotite (Fig. 5D-5F). Sometimes, the pumices encompass lithic clasts and crystal
fragments (Fig. 5E), including biotite crystals completely pseudomorphosed by iron oxides
(Fig. 5D-5E).

The glass shards observed in the groundmass are more easily recognized in plane
polarized light and show incipient welding compaction and their shapes range from cuspate,
Y-shaped, platy, curviplanar, blade-like, to pumice (Fig. 5C, 5F, 5G). Taking into account
the vitroclastic texture produced by pyroclastic eruptions is no longer preserved in the
matrix of these Precambrian ignimbrites, all the shapes of the shards were well preserved
due to devitrification to fine-grained quartz-feldspar aggregates (Fig. 5G).

The granophyric texture was also described in the groundmass and is characterized by
fine-grained amorphous quartz (cristobalite) and feldspar aggregates (Fig. 5B, 5H). This
granophyric texture commonly overprints any pre-existing vitroclastic texture in the matrix
and is the result of high-temperature devitrification processes as well as the spherulitic
texture that is also present (Fig. 5G).

According to the incipiently welded texture of the pumices, these rocks belong to rank
I in the welding intensity, which is equivalent to grades II and III of classification of Quane

and Russel (2004).
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RANK
FACIES | SAMPLE TEXTURAL CATEGORY WELDING INTENSITY INTERPRETATION OF PROCESS FIGURES
Literature? This study
|
LT-09 The glass shards are only slightly
LT-12 Apparent porphyritic I deformed. The pumices are incipien.t!y .Thfe weak deformatign of pyroclasts sugge.sts the
ith crvotocrystallin | flattened and welded and no eutaxitic | beginning of the welding in the ash matrix and 3F,3H,
LT-29 wi chEn?jcmgssj ine texture is observed. The glassy | pumice lapilli and a pyroclastic origin for these S5A-5H
LT-03* g material (shards and pumices) are deposits 2
1 completely devitrified
LT-20
o
5 LT-30 The glass shards are moderately
é adhered to one another and individual The eutaxitic texture record hot deformation of
<E: LT-21 shards are moderatly deformed. | pyroclasts and is generated by increasing welding Fig. 3A
3] Eutaxitic \Y I Rocks moderately to strongly welded | process involving syn or post-emplacement 3D. 3G éA éF
< LT-22 with a clear eutaxitic texture showing | degassing, compaction, annealing and flow of glassy el
moderately deformed pumices as well | material in pyroclastic deposits?
LT-18 as fully collapsed fiamme
LT-01 densely welded with all fiamme
v collapsed. The strong eutaxitic texture | _ The parataxitic texFure is fprmed when all the
change for parataxitic texture with fiammes of a pyroclastlc‘ (#epo§|t suffer coalescerTce )
LT-16 - . and are welded to obsidian-like vitrophyre, which Fig. 3B,
. features of folds, elongation lineations
Parataxitic 1 d boudins. S R he obsidi remove the pore spaces. Development of pronounced 3C, 4A-4D,
LT-25 a?n c.)u Ins. ometlmest € .O. SId1an- | elongation lineations, folds, kinematic indicators, and 7A-7F
Vi I|I.<e. flamme ar.e faintly visible or | poudins indicate syn- and/or postwelding hot-state
LT-31* difficult to identify that resembles to | ductile shear deformation (process of reomorphism)?
texture of a lava
LT-06* . The porphyritic and glomeroporphyritic textures
Porphyritic and suggest emplacement of lava flows with Fig. 4E
LT-04* | glomeroporphyritic with crystallization in two stages and heterogeneous aF 8A.SB,
microcrystalline to crystallization, respectively. The microcrystalline to S ae
£ LT-24 pilotassitic groundmass pilotassitic textures of the groundmass indicate lack 8C, 8D
- to intermediate movement of flow of the lava flows 3
LT-11
b .
I
8 1708 The porphyritic and glomeroporphyritic textures
Porphyritic and suggest. .empl.acement of lava flows with )
lomeroporphyritic with crystallization in two stages and heterogeneous Fig. 4G,
1726 g heruliti \ p crystallization, respectively. The spherulitic texture of 4H, 8SE, 8F
- spherulitic groundmass

the  groundmass indicate

devitrification 3

high-temperature

Table 2. Summary of textural categories and rank of welding intensities of the volcanic rocks of the Iricoumé Group and Igarapé Paboca Formation. 1= Quane and
Russel (2004); *= samples from the Igarapé Paboca Formation; 2= Branney and Kokelaar (2002); 3= Vernon (2004).
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Fig. 5. Photomicrographs of the incipiently welded apparent porphyritic texture, which represents the
rank I of the welding intensity. A) Crystal-rich ignimbrite characterized by angular fragments of plagioclase

(pD), sanidine (sa) and quartz (qz) set in a groundmass with pumices (red dotted area) incipiently welded



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

Manuscript accepted for publication on Precambrian Research

(sample LT-09) - Parallel polarized light; B) Crystal-rich ignimbrite with fragmental texture and poorly
sorted angular fragments of sanidine (sa) and plagioclase (pl) set in granophyric groundmass with slightly
deformed pumice and altered to phyllosilicates (sample LT-12) — Crossed polarized light; C) Ignimbrite
showing quartz fragment with corrosion embayment (red arrow) set in a groundmass with glass shards
(yellow arrows) (sample LT-03) — Parallel polarized light; D) Pumice fragments show lenticular shapes and
ragged margins deformed around sanidine crystals (sa) and lithic clasts (Ic) and are completely altered to
phyllosilicate minerals, ensuring preservation of their outlines. Biotite crystals are completely
pseudomorphosed by iron oxides (sample LT-29) — Parallel polarized light; E) Pumices with blocky shape
that encompass accidental lithic clasts (Ic), plagioclase (pl) and biotite (bt) fragments (sample LT-29) —
Parallel polarized light; F) Ignimbrite with poorly sorted fragmental texture defined by angular to sub-
rounded fragments of sanidine (sa) and plagioclase (pl) in a groundmass rich in shards with shapes ranging
from cuspate, Y-shaped, platy, curviplanar (red arrow), to pumice (red dotted area) (sample LT-20) — Parallel
polarized light; G) Detail of the well preserved outlines of the glass shards (red arrow) and spherulitic texture
(red dotted area) in the matrix (sample LT-03) — Parallel polarized light; H) Pumice fragments (red arrow)
and granophyric texture in the groundmass, characterized by fine-grained quartz-feldspar aggregates (sample

LT-20) — Crossed polarized light.

Eutaxitic texture (moderate degree of welding - rank I1)

Ignimbrites exhibit discontinuous foliation that alternates from light to dark colors,
which reflects welding on different materials (Fig. 6A-6B). The ignimbrites are composed
mainly of crystal fragments of sanidine, plagioclase, quartz, biotite, and strongly flattened
flamme fragments characterizing an eutaxitic texture (Fig. 6A-6E). Lenticular to disc-
shaped fiamme have wispy, flame-like ends and are deformed, especially around rigid
components (crystal fragments) (Fig. 6C-6F), in which some crystal fragments are rotated
(Fig 6F). Lithic clasts are scarce in these ignimbrites.

The processes that obliterate the vitroclastic texture include high welding degree and

alteration of fiamme to phyllosilicate minerals and quartz-feldspar aggregates (Fig. 6C).
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Features of high-temperature devitrification are also observed generating the granophyric
texture that comprises a fine-grained quartz-feldspar mosaic (Fig. 6D-6F).

Based on the eutaxitic texture of these ignimbrites that characterizes a moderate degree
of welding of the pumices towards fiammes, these rocks are classified in the rank II of the
welding intensity, which is equivalent to grade IV of classification of Quane and Russel

(2004).

Fig. 6 (below). Photomicrographs of ignimbrites with eutaxitic texture, which represent the rank II of
welding intensity. A) Ignimbrite with discontinuous foliation characterized by lenticular to disc-shaped
fiammes (dark colors highlighted by red dotted line) (sample LT-21) — Parallel polarized light; B) Fiammes
(red arrow) with lenticular shapes and sometimes deformed around sanidine (sa) fragment (sample LT-21) —
Parallel polarized light; C) Fiammes altered to phyllosilicate minerals (red arrow) and quartz-feldspar
aggregates (yellow arrow) (sample LT-21) — Parallel polarized light; D) Ignimbrite with crystal fragments of
sanidine (sa), plagioclase (pl), quartz (qz), and strongly flattened fiammes characterizing the eutaxitic texture.
Fiammes (yellow arrow) altered to phyllosilicates have flame-like ends and are deformed around crystal
fragments (sample LT-18) — Crossed polarized light; E) Detail of the angular plagioclase (pl) and sanidine (sa)
fragments rounded by fiammes deformed. Groundmass completely devitrified to fine-grained quartz-feldspar
mosaic characterizing the granophyric texture is also present (sample LT-18) — Crossed polarized light; F)
Detail of the rotated plagioclase fragment (red arrow) wrapped by fiammes altered to phyllosilicate (yellow

arrow) (sample LT-18) — Crossed polarized light.



Manuscript accepted for publication on Precambrian Research

404

405  Parataxitic texture (high welding degree - rank I11)

406 The rheomorphic ignimbrites are characterized by broken crystal fragments of sanidine,
407  plagioclase, quartz, and amphibole within groundmass with densely welded fiammes that

408 are difficult to distinguish (Fig. 7A-7F). These ignimbrites commonly display high-
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temperature devitrification of the formerly glassy components generating granophyric
textures (Fig. 7C, 7D, 7F).

The amphibole crystals are partially to completely replaced by opaque minerals (Fig.
7A). The fiamme fragments show a reddish color due to oxidation (Fig. 7A, 7B, 7E) and
are deformed and flattened around crystal fragments and cognate and accidental lithic
clasts (Fig. 7A-7E).

The foliations developed in the rheomorphic ignimbrites define the parataxitic texture,
characterized by strong welding and compaction of fiamme, which generate intrafolial
folds in micro-scale and boudinage features (Fig. 7E), suggesting that the rheomorphic
processes occurred during and/or after flow emplacement (Branney and Kokelaar, 2002).
In most cases, this strong welding and compaction approaching homogenization generates
a pattern of structures similar to magmatic foliations, typical of lavas (Fig. 7F).

Based on the parataxitic texture described in the rheomorphic ignimbrites, these rocks
are classified in the rank III of the welding intensity, which is equivalent to grade V and VI

of the classification of Quane and Russel (2004).

Fig. 7 (below). Photomicrographs of rheomorphic ignimbrite with parataxitic texture, which represent
the rank III of welding intensity. A-B) Broken crystal fragments of sanidine (sa), plagioclase (pl), and
opaque-altered amphibole (amp) within groundmass with densely welded fiammes that are difficult to

distinguish. The fiamme fragments show a reddish tint in plane-polarized light due to oxidation and are
deformed and flattened around lithic clasts and crystal fragments (samples LT-01 and LT-16) — Parallel
polarized light; C-D) Strongly welded fiammes around crystal fragments of plagioclase (pl), sanidine (sa) and
quartz (qz), and lithic clasts (Ic). Note the granophyric texture in the devitrified groundmass (samples LT-01
and LT-16) — Crossed polarized light; E) The strong welding and compaction of fiammes (dark due to limited
transparency under a petrological microscope) generate intrafolial folds in micro-scale (blue arrow) and
boudinage features (red arrow) (sample LT-25) - Parallel polarized light; F) The strong welding and

compaction of the rheomorphic ignimbrites led to the approaching homogenization generating a pattern of
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436 textures similar to magmatic foliations, typical of lavas. Note the granophyric texture in the devitrified
437 groundmass (sample LT-31) — Crossed polarized light.
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4.2.2. Lavas
Porphyritic and glomeroporphyritic texture with microcrystalline to pilotaxitic
groundmass

The andesitic lavas and hypabyssal lamprophyres of andesitic composition show
porphyritic and glomeroporphyritic textures characterized by 30-50% (vol.) of phenocrysts
set in a groundmass of high crystallinity (Fig. 8A-8D).

The lavas show voluminous (35-50% vol.) phenocrysts of plagioclase and hornblende
immersed in a microcrystalline groundmass, where predominate plagioclase microlites and
small crystals of hornblende (Fig. 8A). All plagioclase crystals exhibit subhedral shapes
and are moderately to strongly replaced by clay minerals, carbonate, and epidote.
Hornblende phenocrysts show subhedral to sub-rounded shapes and are partially to
completely replaced by opaque minerals (Fig. 8B).

The lamprophyres exhibit hornblende phenocrysts that reach up to 30% (vol.) set in a
pilotaxitic groundmass, characterized by plagioclase microlites aligned in sub parallel
mode along with hornblende microphenocrysts (Fig. 8C). Hornblende phenocrysts show
subhedral to sub-rounded shapes, sometimes as aggregates in addition to zoning, simple
twinning, and opacitic rims (Fig. 8C). Some crystals are partially to completely replaced by
chlorite and opaque minerals, while others are partially corroded (Fig. 8D). All plagioclase
crystals show subhedral shapes and are slightly replaced by clay minerals and epidote. The
fact that these lamprophyres exhibit hornblende as the only mafic mineral and

plagioclase > alkali feldspar (Le Maitre, 2002) allows classify them as spessartite.
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Porphyritic and glomeroporphyritic texture with spherulitic groundmass

The dacitic subvolcanic rocks show porphyritic and glomeroporphyritic textures,
characterized by plagioclase, quartz, and sanidine phenocrysts immersed in a glassy matrix
(Fig. 8E-8F).

The plagioclase phenocrysts show shapes ranging from subhedral to euhedral and are
partially altered to sericite, carbonate, and clay minerals. The sub-rounded sanidine
porphyry exhibit carlsbad twinning, microperthites and are slightly- to moderately altered
to sericite (Fig. 8E). Features of corrosion embayment are observed in the quartz and
sanidine phenocrysts as a result of partial reabsorption processes (Fig. 8E). The matrix has
undergone high-temperature devitrification processes generating spherulitic texture with

axiolite, spherical, and fan-type spherulites (Fig. 8F).

Fig. 8 (below). Textural groups of the effusive deposits. A) Lava showing porphyritic texture
characterized by plagioclase and hornblende phenocrysts immersed in a microcrystalline groundmass
composed by plagioclase microlites and small crystals of hornblende (sample LT-24) — Crossed polarized
light; B) Hornblende phenocrysts of the lavas show subhedral to sub-rounded shapes and are partial to
completely altered for opaque minerals (sample LT-06) — Parallel polarized light; C) Lamprophyre exhibit
porphyritic texture defined by hornblende phenocrysts set in a pilotassitic groundmass, characterized by
plagioclase microlites aligned in sub parallel mode. Hornblende phenocrysts with subhedral to sub-rounded
shapes show zoning (yellow arrow), simple twinning (red arrow), and opacitic rims (sample LT-04) —
Crossed polarized light; D) Most of the hornblende phenocrysts range from partially to completely replaced
by opaque minerals (yellow arrow), while some are partially corroded (green arrow) (sample LT-11) —
Crossed polarized light; E) Hypabyssal dacite with glomeroporphyritic texture composed by plagioclase (pl)
and microperthitic sanidine (sa) porphyries with sub-rounded shapes and corrosion embayment (red arrow)
set in a spherulitic groundmass (sample LT-08) — Crossed polarized light; F) Detail of the fan (yellow arrow)
and spherical-type (red arrow) spherulites scattered in the spherulitic groundmass (sample LT-26) — Crossed

polarized light.
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4.3. Geochemistry
Eighteen volcanic rocks representative of the Iricoumé Group and Igarapé Paboca
Formation were analyzed for whole-rock geochemistry, including 13 ignimbrites, two

lavas, and three hypabyssal rocks (Table 3). From this set, most of the samples are related



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

Manuscript accepted for publication on Precambrian Research

to the Iricoumé Group, except by two pyroclastic rocks (samples LT-03 and LT-31) and
one lava (sample LT-06) that belong to Igarapé Paboca Formation and are marked with an
asterisk in table 2.

Barreto et al. (2014) described in detail the geochemical characteristics of major and
trace elements of the volcanic rocks of this sector of the Erepecuru-Trombetas Domain.
The high values of Loss on Ignition (LOI) obtained in some studied rocks (c.f. Table 2 of
Barreto et al., 2014) due to weathering did not allow their classification in the Total-Alkali
(Na20O + K»0) versus silica (TAS) diagram, as recommended by the International Union of
Geological Sciences (IUGS). As a better alternative for the classification of altered
volcanic rocks, we used the Zr/TiO; versus SiO> diagram (Winchester and Floyd, 1977)
that establishes a relationship between major and trace elements with low degree of
mobility (Fig. 9). In this diagram, the pyroclastic rocks occupy the dacite and rhyolite
fields, while the lava domes show andesitic composition and the hypabyssal rocks range

from andesitic to dacitic compositions.

80

Rhyolite

Comendite
Pantellerite

70 Rhyodacite
Dacite

Trachyte

Sic: 60 Andesite
Ignimbrites (Iricoumé Group)
50 @ Ignimbrites (Igarapé Paboca Fm.)
() Hypabyssal rocks (lIricoumé Group)
D Lavas (Iricoumé Group)
Lavas (lgarapé Paboca Fm.)
40 T T T
0.001 0.010 0.100 1.000 10.000

Zr/Tio,
Fig. 9. SiO> versus Zr/TiO; classification diagram (Winchester and Floyd, 1977). Fm.= Formation. The
pyroclastic rocks of the Igarapa Paboca Formation are the purple circles, while the lava of this unit is

represented by yellow circle.
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4.4. Temperature and viscosity of magmas

The main rheological parameters calculated on basis in the geochemical data are
shown in the Table 3. Our results indicate that, for anhydrous compositions, Iricoumé
Group melts present uniform Tp ranging from 920 to 1110 °C (average of 1020 °C),
without significant T differences among explosive and effusive samples (Fig. 10A).
Overall, samples of the Igarapé Paboca Formation display higher temperatures, with an
average Tr of 1050 °C (Fig. 10A). Zircon saturation temperatures (Tz) of Iricoumé Group
display large variations from 707 to 905 °C (average of 810 °C, Fig. 10A).

The calculated viscosities at Tz span from 8.4 to 11.7 log n (Pa.s) (Fig. 10B),
indicative of the non-Arrhenius behavior of these melts (Giordano et al., 2006). Comparing
samples with similar silica content (SiO2 % wt), several explosive samples tend to show
significantly higher viscosities at Tz: when compared to effusive samples (Fig. 10B). This
difference can reach two orders of magnitude (i.e., 100 more viscous) in some cases.

When considering only pyroclastic samples of the Iricoumé Group, it is possible to
observe high, virtually uniform Ty, and variable Tz, ranging from 729 to 871 °C, while Tg
ranges from 690 to 753 °C (Fig. 10C). In the pyroclastic samples of Iricoumé Group, the
ATz - T ranges from 14 to 165 °C (Fig. 10D), with several samples (> 70%) presenting
high ATz - Tg values (> 80 °C), indicative of a high welding potential for the pyroclastic
deposits of the Iricoumé Group. Explosive samples from the Igarapé Paboca Formation
also display high ATz - Tg values, which is attested by moderate to intense welding
observed in these samples (Fig. 10D). This proxy also indicates that some samples were
emplaced only a few degrees above the glass transition temperature, generating unwelded
deposits. When compared to petrographic data and the ranking welding intensity based on

the modified scale from Quane and Russell (2004), pyroclastic samples show a systematic
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increase in welding intensity as a function of ATz - T (Fig. 10D), suggesting the ability of

the ATz - Tg proxy in predicting welding degree in the pyroclastic samples.
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Fig. 10. Rheological results for Iricoumé and Igarapé Paboca melts: A) temperature results for the

studied units, Tr , Tz: and Tg; B) melt viscosity at Tz: versus silica content; C) Tz and T versus melt

viscosity of explosive samples from Iricoumé Group; D) petrographic welding ranking versus welding
potential for ignimbrites of the Iricoumé Group and the Igarapé Paboca Formation. Geochemical data from

Barreto et al. (2014) and partly displayed in the table 3.



Manuscript accepted for publication on Precambrian Research

Main network Main network

Identification Anydrous (0% H20) 0.25% H20O 0.50% H20 1.00% H.O 2.00% H20O 4.00% H.0O
forming modifiers
log m at TG
Zr TL TZr lognatT TG TL logn TL logm TG TL logn TG TL logn TG TL logn TG
Type Sample Si02  ALOs NaO KO P2Os TL (°C)
(ppm) (°C) (o) (°C) Zr(Pas) (°C) (°C) (Pas) (°C) (Pas) (°C) (°C) (Pas) (°C) (°C) (Pas) (°C) (°C) (Pas) (°C)
Pa.s

LT-01 (D) 67.48 1596 4.47 6.17 0.19 288 1005 6.67 852 8.85 702 996 6.00 636 988 5.63 594 971 519 537 938 4.68 462 872 4.14 363
LT-09 (D) 6625 1524 500 3.54 0.18 149 1058 5.81 753 10.67 701 1050 5.24 638 1041 491 596 1025 4.52 542 991 4.09 471 925 3.64 380
LT-12(D) 6545 1559 443 3.61 0.18 141 1071 5.76 747 11.08 711 1063 5.18 648 1055 4.87 608 1038 4.48 553 1005 4.04 482 939 360 391
LT-16 (D) 67.69 1527 456 548 0.11 451 1020 6.54 867 8.68 707 1011 5.89 641 1003 5.54 600 987 5.10 543 953 4.60 468 887 4.08 371
LT-29(D) 6584 15.73 472 3.72 0.20 127 1071 5.62 729  11.33 704 1063 5.05 640 1055 4.74 601 1038 436 546 1005 3.94 476 939 3.51 388
LT-30(D) 6531 1535 4.65 439 021 157 1061 5.55 772 9.96 690 1053 5.00 627 1045 4.69 586 1028 432 533 995 391 464 929 349 375

LT-31(T)* 64.11 16.13 3.78 5.96 0.29 507 1036 6.07 871 8.40 706 1027 544 641 1019 5.11 601 1003 4.70 546 970 425 475 903 3.79 384

Explosive
(Pyroclastic)

LT-03 (R) 73.78 13.72 335 542 0.04 279 989 7.63 851 9.71 740 980 691 674 972 650 631 956 6.01 572 922 544 494 856 4.83 390
LT-18 (R) 73.64 13.88 438 4.26 0.05 237 992 741 830 9.88 730 983 6.71 663 975 631 621 959 583 563 925 528 485 859 4.69 382
LT-20(R) 7348 1460 4.51 395 0.03 184 978 7.8 817 10.14 731 970 6.86 665 962 645 623 945 596 564 912 539 486 846 4.79 383
LT-21 (R) 73.51 13.58 3.50 554 0.02 248 972 7.71 838 9.78 732 963 6.98 665 955 6.57 623 939 6.07 564 906 550 486 839 490 383
LT-22(R) 72.82 13.71 440 447 0.04 240 974 7.54 831 9.75 724 966 6.82 657 958 643 616 941 593 558 908 537 479 842 478 377

LT-25(R) 7243 1430 4.74 4.81 0.05 330 988 7.27 863  9.07 718 980 6.57 651 971 6.18 609 955 571 551 922 516 473 855 457 370

LT-11 (A) 5486 14.57 450 2.03 045 155 1134 3.08 668 11.37 652 1125 271 595 1117 253 561 1101 232 518 1068 2.15 468 1001 2.10 411

LT-08 (D) 72.09 1474 4.16 572 0.04 434 974 751 905  8.47 721 966 6.79 654 958 638 612 941 589 553 908 533 475 842 472 371

Effusive
(Hypabyssal)

LT-26 (D) 64.67 1623 496 438 023 270 1052 5.72 825 8.99 694 1044 5.15 631 1035 4.82 590 1018 443 535 986 4.00 465 919 3.56 375

LT-06 (A) 58.66 1531 497 341 037 183 1104 4.33 724 1041 671 1096 3.86 610 1087 3.61 572 1071 331 523 1038 3.01 462 972 2.74 387

LT-24(A) 5790 1545 3.83 3.71 036 176 1110 4.24 707 11.19 682 1101 3.78 621 1093 3.53 585 1077 3.24 536 1043 296 477 977 273 406

Effusive
(Lava)

556 Table 3. Table of some major elements and zr trace element already published by Barreto et al. (2014) and the summary of the main rheological parameters of the Iricoumé
557 Group and Igarapé Paboca Formation rocks (present study). Composition: Andesite (A), Dacyte (D), Rhyolite (R), Trachyte (T).
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5. Discussion
5.1. Eruptive dynamics

The methodology applied in this study allowed us to establish a set of diagnostic
features that can be used to distinguish between volcaniclastic and coherent textural
samples generated by explosive and effusive eruptive styles. The explosive deposits are
largely dominant in the studied region and include slightly welded to rheomorphic
ignimbrites.

The pyroclastic deposits present massive and stratified aspect and are composed of
devitrified juvenile components (pumice, flamme, and glass shards), and lithic clasts, and
crystal fragments transported predominantly by pyroclastic density currents (PDCs) during
explosive events (Manville et al., 2009) (Figs. 5-7). PDCs consist of gravity-driven
mixtures of hot gas and volcanic particles (Branney and Kokelaar, 2002), and the
alternation of massive and stratified deposits is a common characteristic in PDC deposits
(Sulpizio et al., 2014). This arrangement reflects primary events of deposition of
concentrated PDCs, dominated by granular flow regimes (Sulpizio et al., 2014). The
presence of devitrified juvenile components represent an important textural feature to
distinguish silicic lavas from ignimbrites in the ancient volcanic environment of the
Amazonian Craton (Figs. S5F, 5G, 6C-6E).

In contrast, the effusive eruptive style responsible for the coherent textures is
represented by lavas and hypabyssal rocks, which show distinctive characteristics when
compared to the pyroclastic rocks. These characteristics include porphyritic texture with a
relative abundance of phenocrysts in a microcrystalline and pilotaxitic groundmass, as well
as the absence of broken crystals, juvenile pyroclasts (pumice, fiamme, glass shards), and

welding foliations.
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In both effusive and explosive deposits, textural variations of the crystal populations
(phenocryst, microphenocryst, and microlite) suggest changes in the composition,
temperature, viscosity, and H,O content before and during the eruption. These magmatic
changes produced textures such as resorption embayments, reaction rims, and
devitrification features that can help us understanding the thermal evolution of the studied
melts.

The presence of embayed and round outlines in quartz and sanidine phenocrysts in
rhyolitic ignimbrites and hypabyssal dacites can be generated due to either semi-adiabatic
magma ascent or magma mixing and mingling (Miiller et al., 2003, 2005). In the adiabatic
decompression, SiO; solubility of the phenocryst-rich magmas increases as the pressure
decreases, and, as result, phenocrysts that were initially in equilibrium with the melt are
partially resorbed in pre-eruptive conditions (McPhie et al., 1993). The hypothesis of
magma mixing and mingling for the development of resorption embayments seems
unlikely in the studied rocks, since the typical characteristics of this process, such as
plagioclase-mantled K-feldspar, sieve textured plagioclase and mafic micro enclaves
(Muller et al., 2005) are absent in the studied samples.

For the Iricoumé Group samples, the calculated T ranging from 920 to 1110 °C
provides an estimation of the magma generation temperature under anhydrous conditions.
Additionally, Tz values indicate the upper temperature limits in the magma chamber before
the eruption. Viscosity calculations at Tr range from 5.5 to 8.0 log Pa.s, considerably lower
values when compared to the estimated viscosities at Tz, owing to the temperature contrast
between Tr and Tz (Table 3).

In contrast, Igarapé Paboca Formation melts present even higher Tr and lower
viscosities, which can be linked to the compositional differences between these two units

(Table 3). Despite the strong effect of temperature on melt viscosity, the models used in



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

Manuscript accepted for publication on Precambrian Research

this study account for the non-arrhenian behavior of silicate melts, allowing a more
comprehensive evaluation of the compositional effect of the studied melts on magma
rheology (Giordano et al., 2006, 2008).

Barreto et al. (2014) based on Nd isotopic data, showed that parental magmas of the
Iricoumé Group may have originated from the melting of crustal sources, likely Rhyacian.
This is in agreement with Bryan et al. (2002), who suggest that the occurrence of SLIPs
requires partial melting of the crust, which is favored by the presence of hydrated, high-K
calc-alkaline andesites and amphibolites. As a consequence, Iricoumé¢ samples are
predominantly composed of more evolved terms, such as rhyolites and dacites, which show
considerable contents of network-forming elements such as Si, O, Ti, Al, and Fe (Barreto
et al., 2014; Silva et al., 2019), in concordance with the observed high-viscosity values in

this study (Fig. 10B).

5.1.1. Water effect on eruption dynamics

The high viscosities under anhydrous conditions (Fig. 11B) may suggest the presence
of some viscosity-reducing agent to allow magma ascent and eruption of the studied melts.
The presence of water in the studied magmas could be responsible for exponentially
reducing the melt viscosity, accelerating the ascent process that leads to fragmentation by
decompression.

Textural evidence for the presence of water in the magma consists of rimmed
amphibole phenocrysts, sometimes completely replaced by oxides observed in the andesitic
lavas, lamprophyres, and ignimbrites (Figs. 7A, 8A-8D). This reaction texture suggests
dehydration processes during magma ascent, comprising release of vapor phase from the
magma chamber and onset of explosive processes (Buckley et al., 2006; Roverato et al.,

2017). The partial replacement of amphibole phenocrysts by magnetite-rich opacitic
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texture reinforces the role of dehydration reactions during fast magma ascent (Buckley et al.
2006, Cruz et al. 2014; Lagler 2019).

Other studies developed in the northern Amazonian Craton, in both Trombetas and
Pitinga regions also identified the occurrence of amphiboles in the Iricoumé Group
samples (Pierosan et al., 2011a; Silva et al., 2019). These findings seem to support a
hydrous scenario for the volcanism of the Iricoumé Group, which could explain the
explosive nature of this volcanism. Recent experiments by Forte and Castro (2019) have
shown that H>O may dictate the eruption dynamics, inducing overpressure and
fragmentation in natural samples with H,O contents as low as 1.4 wt.%, when heated
above the Ta.

In rhyolite melts, the amount of dissolved water can reach values up to 6 wt.%, that
strongly affect melt viscosity and eruption dynamics (Kohn, 2000; Gonnermann and
Manga, 2012; Forte and Castro, 2019). Simulations of progressive hydrous compositions
(0.25, 1.0, 2.0, and 4.0 wt% H>O) of the studied samples show that even small additions of
H>0O (< 1 wt.%) can lead to a considerable decrease of both melt viscosity (up to 2 order of
magnitude, according to the model of Giordano et al., (2008)) and temperature (Tr and Tg)
(Table 3 and Fig. 11A). The H>O effect also seems to be stronger in more evolved magmas,
where larger contrasts of viscosity and temperature among hydrous and anhydrous

compositions of the same melt can be observed (Fig. 11A).
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A) Water effect B) Rheology response
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Fig. 10. Water effect on the studied melts: a) plot of HO effect on melt viscosity; b) rheological model
showing the interplay among H>O content, temperature, and viscosity. An = viscosity contrast during

decompression.

To better understand the interplay of water content and temperature over magma
rheology, we build a rheological model using a sample with an average composition of the
Iricoumé Group (sample LT-18: rhyolitic ignimbrite). This model demonstrates the
addition of 0.5 wt. % H»O causes a change of viscosity equivalent to a temperature
increase of 100 °C (Fig. 10B; Grunder and Russell, 2005). This model also shows that,
although the H>O reduces the viscosity, the loss of this dissolved hypothetical H,O due to
sudden decompression may also lead to an increase up to a thousand times in melt
viscosity (An in Fig. 11B), ultimately resulting in an explosive event.

The rheology calculations demonstrated that a considerable amount of magmatic water
may be lost due to decompression and phase separation (Forte and Castro, 2019). Still, the
remaining water can strongly affect the emplacement dynamics, reducing viscosity and Tg
(Giordano et al., 2005) resulting in porosity loss and welding (Friedman et al., 1963;

Grunder and Russell, 2005).

14
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5.2. Emplacement conditions
5.2.1. Explosive products

The studied ignimbrites correspond to dense pyroclastic flow regime and show typical
characteristics of mass flow-dominated deposits, such as massive aspect and poor sorting,
characterized by angular fragments of juvenile components, crystals and lithic clasts.
Crystal fragments record the fragmentation caused by the expansion of bubbles in the
magma during the eruptive decompression (Best and Christiansen, 1997).

Rheological data suggest a predominance of high temperatures for the samples of the
Iricoumé Group (Tz ranging from 729 to 867 °C) and Igarapé¢ Paboca Formation (Tz
ranging from 851 to 871 °C). These data are supported by field data with the predominance
of welded, high-grade ignimbrites in the study area, which is in agreement with the other
studies developed in rocks of the Iricoumé Group (Ferron et al., 2010; Pierosan et al.,
2011a, 2011b; Barreto et al., 2013; Silva et al., 2019). This implies that several ignimbrites
were deposited under high temperature conditions, above the calculated T, which allowed
ductile deformation of juvenile pyroclasts (Branney and Kokelaar, 2002).

Additional evidence of high-temperature emplacement of the Iricoumé ignimbrites
includes thermally oxidized pyroclasts, flow-foliations, and the widespread presence of
eutaxitic (rank II) and parataxitic (rank IIT) textures. All these characteristics imply a hot,
gas-supported flow emplacement in which turbulent shear-induced tractional segregation is
suppressed (Branney and Kokelaar, 2002). Rapid chilling of silicate melt produces silicic
glass, which may be replaced by spherulites and granophyric textures due to high-
temperature devitrification and/or hydration (Logfren, 1970, 1971a, 1971b; Friedman and
Long, 1984; Breitkreuz, 2013). Both effusive and pyroclastic rocks of the studied area
display spherulitic textures including spherical, axiolite, fan-type spherulites, as well as

granophyric. The types of devitrification textures can provide a clue to the history of the
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sub-solidus cooling under high-temperature conditions that occurred in the studied rocks
(e.g., Logfren, 1971a, 1971Db).

The first stage of devitrification consists of the development of abundant microlites
and spherical spherulites (Logfren, 1971b). Swanson et al. (1989) defined that abundant
small microlites represent metastable crystallization in response to a relatively high degree
of undercooling. Lofgren (1971a) demonstrated that spherical spherulites form at low
temperatures (< 400°C), and their small diameters reflect a quick drop in temperature
below the Tg, consistent with the rapid cooling rate. In contrast, spherulites of axiolite and
fan types form at high temperatures (700°C) and then are followed by a second
devitrification stage, which is responsible for the development of granophyric texture
(Lofgren, 1971a). As a result of these high-temperature processes, the ancient silicic
volcanic rocks of the studied region are dominated by spherulitic or granophyric textural
facies, which indicates that their groundmasses were formerly glassy, but now the glass is
overprinted by devitrification and recrystallization to a quartz-feldspar mosaic due to later
alteration (McPhie et al., 1993).

The incipiently welded ignimbrites with high crystals contents (apparent
porphyritic texture with granophyric groundmass - rank I) occur in minor volume and
display weak flow-foliations generated by welding. This high concentration of crystal
fragments and lithic clasts (Fig. 5A, 5B, 5D, 5E) suggests the existence of elutriation
processes of the glassy material of ash size in portions highly fluidized in the pyroclastic
flow or even in the eruption column. This would lead to an accumulation of crystals and
lithic clasts and the extraction of fine-down into secondary plumes during pyroclastic flow
eruption and transport (Cas and Wright, 1987). The temperatures (Tz) in these ignimbrites
are generally just a few degrees above the minimum welding temperature, i.e., the glass

transition temperature (Tg), as observed in Fig. 10C. The large difference observed
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between TL and T suggests that welding is possible in these cases, however, the high

content of crystals in these ignimbrites inhibits more pronounced welding.

5.2.1.1. Welding

Historically, welding has been associated with processes of load-induced compaction
and the rheological properties of the involved particles (Freundt, 1998; Branney and
Kokelaar, 2002). More recently, this view has been challenged by the observation of
deposits with complex welding patterns, including upward increasing in the welding
degree (Soriano et al., 2002). In high-grade ignimbrites, the rheological parameters of the
pyroclasts seem to play a major role, since low-viscosity particles can weld under minimal
loading (Sumner and Branney, 2002).

The difference between emplacement and glass transition temperatures (ATz: - Tg) can
be used as a proxy for welding potential, considering that the higher emplacement
temperatures may result in more welded, high-grade ignimbrites. According to our
rheological calculations, the studied ignimbrites show a progressive increase in welding
intensity as a function of ATz-Tg (Fig. 10D). This relationship implies a direct association
between eruption temperatures and welding, suggesting either a proximal source for the
ignimbrite deposits and/or an eruption column able to maintain high temperatures.

Using field and experimental data, Roche et al. (2016) showed that welding results
from the deposition of sustained, dense PDCs. More recently, Pacheco-Hoyos et al. (2017)
demonstrated that welding is mainly associated with little to no mixing with ambient air
during flow, allowing high deposition temperatures and favoring viscous deformation of
the pyroclasts.

The cooling rate of the pyroclasts also affects welding, since low cooling rates result in

lower Tg, granting a wider welding window (Webb, 1997; Giordano et al., 2005). Low
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cooling rates can be achieved by fast burial and isolation, which ultimately requires high
discharge rates and low mixing with ambient air. Recently, Trolese et al. (2019)
demonstrate based on 3D numerical simulations that large volumes of welded ignimbrites
often display low-height eruption columns. In these cases, the plume-air mixing is
inefficient, resulting in high-temperature PDCs emplaced just a few degrees below
eruption temperatures.

Welding seems to be especially prevalent in deposits of peralkaline composition,
which are richer in network-modifier cations (e.g., Na*, K*, Ca?", Mg?"), since these
elements can reduce the polymerization and decreasing viscosity by several orders of
magnitude, granting a higher welding window (Freundt, 1998; Grunder and Russell, 2005;
Giordano et al., 2008). However, the studied samples present peraluminous to moderately
metaluminous character (Barreto et al., 2014). The controversial behavior of the welded
ignimbrites deposited under high temperature and viscosity conditions requires additional
parameters to explain the welding foliations that are indicative of high flow-mobility. As
explored in the eruption dynamics section, the presence of residual magmatic water could
facilitate welding in the studied samples by considerably lowering the Tg by several
degrees (Table 3; Fig. 10A, 10B), as predicted by previous models and experiments

(Giordano et al, 2004, 2006, 2008).

5.2.2. Effusive deposits

The data obtained in this study show that the andesitic magmas of the Igarapé¢ Paboca
Formation possibly had low mobility, due to their physical characteristics which include a
high percentage of phenocrysts (30-50% vol) and high content of microlites (Fig. 8), which
is supported by viscosity estimations (Fig. 10). The observed high viscosities in the

andesitic lava flows are comparable to values observed in lava domes (Yokoyama, 2009),
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suggesting that the effusive episodes generated either length-limited andesitic lava flows or
andesitic lava domes. As discussed above, taking into account that even a few tenths wt.%
H>O can strongly influence magma rheology (Giordano et al., 2006, 2008), a more hydrous
magma condition may counterbalance the effect phenocrysts in the effusive deposits,
allowing the magmatic ascent and eruption as lava flows. Unfortunately, the erosion level
in the study area does not allow the verification of diagnostic field features (Silva et al.,
2019), such as dome morphology or the presence of margined autoclastic breccias.

In addition to the andesites, the effusive eruptive style also generated spessartitic
lamprophyres and dacites that exhibit a hypabyssal nature. This hypabyssal emplacement is
explained, in the lamprophyre case, because they normally occur as dykes (Le Maitre,
2002) and, in the dacite case, because they show vertical to sub-vertical flow-foliations that

can be interpreted as roots of fissural feeding systems (Fig. 4G).

5.3. Reconstruction of the volcanic environment

Despite the challenges related to this ancient volcanic setting, the field,
petrographic and rheological data presented in this study allow us to provide a
reconstruction of the volcanic environment that generated the extensive volcanic units
present in this region. The results showed that there is a large volume of pyroclastic rocks
with moderate- to high welding degrees in the studied area when compared with the
effusive deposits.

It is important to note that due to the intense uplift and magmatism, only the deeper
features of SLIPs may be preserved, such as caldera collapse structures, granite intrusions,
and dike swarms (Bryan et al., 2002). In contrast, the tectonic stability of the Amazonian
Craton from Orosirian onward, combined with arid climate conditions (Cunha, 2006) and

the fast burial of the volcaniclastic units (Juliani and Fernandes, 2010) seem to have
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contributed to the exceptional preservation of the volcaniclastic sequences (Barreto et al.,
2013; Roverato et al., 2019). Therefore, this proportion could be apparent and just refer to
enabling strongly welded rocks to be better preserved instead of effusive and unwelded
matrix-supported pyroclastic rocks that are easily weathered, eroded, and transported in a
subaerial environment.

The textural analysis of the studied volcanic rocks indicates that the emplacement
temperatures of the two Orosirian volcanic episodes of the Erepecuru-Trombetas region are
progressively higher from southwest towards northeast. The first episode is recorded by the
Igarapé Paboca Formation, which represents the 1.99 Ga older volcanism in the region
(Barreto et al. 2013; Castro et al.,, 2014; Silva et al., 2019), responsible for the
emplacement of subaerial explosive rocks (incipiently welded lapilli-tuffs to moderately
welded ignimbrites), in association to andesitic magmatic pulses of effusive nature.

The second and main volcanic episode of 1.88 Ga (Barreto et al., 2013; Castro et al.,
2014; Silva et al., 2019) reveals the existence of an expressive explosive event that
produced the Iricoumé Group, marked by the presence of ignimbrites. During this episode
predominated pyroclastic density currents which generated incipiently welded crystal-rich
ignimbrites and rhyolitic-dacitic ignimbrites with distinct welding degrees. A late volcanic
episode related to the Iricoumé Group is represented by effusive spessartitic lamprophyres
and dacites that occur as dykes and crosscut the volcanic stratigraphy, which is reinforced
by ages ranging from 1.99 Ga to 1.88 Ga of a dacite sample (Vianna et al., 2017).

Geochronological, geochemical, and isotopic data show that the Iricoumé Group
magmatism in the Erepecuru-Trombetas took place in a post-collisional setting (Barreto et
al., 2014), and is likely associated with the development of mantle plume (Teixeira et al.,
2019). This setting suggests a strong structural control on the emplacement of Iricoumé

Group, in which pre-existing structures would act in two ways: 1) facilitating the
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connection with the multiple regional magma reservoirs (Forte and Castro, 2019); 2)
governing the development of calderas and fissure ignimbrite. Similar geodynamic settings
have been observed in other regions of the world (e.g., Aguirre-Diaz and Labarthe-
Hernandez, 2003; Spinks et al., 2005; Robertson et al., 2015).

Under anhydrous conditions, the studied samples of the Iricoumé Group present high
Tr ranging from 920 to 1110 °C, frequently > 1000 °C (Table 3). These values are
comparable to Tr estimations for ‘dry’ SLIPs (Bryan et al., 2002; Simdes et al., 2014b),
and considerably higher when compared to other minor silicic systems in southern Brazil
(Sommer et al., 2013; Santos et al., 2019; Haag et al., 2021), and around the world (e.g.,
Grunder, 1977; Clemens et al., 1986; King et al., 1997; Patino-Dulce, 1997; Dall’ Agnol et
al., 1999; Hergt et al., 2007). In contrast, the older Igarapé Paboca magmatism seems to
present even higher temperatures (Tr > 1100 °C) and a predominance of less evolved terms,
such as andesites and dacites (Barreto et al., 2013; Silva et al., 2019).

In addition to that, the estimated Tz in this study agree with previous estimations
performed in Iricoumé Group rocks in the Uatuma-Anaua Domain (Fig. 1B) in the Pitinga
region, where Tz estimations ranged from 799 to 984 °C (Ferron et al., 2010; Pierosan et
al., 2011b; Simdes et al., 2014a). These high temperatures are supported by field and
petrographic data, in particular, high-temperature devitrification features and evidence of
ductile deformation as a result of welding processes. The high temperature calculations
obtained in this study for both effusive and explosive deposits associated with high-
temperature textural features allow us to suggest a volcanic environment with high-
discharge, continuous, and low eruptive column dynamics, typical of calderas and/or
fissure-fed ignimbrites (Cas and Wright, 1987; Lowell, 1991; Aguirre-Diaz and Labarthe-

Hernandez, 2003).
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Polyphase evolution with alternation of both effusive and explosive pulses is a
common feature in caldera-related environments (Lipman, 1984, 2000) and has been
described in other domains of the Amazonian Craton (Pierosan, et al. 2011; Lagler et al.,
2019) and the Paleoproterozoic Kaapvaal craton (Oberholzer and Eriksson, 2000). Due to
the extensive occurrence of explosive rocks related to the Iricoumé Group (mainly welded
ignimbrites) and analog units in the Amazonian Craton, a few calderas have been proposed
as possible sources for these rocks (e.g., Ferron et al., 2010; Pierosan et al., 2011b; Lagler
et al., 2019). Most of these putative calderas have been proposed based on geomorphologic
attributes, such as relief and drainage patterns since access to most of these areas is still
difficult (Pierosan et al., 2011b). However, the number of proposed calderas is still scarce
when compared to the extension of more than 1.2 million km? of outcropping volcanic
rocks associated with the Uatuma event (Roverato et al., 2016).

The apparent absence of caldera-collapse structures in the Erepecuru-Trombetas region,
along with structural and field evidence, led us to an alternative hypothesis involving
fissure-fed ignimbrites for the emplacement of the studied rocks in the region (sensu
Aguirre-Diaz and Labarthe-Hernandez, 2003). This environment for the generation of the
volcanic sequences has been proposed for the Tapajos and Iriri-Xingu domains, both
located in the southern Amazonian Craton (e.g., Juliani and Fernandes, 2010; Roverato et
al., 2019). In this model, regional faults act as conduits, yielding high-temperature and
voluminous ignimbrite sequences followed by aligned rhyolitic lava domes (Aguirre-Diaz
and Labarthe-Hernandez, 2003; Juliani and Fernandes, 2010).

Estimations of pressure and oxygen fugacity for calcic amphiboles performed by
Pierosan et al. (2011a) in the Pitinga region (Uatuma-Anaud Domain; Fig. 1) indicate
pressure conditions of 0.5 to 1.0 kbar and depths of ~ 2 Km, compatible with shallow

magma chambers (Walker, 2008). At the time of the Uatuma magmatism emplacement,
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lithospheric thinning and extension related to mantle plume impact in the lithosphere
would result in axial faults and the development of basin and range structures, exploiting
pre-existing collisional structures. These faults can reach depths of 20 km (Hamilton, 1987)
that could easily connect with the shallow magma chambers in the region, leading to
sudden decompression and triggering voluminous fissural and caldera ignimbrite eruptions
(Fig. 12). The presence of a strong structural control marked by NW-SE regional faults in

the Erepecuru-Trombetas domain (see Fig. 2; Silva et al.,, 2019) could reinforce this
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Fig. 12. Reconstruction of the volcanic history in the Erepecuru-Trombetas region: regional context in
which regional faults exploit shallow magma chambers, triggering voluminous explosive fissure-fed and

caldera eruptions.
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6. Concluding remarks

This study indicates a large volume of pyroclastic rocks with moderate to high welding
degrees in the studied area. The main results are:

1. Two Orosirian volcanic episodes predominate in the Erepecuru-Trombetas region:
the 1.99 Ga Igarapé Paboca Formation (subaerial explosive rocks and effusive pulses of
andesitic composition), and the 1.88 Ga Iricoumé Group (mainly composed of subaerial
explosive rock). A late volcanic episode related to the Iricoumé Group is represented by
effusive spessartitic lamprophyres and dacites that crosscut the volcanic stratigraphy.

2. Rheological data suggest a predominance of high temperatures for the samples of
the Iricoumé Group (Tz ranging from 729 to 867 °C) and Igarapé Paboca Formation (Tz
ranging from 851 to 871 °C). These data are supported by the textural evidences that
include thermally oxidized pyroclasts, extensive welding and rheomorphism.

3. Ignimbrites show a increase in welding intensity as a function of ATz-Tg. This
implies a hot, gas-supported PDC emplacement and a direct association between eruption
and emplacement temperatures. This suggests a volcanic environment with a high-
discharge and low eruptive column dynamics and/or a proximal source, compatible with
both caldera and fissure-fed ignimbrites.

4. Rheological data suggest that even small additions of H>O can lead to a considerable
decreasing of both melt viscosity and temperature (T and Tg), resulting in porosity loss
and welding. This should accelerate the magma ascent and enhance fragmentation by
decompression, as supported by petrographic evidence.

This study provides rheological boundaries and an environmental reconstruction
supported by textural analysis and rheological parameter calculations. However, more

detailed studies of volcanic stratigraphy with lithofacies associations are necessary to



918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

Manuscript accepted for publication on Precambrian Research

define proximal to distal facies and fully reconstruct the Orosirian volcanism in the

northern Amazon Craton.
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