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The study of Paleoproterozoic rocks is crucial for understanding Earth's tectonic evolution during the timewhen
most of the modern crust and ore deposits were formed. The rocks of the Brazilian Amazonian Craton record
some of the most-complete and best-preserved Paleoproterozoic magmatic and volcanic episodes on Earth. Fol-
lowing previous investigations, we present new lithofaciological and stratigraphic records of the felsic rocks of
the Tapajós Mineral Province (TMP) (~2–1.88 Ga) and the São Felix do Xingú region (SFX) (~1.88 Ga) which,
combined with new petrological and geochronological data, help providing a more complete understanding of
the tectonic, magmatic and volcanological evolution of the Amazonian Craton. This magmatism/volcanism is
thought to be formed in a late-/post-orogenic to extentional regime confirmed by the new geochemical data pre-
sented here. The transition from late-convergent to extensional tectonic setting could register the beginning of
the taphrogenesis that marked the Amazonian Craton throughout the Mesoproterozoic. The volcanological ap-
proach of this contribution can serve as a strategy for the modelling of the evolution of Precambrian volcano-
sedimentary basins around the world. The large amount of rocks analyzed are divided into primary and second-
ary volcaniclastic products depending on if they resulted from a direct volcanic activity (pyroclastic) or processes
that reworked pyroclastic fragments. Furthermore, the deposits are subdivided into massive and stratified, de-
pending on their primary mechanisms of transport and emplacement. By confirming the results from previous
studies, our study permits to depict a more precise paleo-environmental picture of the processes that occurred
in the Amazonian Craton during the Late-Paleoproterozoic. In particular, the presence of large regional-scale
fissural systems and caldera collapses produced large silicic explosive volcanic eruptions, also accompanied by
the emission of large volume effusive products. Although studies on the Amazonian Craton are still scarce and
controversial, the present study provides new evidence that this volcanism may have formed one of the largest
Silicic Large Igneous Provinces (SLIP) on earth. Our data also confirm that at least twomajor Paleoproterozoic pe-
riods of formation of volcanic rocks exist in the Amazonian craton. This point is of great relevance for any future
interpretation of the geological evolution of this craton.

© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The Proterozoic Eon (2500–541Ma) is the longest and youngest part of
the Precambrian Supereon. This Eon represents the time just before the
proliferation of oxygen accumulation and complex life onEarth. This period
was likely themost tectonically active in Earth's history. In fact, it is also the
period during which the largest portion of the modern crust (43%) and
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mineral ores were produced (Condie, 2000). Studies by Condie (2000)
and Rino et al. (2004) suggest that crust production took place episodically,
forming predominantly granitoidal crust and secondary volcanic andmeta-
morphic rocks, some of which are extraordinarily well preserved.

The Amazonian Craton (AC) is one of the largest preserved Precam-
brian terrains in the world (4.6 × 106 km2) (Almeida et al., 1981). It oc-
cupies approximately half of the Brazilian territory and it is the location
of important mineral resources such as gold, iron, copper, and tin,
among others (e.g. Faraco et al., 1997; Bahia and Quadros, 2000;
Juliani, 2002; Klein et al., 2002, 2004; Reis et al., 2006; Monteiro et al.,
2008; Juliani et al., 2014; Dall'Agnol et al., 2017). Although the
V. All rights reserved.
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geological investigation of the AC has recently seen a renewed interest
of the national and international scientific community, mainly because
of the massive presence of ore deposits, a general consensus related to
the interpretation of its complex Paleoproterozoic evolution is stillmiss-
ing. Ancient volcanic regions represent a challenge for the understand-
ing of emplacement dynamics especially when the stratigraphic
relationships are difficult to decipher or blurred by erosion or vegetation
cover. The present work constitutes the natural prosecution of previous
investigations, carried out by our research group (Juliani et al., 2005,
2014; Juliani and Fernandes, 2010; Fernandes et al., 2011; Da Cruz
et al., 2015; Roverato, 2016; Roverato et al., 2016, 2017), which are de-
voted to characterize the dynamics of emplacement of Precambrian vol-
canic rocks and their relationships to sedimentary facies. The study area
comprises of the Tapajós Mineral Province (TMP) and the São Felix do
Xingú (SFX) region, Pará state, northern Brazil. This contribution pro-
vides a means to interpret the volcanic processes active in this region
during the Precambrian, mainly based on field observation and detailed
lithofacies analyses. In addition, new geochemical and geochronological
data are provided. Our study demonstrates how powerful is the ap-
proach of rock structure and texture characterization to the interpreta-
tion of the eruptive processes that governed the emplacement of
volcanic and volcaniclastic sequences. The detailed lithofacies charac-
terization and the stratigraphic reconstruction are important in this
area and constitute a powerful key-tool to appropriately interpret the
evolution of Precambrian volcano-sedimentary basins. Such an ap-
proach would turn to be useful when employed to investigate ancient
terrains associated both to the ancient Amazonian felsic volcanism
and Precambrian terrains in general.

2. Geological evolution of the southern portion of the Amazonian
craton

The AC (Almeida et al., 1981) is located in the northern part of South
America and is divided into two Precambrian shields, the Central-Brazil
Fig. 1. Location map of the northern South America and the Amazonian Craton divided into sev
= Tapajós Mineral Province, SFX = São Felix do Xingú Region.
(or Guaporé, southern portion) and Guiana Shields (northern portion),
which are separated by the Phanerozoic Amazonian Sedimentary Basin
(Fig. 1) (Almeida et al., 1981). The entire craton has become tectonically
stable before the end of the Precambrian (Dall'Agnol et al., 1994).

It has also been considered (Amaral, 1974; Hasui et al., 1993; Costa
and Hasui, 1997) as a large Archean platform that had been reworked
and reactivated during the ca. 2100 Ma Trans-Amazonian event. Alter-
native proposals based on geochronological and isotopic data (Teixeira
et al., 1989; Tassinari andMacambira, 1999; Santos et al., 2000) divided
the craton into several, predominantly NW-oriented, geochronological
provinces,which have been interpreted as successive continental accre-
tionary events, followed by granitic magmatism and tectonic reworking
(Santos, 2003; Vasquez et al., 2008).

In a recent review Teixeira et al. (2019) report that the AC is the host
of four LIP-scale (or SLIP) magmatic events discriminated by the
Orocaima, Uatumã, Avanavero and Rincón del Tigre events. The igneous
rocks described in the present manuscript are widely attributed to the
Uatumã event (Dall'Agnol et al., 1999; Lamarão et al., 1999). The studied
region is located between TMP and SFX, which is considered to be re-
lated to a continental arc, with a NE-SW arc migration as suggested by
Juliani and Fernandes (2010), Fernandes et al. (2011) and Roverato
et al. (2017). According to these authors a migration from the Serra do
Cachimbo graben (in TMP where the subduction trench is located) to-
ward the SFX could be explained by a change in the subducting angle
of the oceanic plate beneath the continental plate. This is in agreement
with the flat-subduction plate settings proposed by previous authors in
other parts of the world (Ferrari et al., 2012; Gutscher et al., 2000; Kay
et al., 2005; Mori et al., 2007; Manea et al., 2012).

2.1. The TMP (Tapajós Mineral Province)

The TMP (Fig. 2a) is primarily situated in the Tapajós–Parima geo-
chronological/tectonic province (Santos et al., 2000) with the eastern
part belonging to the Amazonia Central geochronological/tectonic
eral geochronological provinces and other domains according to Santos et al. (2000); TMP



Fig. 2.Distributionmap of the outcrops analyzed during the field campaigns in both regions a) TapajósMineral Province (TMP) and b) São Felix do Xingú region (SFX); PW=distribution
of the Santa Rosa formation inferred during the presentwork; F=distribution of the Santa Rosa formation inferred by Fernandes et al. (2011); BIF=Banded Iron Formation; red andwhite
dot refers to primary andesitic deposits analyzed in Roverato et al. (2017). In both figures are reported the outcrops described in the paper. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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province (Fig. 1). Based on Sm-Nd data and U-Pb ages (2100–1870Ma),
Santos et al. (2001, 2004) and Vasquez et al. (2008), identified several
different domains for the Tapajós–Parima geochronological province
and consider the TMP as a sequence of continental magmatic arcs
(Ferreira et al., 2000; Santos et al., 2000, 2004; Vasquez et al., 2000;
Klein et al., 2001; Lamarão et al., 1999, 2002). Late Paleoproterozoic
volcanism of the Tapajós domain is represented by the Vila Riozinho
Formation, formed by ca. 2000–1990 Ma intermediate to acid volca-
nic rocks (Lamarão et al., 2002), and by the Iriri Group that can be di-
vided into the Bom Jardim (Almeida et al., 2000), Salustiano (1870±
0.008 Ma; Juliani et al., 2005) and Aruri (Pessoa et al., 1977)
formations.

The Bom Jardim Formation (1898 ± 5 Ma, Santos et al., 2001) con-
sists of mafic to intermediate high-K to shoshonitic calc-alkaline rocks
while the latter formations are characterized by rhyolites, dacites and
their pyroclastic and epiclastic derivatives. Juliani et al. (2005) consid-
ered the Bom Jardim volcanism as a preliminary step of the Iriri event
representing pre-caldera volcanism followed by the Salustiano and
Aruri caldera-related felsic activity. Post-caldera volcanism is character-
ized by ring-felsic volcanic structures that produced A-type (Vasquez
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and Dreher, 2011) rhyolitic lavas and volcaniclastic deposits. Lamarão
et al. (2002, 2005) described the felsic A-type Moraes Almeida volcanic
sequence (1890±6Ma ryolite, 1875±4Ma ignimbite) represented by
lavas and ignimbrites as part of the Iriri Group. Juliani et al. (2014) con-
sider these last A-type rocks as similar in composition and age to the
Santa Rosa Formation that crops out in the São Felix do Xingú region
(SFX), which is considered to have formed by the same fissural-type
volcanism (Juliani and Fernandes, 2010; Fernandes et al., 2011;
Roverato et al., 2016). Preliminary data indicate that these rocks, for
both TMP and SFX, display a very low grade of metamorphism, falling
into the prehnite-pumpellyite field (Echeverri-Misas, 2010; Lagler
et al., 2011; Fernandes et al., 2011).

2.2. The SFX (São Felix do Xingú region)

According to the work of Santos (2003) and Vasquez et al. (2008)
the SFX region belongs to the Amazonia Central province (Fig. 1). The
study area (Fig. 2b) is located near to São Felix do Xingú city, which cor-
responds to the southern portion of the Carajás Province. The
Paleoproterozoic volcanic sequences in the SFX comprise the basal
Sobreiro and upper Santa Rosa formations (Macambira and Vale,
1997; Juliani and Fernandes, 2010), which are crosscut by the Sn-
bearing A-type granitoids of the Velho Guilherme Suite (Teixeira et al.,
2002). Antonio et al. (2017) published the first U-Pb ages on zircons
for the Santa Rosa Formation with 1877.4 ± 4.3 Ma for a rhyolite and
1895 ± 11 Ma for a dike. Recent geochronological data on a felsic por-
phyritic dike belonging to the Velho Guilherme suite yielded an age of
1857 ± 8.4 Ma (Shrimp U/Pb zircon analyses; Roverato, 2016). Other
available geochronological data yielded ca. 1880 ± 6 Ma (TIMS Pb-Pb
in zircon) for the Sobreiro Formation and ca. 1879 ± 2 Ma (TIMS Pb-
Pb in zircon) for the Santa Rosa Formation (Fernandes et al., 2011;
Pinho et al., 2006; Teixeira et al., 2002). Despite their similar ages,
their geochemical compositions, geological features and eruption styles
point to their non-cogeneticity (Fernandes et al., 2011). The Sobreiro
Formation (SF) comprises basaltic andesite, andesite and less dacite
massive lava flows and volcanoclastic rocks with high-K calk-alkaline
signature (Fernandes et al., 2011; Roverato et al., 2017). According to
Da Cruz et al. (2015) late- to post-magmatic hydrothermal alteration
in these rocks is responsible for a secondary paragenesis characterized
by epidote, chlorite, carbonate, clinozoisite, sericite, quartz, albite, he-
matite and pyrite. The Santa Rosa Formation (SRF) is described by
Fernandes et al. (2011) as characterized by four lithological facies with
A-type signature: (i) rhyolitic lava flow and thick dikes of banded rhyo-
lite and ignimbrite; (ii) highly rheomorphic felsic ignimbrite associated
with un-welded ash tuff; (iii) felsic crystal tuff, lapilli-tuff and co-
ignimbritic breccias; (iv) granitic porphyry stocks and dikes and subor-
dinate equigranular granitic intrusions.

3. Lithofacies analyses

Lithofaciological analyseswere carried out in the course of this study
in order to understand the geodynamic evolution of the study area. Here
we report on the lithofacies analysis of rocks recognized during our field
campaigns (and after in petrological thin section) at the TMP and SFX
provinces. Within the study area (TMP and SFX), massive to banded
lava flows and rheomorphic ignimbrites (Fig. 3) as well as felsic
volcaniclastic rocks of various origin (Figs. 4–8, 11) are frequently
found. Reworked (secondary) volcaniclastic rocks (Figs. 9, 10) and sed-
imentary alluvial/coastal clastic deposits (epiclastic) are alsowidely dis-
tributed in both TMP and SFX areas. Primary volcaniclastic rocks are
here defined as those fragmental products formed during a syn-
eruptive explosion, which were deposited regardless of whether their
transport occurs through air, water, granular debris or a combination
of them (McPhie et al., 1993; White and Houghton, 2006; Manville
et al., 2009; Roverato et al., 2017). On the other hand, all the units de-
posited as a consequence of a reworkingprocess of pre-existing volcanic
units are defined here as secondary volcaniclastic rocks. We also intro-
duce into this group all those epiclatic products that constitute sedi-
ments that had been reworked before, independent of their source
and composition. Table 1 shows a description and interpretation of
the volcaniclastic lithofacies, both primary and secondary, for the de-
posits identified in the study areas.

4. Lava flows and rheo-ignimbrites

As already discussed by Roverato et al. (2016), the absence of un-
equivocal vitroclastic textures complicates the distinction between
volcaniclastic and layered lava flows in general and, more in particular,
for the ancient volcanic rocks investigated here. Lava flows found in the
TMP and SFX provinces have both massive and banded structures
(Fig. 3) while still maintaining, in some cases, glassy (obsidian) and
aphanitic to porfiritic texture. Their composition varies from trachytic
to rhyolitic with various content of alkalies (see Section 8). The pheno-
cryst assemblage consistsmainly of plagioclase, quartz, Fe-Ti oxides and
accessory-amount of zircon and apatite. Plagioclase and bipiramidal
quartz crystals (Fig. 3a), with a maximum size of 3–4 mm, range from
euhedral to anhedral, showing moderate to intense resorption. Plagio-
clase shows sieve texture indicating non-equilibrium conditions likely
determined by magmatic transport. K-feldspar is also present as
anhedral crystals in the groundmass often associated with sericite as al-
teration phase. Samples are generally affected by variable intensity of
hydrothermal alteration. Plagioclase phenocrysts, in particular, present
diffuse potassic andminor propylictic alterations. Abundant spherulites
and lithophysaes of variable size, from millimetric to decimetric, were
recognized in almost every sample and are thus common in these
rocks (Fig. 3b, c). The spherulites (radiating fibers of K-feldspar and
cristobalite), ranging from fewmillimeters to 2 cm, are typically associ-
ated with perlitic fractures. Their content can vary from 10 vol% to 70%
in the investigated rocks. A large amount of the spherulites developed
into lithophysae commonly reaching 10–12 cm as a consequence of
cooling and degassing processes. In the obsidian-type lavas (Fig. 3c),
the groundmass is characterized by amicro-granophiric-like devitrifica-
tion texture characterized by crystallization of amorphous quartz and
alkali feldspar, a process that occurred after the emplacement of lava
bodies. Several rocks show textures that are not easy to be associated
to either lava flows or flows of fragmented material which underwent
rheomorphism (Fig. 3d–g). Both banded lavas and rheo-ignimbrites dis-
play folds (Fig. 3d–g, see also Fig. 11e) and sub-parallel bands onmm- to
dm-scale, planar towavy (Fig. 3e, see also Figs. 6 and 7) (parataxitic fab-
ric), that deform and flattened around lithic fragments and crystals
which alignment suggests the flow direction. In thin sections, the
bands are characterized by extremely flattened vitroclastic textures
with the former glass completely replaced by a mixture of quartz and
feldspar (Roverato et al., 2016).

5. Primary volcaniclastic rocks

We consider primary volcaniclastic rocks those dense, scoriaceous
and pumiceous products of fragmental character emplaced by explosive
processes. With pyroclastic we refer to fragmental material generated
by any kind of explosive volcanic activity and transported as ash-fall
and pyroclastic density currents (Manville et al., 2009), which deposi-
tion occurs by suspension settling, from traction, by en masse freezing,
or any combination of these (White and Houghton, 2006). Depending
on the mechanism of transport and the eruptive style these clastic
rocks were distinguished into two different categories, i.e. massive
and stratified; and they can vary from well sorted, poorly sorted or un-
sorted. The rocks are predominantly rhyolitic in composition
(Fernandes et al., 2011; Roverato et al., 2016) and there is no significant
geochemical difference from the lava flows. Nine main lithofacies (Lf)
have been recognized for the volcaniclastic rocks: six of them are mas-
sive and three are stratified.



Fig. 3.Massive and banded lavas and rheo-ignimbrite (?) deposits. a) Np173 (7°33′52.31″ S, 55°10′58.80″W), b) Xu23 (6°41′08.65″ S, 52°25′55.67″W), c) Xu101 (6°52′12.82″ S, 52°09′
16.12″W), d) Xu52 (6°28′19.32″ S, 51°50′08.90″W), e), f), g) Np396 (6°32′41.06″ S, 55°23′59.37″W); see Fig. 2 for the outcrops location. For the lithofacies description and more details
see the text.
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5.1. Massive

Six massive lithofacies (mAL, mLA, mLB, l-gwLA, m-gwLA and h-
gwLA)were recognized during ourfield campaign, three of thembelong
to the welded ignimbrites sub-group (Table 1). By using the
granulometric classification proposed by Fisher (1961), ash is defined
as any fragment with size b2 mm, lapilli are fragments with size be-
tween 2 and 64mmand blocks (or bombs) have sizes N64mm.Massive
lithofacies includes all those deposits that display a massive coherent
structure. Outcrops of such kind of lithofacies are constituted by a
high percentage of ash up to block-rich textures. Most of the observed
samples appear to have been affected by devitrification processes of
the juvenile pyroclastic fragments and matrix. The presence of juvenile
material linked with other observed textures such as broken crystals
(Best and Christiansen, 1997) and eutaxitic fabric allows us to confirm
that the rocks belonging to lithofacies mAL, mLA, l-gwLA, m-gwLA and
h-gwLA are fragmental and pyroclastic in origin. We discuss the mean-
ing of Lf mLB below in Section 5.1.2.

5.1.1. Lf mAL; mLA (massive Ash to Lapilli; massive Lapilli and Ash)
Description: the ash to lapilli (mAL) and lapilli and ash (mLA) de-

posits (Figs. 4a–e, 6) are heterolithologic, matrix supported, containing
angular to sub-rounded medium to coarse devitrified lapilli (displaying
axiolitic fabric), banded fragments, occasional (or absent) lithics and
angular-shaped broken crystals of plagioclase, bipiramidal quartz and
rare oxides (Fig. 5). In mLA, clasts b25 cm in size are randomly im-
mersed in the groundmass (Figs. 4d and e, 11d). Some of them are al-
tered by carbonate minerals. Groundmass of mAL and mLA is formed



Fig. 4.Massive primary volcaniclastic rocks with different proportion of ash, lapilli and blocks. All the deposits are interpreted to be emplaced from pyroclastic density currents except
(f) that is interpreted as a basal-breccia of a lava body. a) Xu104 (6°52′22.96″ S, 52°08′15.91″ W), b) Np183 (7°32′04.13″ S, 55°08′50.02″ W), c) Np93 (6°44′16.60″ S, 55°27′12.96″ W),
d) Xu29 (6°41′42.51″ S, 52°01′23.06″ W), e) Xu07 (6°41′56.36″ S, 52°08′42.27″ W) f) Xu192 (6°31′31.92″ S, 53°02′36.60″ W); see Fig. 2 for the outcrops location. For the lithofacies
description see the text and Table 1.
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by K-feldspar and quartz crystals, devitrified ash fragments and sericite
crystals as phase of alteration (Fig. 5).

Interpretation: the general massive aspect and the poor sorting of
mAL and mLA point to a laminar granular flow transport regime and
the fine content suggests the deposition from a dilute fluid escape-
dominated flow-boundary zone in which turbulent shear-induced trac-
tional segregation is suppressed (Branney and Kokelaar, 2002; Sulpizio
et al., 2007; Roverato et al., 2017). These lithofacies are interpreted as
ash flow deposits suggesting the deposition from a pyroclastic density
current (PDC) (Lenhardt et al., 2011; Sulpizio et al., 2014; Roverato
et al., 2017). The coarser lithofacies mLA (Fig. 4e) could be related to
proximal co-ignimbritic breccias as result of deposition by denser pyro-
clastic granular flows (Branney and Kokelaar, 2002). The angular aspect
of the clasts indicates short-period transport.

5.1.2. Lf mLB (massive Lapilli and Block)
Description: this lithofacies (Figs. 4f, 7) represents monolithologic

coarse-grained rocks having high-clast content (clast:matrix ratios up
to 3:1). Angular/sub-angular coarse lapilli and blocks up to 50–60 cm
of devitrified banded or massive lava fragments are immersed in a
devitrified fine lapilli and coarse ash matrix.

Interpretation: the blocky andmonolithologic coarse-grained aspect
of the lithofacies mLB and its position underneath thick flow-deposits is
attributed to the basal auto-brecciation of lava flows and/or rheo-
ignimbrite flows. Despite the lithofacies is likely a consequence of an ef-
fusive volcanic activity (in the lava-flow case) it is considered anyway as
part of the volcaniclastic group due to its fragmental character.

5.1.3. Lf l-gwLA; m-gwLA; h-gwLA (welded Ignimbrites)
Description: all massive deposits displaying welding characteristics

have been grouped in the “welded ignimbrites” group (Table 1), follow-
ing the idea of “grade of welding” (Walker, 1983) (i.e. the amount of
welding and compaction exhibited by deposits). The rocks are matrix-
supported with sub-rounded to angular lapilli and ash lithic clasts,
euhedral, subhedral and broken crystals (plagioclase and less quartz)
and deformed devitrified juvenile fragments (fiamme). Slightly- (low-
grade, l-gwLA), medium- (medium-grade, m-gwLA), well-stretched
(high-grade, h-gwLA) fiamme (Fig. 6), as well as, devitrified shards



Fig. 5.Microphotographs of different massive ash and lapilli ignimbrite deposits in thin section: a) broken crystals suggesting the fragmental character of the rock; b) detail of a devitrified
juvenile fragment displaying axiolitic fabric; c) banded sub-millimetric to millimetric lithic fragments immersed in a devitrified groundmass.
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define the eutaxitic fabric (Roverato et al., 2016). These fragments vary-
ing frommillimetric to 3–4 cm in size are immersed in a homogeneous
micro-granophiric-like devitrified groundmass (see Roverato et al.,
2016 for details). Fig. 6 shows a stratigraphic column representing a
35m thick sequence of ignimbrite deposits found in the TMP, displaying
very low-grade to high-gradewelded fabric where the grade of welding
increases toward the top of the succession. The very top of the sequence
is characterized by columnar jointing.

Interpretation: the massive aspect and the poor sorting of the
lithofacies l-gwLA,m-gwLA and h-gwLA point to a laminar granular flow
transport regime, interpreted to be deposited from a pyroclastic density
current (PDC). The welded character of these lithofacies is indicative of
hot PDC emplacement and compaction that result into the low- up to
high-grade eutaxitic fabric. This process is favored by loading-
compaction, low-viscosity fragments, high temperature (i.e. N900 °C),
cooling of gas-permeable fragments (pumices) and dissolved water
(BranneyandKokelaar, 2002; Roverato et al., 2016and references therein).

5.2. Stratified

These lithofacies, although commonly associated with ignimbrites,
are not very spread in the studied areas.We also didn't find any alterna-
tion betweenmassive and stratified deposits even if this association is a
common occurrence in PDC deposits (Sulpizio et al., 2014; Roverato
et al., 2017), alternating dilute (stratified deposits resulting) and con-
centrated (massive deposits resulting) regimes during transport
(Sulpizio et al., 2014). Just one example has been found in TMP and is
reported in the stratigraphic reconstruction of Fig. 11.

5.2.1. Lf sA; xsA; dsAL (stratified Ash; cross-stratified Ash; diffusely stratified
Ash to lapilli)

5.2.1.1. Description. The stratified samples and outcrops analyzed com-
prise well sorted very fine to fine ash organized in millimetric to sub-
millimetric parallel (sA) or cross-stratified (xsA) layers, with sharp or
gradational changes in grain size (Fig. 8). The fragments are represented
by devitrified shards, crystals (plagioclase), and rare (or absent) lithics
(Fig. 8d) immersed in a devitrified groundmass. Diffuse-stratified
lithofacies dsAL display a coarser character with coarse lithic and
devitrified ash and lapilli fragments forming well developed parallel
continuous meter-long stratification (or very-low angle cross-
stratification) at centimeter scale (Fig. 11b), with gradational changes
in grain-size. The sorting varies from well to moderate.

5.2.1.2. Interpretation. The fine parallel layering of shards material
displayed by lithofacies sA is interpreted here as being deposited
under the product of sedimentation by the upper and highly dilute
ash-cloud that accompany a pyroclastic-density current. We don't ex-
clude the direct sedimentation from tephra fall-out activity. Cross-
stratified (Lf xsA) and diffuse-stratified (Lf dsAL) deposits indicate trac-
tive processes usually attribute to pyroclastic surge-type depositional
condition from dilute currents (Cas and Wright, 1987; Lenhardt et al.,
2011; Roverato et al., 2017). We interpreted these as pyroclastic surge
deposits although Lf dsAL could also be the product of coarse ash fall-
out processes. Pyroclastic surge deposits usually display small volume
and rarely reach N10 km from their source (Lenhardt et al., 2011). Con-
versely, fall-out deposits could emplace tens of kilometers from their
source.

6. Secondary volcaniclastic/epiclastic rocks

The nomenclature of Fisher (1961) is applied also for the secondary
volcaniclastic rocks as follow: silt (2bN64 μm), sand (64 μmbN2 mm),
gravel (2bN64mm), cobble (64bN256 mm). These rocks are considered
as the product of reworking and erosive processes. The clasts belonging
to this group show a wide range of composition, size and shape varia-
tions. Based on their component, texture and fabric, we recognized



Fig. 6. Reconstructed schematic stratigraphic column and associated photographs
representing the evolution of ignimbrite deposits cropping out in the TMP (Np183;
7°32′04.13″ S, 55°08′50.02″W); note the increase of welding from the base to the top.

Fig. 7. Schematic stratigraphic column and relative photographs of a N150 m thick felsic
banded lava(s) cropping out in SFX (Xu192; 6°31′31.92″ S, 53°02′36.60″ W) overlying a
basal breccia (Lf mLB) and an ignimbrite deposit characterized by a low grade of
welding (Lf l-gwLA).
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five massive, both matrix- and clast-supported, and four stratified
lithofacies (Fig. 9).

6.1. Massive

6.1.1. Lf mS (massive Sand)

6.1.1.1. Description. This lithofacies consists of reddish moderately to
well-sorted, massive, fine- to medium grained sand forming parallel
strata intercalated to clast-supported conglomerate deposits (Lf csG)
(Fig. 9a). The sandstone strata extend tens of meters and present thin-
ness between 0.4 and 0.8 m. Lf mS is predominantly composed of
quartz, feldspar and minor rock fragments. Contacts between mS and
csG are sharp with rare slightly erosional surfaces. The tops of the sand-
stone are characterized by the presence of centimeters ripples (Fig. 9b).

6.1.1.2. Interpretation. The massive sand (mS) and the small ripples
found at the top of the strata indicate low energy under tractional cur-
rents in shallow water conditions (Collinson and Thompson, 1982;
Lenhardt et al., 2011). The alternation of Lf csG and mS indicates
changes in energy conditions of sedimentation. We interpret these os-
cillations as belonging to a subaqueous-subaerial fan-delta interface set-
ting where continental supply of material alternates to under-water
sand accumulation (Lf mS).
6.1.2. Lf csG (clast supported Gravel)

6.1.2.1. Description. This lithofacies (Fig. 9a, c, d) is massive, clast to ma-
trix supported, with heterolithologic felsic rounded high-spherical
coarse gravel with a sandy inter-clast matrix. Clasts are mainly charac-
terized by massive and banded medium- to coarse-size felsic lava frag-
ments (and rare quartz; size does not exceed 5 cm) and present
rounded with low- to high-sphericity. We found lithofacies csG also as-
sociated to xsSG (see below Section 6.2.2) (Figs. 9c, 10b).

6.1.2.2. Interpretation. Lithofacies csG is dominated by water flow pro-
cesseswherematrix plays a secondary role. The clast-supported charac-
ter and less matrix content indicates that water removed the finer
particles during transport and deposition. Lf csG display rounded clasts
and well-sorting indicative of good selection during transport and em-
placement. The rounded character of csG and the presence of matrix
in the deposits suggest a laminar debris-flow regime in medial reaches
of stream-dominatedfluvial/alluvial fans (Mueller and Concoran, 1998).

6.1.3. Lf csGS (clast supported Gravel to Sand)

6.1.3.1. Description. Lf csGS (Figs. 9e, 11c) is massive, moderately well-
sorted and clast-supported. Clasts (gravel to sand) present sub-
rounded to sub-angular with low/medium sphericity with maximum



Fig. 8. Stratified primary volcaniclastic rocks, a) related to sedimentation by highly dilute ash-cloud (Np130; 6°54′16.09″ S, 55°10′59.38″ W) and, b) attribute to pyroclastic surge-type
depositional condition from dilute currents (XU162; 6°32′28.39″ S, 52°25′26.07″ W); see Fig. 2 for the outcrops location. Relative thin section microphotographs (c/d) showing
micrometric shards. For the lithofacies description see the text and Table 1.

9M. Roverato et al. / Gondwana Research 70 (2019) 1–24
size of 2–3 cm. The rocks belonging to this lithofacies aremainly formed
by massive felsic lava fragments with different color and crystallinity.

6.1.3.2. Interpretation. Lf csGS is dominated by water flow processes
where matrix plays a secondary role. The clast-supported character
and lessmatrix content indicates that water removed the finer particles
during transport and deposition. This lithofacies represents deposition
within a debris-flow dominated fluvial/alluvial environment. Poor
sorting, clast-supported and sub-angular clasts point to deposition by
localized laminar hyperconcetrated-flows in volcanic fans fringing
flanks of volcanic edifices. Single cross-beds are usually ca. 1 cm thick.

6.1.4. Lf csGC (clast supported Gravel and Cobble)

6.1.4.1. Description. Lithofacies csGC (Fig. 9f) is massive, low-sorted and
clast-supported. The clast population is characterized by sub-rounded,
low/medium sphericity, massive felsic porfiritic fragments with maxi-
mum size up to 20 cm. This lithofacies has an interstitial matrix charac-
terized by medium to coarse sand.

6.1.4.2. Interpretation. Lf csGC is dominated by water flow processes
where matrix plays a secondary role. The clast-supported character
and lessmatrix content indicates that water removed the finer particles
during transport and deposition. This lithofacies represents deposition
within a debris-flow dominated alluvial environment. Poor sorting,
clast-supported and sub-angular clasts likely points to deposition by lo-
calized non-cohesive debris-flows.

6.2. Stratified

6.2.1. Lf xsS (cross-stratified Sand)

6.2.1.1. Description. Lithofacies cross-stratified Sand (Fig. 10a) consist of
white to brownish low-angle cross-stratified coarse quartzitic sand-
stone. The sandstones are characterized by lobe to sheet-shaped bodies.
Major bedsets are recognized ranging in thickness from 0.5 to 1.5 m,
composed of fine-grained sandstone dominated by medium-angle
cross strata (18–20°). Single cross-beds are usually 0.7–1 cm thick.
The outcrops displaying this lithofacies extend tens of meters with
sharp upper and lower contact.

6.2.1.2. Interpretation. The cross-stratification of xsS is interpreted as
formed in fluvial channels attesting the deposition from crested dune
bed-forms that formed under condition of lower flow regime
(Collinson, 1966; Miall, 1996; Capuzzo and Wetzel, 2004; Went,
2016). The deposition of medium-angle cross-bedding within large-
scale examples of beds indicates that these larger beds are likely a prod-
uct of bar migration. The beds are interpreted as channel-fill deposits
(Lenhardt et al., 2017) related to a fluvial environment likely associated
to meandering or braided rivers. Shoreline deposition developed
around margins of immature marine basins is also considered.

6.2.2. Lf xsSG (cross-stratified Sand and Gravel)

6.2.2.1. Description. Lf xsSG (Fig. 10b) is characterized by crystal-lithic
fine to coarse sand and fine gravel (max 5–6 mm in size) organized in
cross-bedded stratification. Clasts displaymedium roundness and sphe-
ricity and are mostly composed by felsic fragments. Stratification is de-
fined by alternating of well to poorly sorted, fine to coarse millimeters-
thick strata. The finer black layers are formed by sub-millimetric hema-
tite sand.

6.2.2.2. Interpretation. Lf xsSG correspond to cross-stratified water
reworked deposits. The cross-stratified thickerfinegravelly strata, alter-
natedwith sandy layers laterally discontinuous,were interpreted as dif-
ferent pulses as the result of rapid deposition from hyperconcentrated
flows (Zanchetta et al., 2004) in a stream-dominated fluvial/alluvial set-
ting. Alternation with csG (Fig. 9c) represents difference of energy
condition.

6.2.3. Lf dsSt (diffusely layered Silt)

6.2.3.1. Description. This lithofacies consists of parallel, lenticular, trun-
cated, and locally low-angle cross-stratified multicolor millimetric
well-sorted fine- to very fine-grained sand and silt strata (Fig. 10c).
Within the sandy bedset, a thinning- and fining-upward trend may be



Fig. 9. Massive sedimentary rocks. a) The alternation of lithofacies csG and mS indicates changes in energy conditions of sedimentation belonging to a subaqueous-subaerial fan-delta
interface (Np146; 6°42′58.24″ S, 55°28′53.49″ W); b) detail of centimeters ripples of Lf mS (Np89; 6°54′39.36″ S, 55°26′12.28 W); c) Lf csG is also associated to Lf xsSG (see stratified
rocks in Section 6.2) (Np27; 8°08′18.43″ S, 54°54′37.33″ W). d) Np27, e) Xu209 (6°13′55.26″ S, 52°42′29.25″ W), f) Np158 (7°03′33.79″ S, 55°24′11.84″ W); the rounded and clast
supported character of these lithofacies is linked with fluvial/alluvial deposition by debris-flow dominated processes; see Fig. 2 for the outcrops location. For a more detailed lithofacies
description see the text and Table 1.
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distinguished. Small and straight groove marks have been detected and
reduced tiny slump folding is also presence in some parts.

6.2.3.2. Interpretation. Lithofacies dsSt displays diffuse fine stratification
with tiny ripples, suggesting transport and sedimentation in shallow
water. The thin sheet-shaped is interpreted as flood sediments
(Lenhardt et al., 2011). These deposits are interpreted to have been
formed in low energy lacustrine environment or ponds (Collinson,
1966; Roverato et al., 2017) characterized by small turbidities succes-
sions affected by scouring and tiny deformations (slumps) of the
sediments.

6.2.4. Lf bChS (bedded Chert and Sand)

6.2.4.1. Description. The bedded chert lithofacies (with sand) (bChS)
(Fig. 10d) crops out in both regions and it is characterized by outcrops
that can be traced on strike for hundreds of meters. The facies consist
of thin laminated pinkish chert (layers b1mm in thickness) with darker
laminae intercalated, formed predominantly by hematite (Lenhardt
et al., 2017). The layers are composed by microcrystalline quartz. In
some portions, these lithofacies are associated with fine to medium
sand composed mainly by quartz and less volcanic fragments.

6.2.4.2. Interpretation. This lithofacies is interpreted as inorganic precip-
itation of silica in a closed lake basin mainly due to its association with
volcanic rocks and fine sandstone (Blatt et al., 1980; Eriksson et al.,
1994). The picture in Fig. 10d shows elongated ripped-up millimetric
fragments of chert immersed in the sandstone eroded by low-energy
stream flow or local lacustrine turbidites. As suggests by Lenhardt
et al. (2017) the chert may have formed during repeated pulses of hy-
drothermal fluids that circulated into the lake water during hiatuses in
the volcanism (Van Kranendonk, 2006).

7. Analytical methods for geochemistry and geochronology

A total of 19 new samples (9 volcaniclastics and 10 lava flows) from
the Tapajós region (associated with the data published in Roverato et al.,
2016; Table 2) were analyzed for bulk rock major and trace elements.
Major element bulk rock analyses were performed by X-ray fluorescence,
using awavelength dispersive Philips PW2400 spectrometry, using fused
glass disks according to procedures described by Mori et al. (1999). Accu-
racywasN2%. Trace element analyses in selected sampleswere performed
by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) using the
procedure described by Navarro et al. (2008). Accuracy, determined
with respect to the reference standards BHVO-2 and BR, was 0.5–2%.

Zircon grainswere examinedwith a FEI-QUANTA250 scanning elec-
tron microscope equipped with secondary-electron and
cathodoluminescence (CL) detectors at the Instituto de Geociências -
Centro de Pesquisas Geocronologicas - Universidade de São Paulo
(IGc-CPGeo-USP); the most common conditions used in CL analysis



Fig. 10. Stratified sedimentary rocks. a) The quartzitic sandy cross-bedded lithofacies is interpreted as formed influvial channel or aroundmargins of immaturemarine basins (?) (Xu 201;
6°16′12.95″ S, 52°52′18.84″W); b) the cross-stratifiedwater reworked lithofacies is linked with stream-dominated fluvial/alluvial settings (Np82; 8°03′40.79″ S, 54°50′43.52″W); c) the
silty sedimentation likely belong to a lacustrine environment characterized by small turbidities (Np158; 7°03′33.79″ S, 55°24′11.84″W); d) the top of the photographs shows the Lf bChs
interpreted as inorganic precipitation of silica (chert) in a closed lake basin;white arrows show fragments of the chert deposit eroded by low-energy sandy streamflows or local lacustrine
turbidites (Np90; 6°49′50.20″ S, 55°28′15.47″W); see Fig. 2 for the outcrops location. For a more detailed lithofacies description see the text and Table 1.

11M. Roverato et al. / Gondwana Research 70 (2019) 1–24
were 60 μA of emission current, 15.0 kV of accelerating voltage, 7 μm of
beam diameter, 200 μs of acquisition time, and a resolution of 2048
×1887pixels and 345 dpi. Selected sampleswere analyzed for U-Pb iso-
topes using a SHRIMP-IIe also at IGc-CPGeo-USP, following the analyti-
cal procedures of Williams (1998) as reported by Giovanardi et al.
(2015). Correction for common Pb is based on the measured 204Pb,
and the typical error for the 206Pb/238U ratio is b2%; U abundance and
U-Pb ratios were calibrated against the TEMORA-II standard. The
dataset consists of 56 new U-Pb SHRIMP-II analyses and is reported in
the supplementary material. Thirty-five analyses were performed on
zircon grains from the Tapajós region as follow: 11 analyses on sample
NP380-C, 11 analyses on sample NP183 and 13 analyses on sample
NP396-B. Eleven analyses were performed on zircon grains from
Xingú sample XU08. For all samples, 207Pb/235U and 206Pb/238U
concordia ages (with 95% of confidence level and 2σ error) are calcu-
lated using Isoplot 4.1 software (Ludwig, 2009).

8. Geochemistry of the TMP samples

Independently of their nature (lavas or volcaniclastic), the rocks of
the TMP follow a typical calc-alkaline trend (Fig. 12). They are mostly
rhyolitic in composition (Table 2), with four exceptions which fall in
the trachytic field. In addition, their low LOI values (0.32–3.51%) and
the low FeO content (0.78–3.26%) together with the negative correla-
tion FeO vs SiO2 appears to indicate that the investigated volcanic
rocks neither underwent significant alteration processes nor they be-
long to sedimentary suites which commonly contain water rich clay
minerals. TMP volcaniclastic and lava flows show similar negative cor-
relation between TiO2, Al2O3, MgO, FeOt, CaO, Na2O and P2O5 with
SiO2. A negative correlation between K2O and SiO2 also exists for the
volcanoclastic, but not for the lava flows. The similar trends observed
suggest that both these kind of rocks are originated by similarmagmatic
sources. Such a conclusion is supported by similar variation paths, al-
though with different values, of minor and trace elements (Fig. 13). In
particular, TMP lava flows show LREE enrichment ((La/Yb)N =
10.68–21.45; normalization to Chrondrite I from Anders and Ebihara,
1982) and a negative Eu anomaly which increases from trachytes
((Eu/Eu*)N = 0.89–0.78) to rhyolites ((Eu/Eu*)N = 0.69–0.31)
(Fig. 13). The Eu negative anomaly, shown from all the samples, is ex-
pression of feldspar fractionation. On the other hand, volcaniclastics
rocks show similar LREE enrichment ((La/Yb)N = 11.12–28.10) and
negative Eu anomaly ((Eu/Eu*)N = 0.97–0.37) (Fig. 13). In addition,
volcaniclastics have higher LREE abundances with respect to lavas (La
between 35.5 and 91.3 ppm and between 40.5 and 71.9 ppm, respec-
tively) while they have similar MREE and HREE contents (Yb between
1.56 and 3.43 ppm and between 1.83 and 4.11 ppm, respectively).
Volcaniclastics commonly show higher Rb (121–272.9 ppm) and Pb
(4.5–137.1 ppm) with respect to lavas (Rb = 96.1–232 ppm and Pb
=2.7–45.8 ppm). Volcaniclastics are enriched in LILE, Th andUwith re-
spect to MORB (Fig. 13; normalization to MORB from Hofmann, 1988),
with the exception of Sr, which commonly show a pronounced negative
anomaly ((Sr/Sr*)N=0.55–0.05). The Sr negative anomaly is consistent
with feldspar fractionation. Negative anomalies are also present for Nb
and Ta, while Ba and Pb are commonly enriched (Fig. 13). Lavas show
a similar trace pattern, but higher values dispersion (Fig. 13). The Ba en-
richment is less pronouncedwith respect to volcaniclastics (Ba between
75 and 1965 ppm and 310–2245 ppm, respectively) and the Nb/Ta ratio
show higher dispersion (3.29–14.63 and 6.73–13.9, respectively), indi-
catingmore limited fractionation of feldspar. Geochemical affinity of Ta-
pajós volcaniclastics and lava flows suggests that the magmatism
occurred in active continental setting (Fig. 14). Using the tectonic dis-
criminant diagrams of Zr + Nb + Ce + Y (ppm) vs FeOtot/MgO (wt
%), Yb vs Ta and Th-Ta-Hf/3 (Whalen et al., 1987; Pearce et al., 1984;
Wood, 1980), the magmatism in the Tapajos region appears related to
a syn- to post-collisional setting with few samples falling into the intra-
plate field (Fig. 14). According to the refined diagram Nb + Y vs Rb of
Pearce (1996), all the Tapajos volcanics, together with the majority of
volcanic rocks from the Sobreiro formation (Fernandes et al., 2011)
are consistent with a late- to post-collisional setting (Fig. 14).

9. U-Pb zircon Geochronology

Zircons fromTapajos samples are colorless, sometimes fractured and
euhedral to sub-euhedral. They can contain inclusions of apatite or



Table 1
Summary of the main characteristics of volcaniclastic lithofacies of the primary and secondary products analyzed and their interpretation.

Lithofacies Description Interpretation

Primary volcaniclastic
rocks

Massive mAL
Massive Ash to Lapilli

Massive fine and coarse ash and variable fine to
coarse lithic lapilli content. Devitrified fragments
immersed. Brocken crystal (plg/prx) content.
Moderate to bed sorting.

The massive fine aspect suggests deposition from a
dilute pyroclastic density current (PDC). Brocken
crystals confirm the fragmental character.
Granular flow regime.

mLA
Massive Lapilli and Ash

Massive, fine, fine to coarse and coarse devitrified
lapilli immerse in ash matrix, less blocks
immersed, maximum size 20–25 cm. Moderate
sorting.

The massive aspect suggests deposition from a
dilute PDC. The coarser character could be also
related to proximal co-ignimbritic breccias as
result of deposition by denser pyroclastic granular
flows.

mLB,
Massive Lapilli and Block

Massive, monolithologic, angular coarse lapilli and
blocks (50–60 cm) immersed in lapilli matrix.
Moderate sorting.

Basal auto-brecciation of lava flows and/or
rheo-ignimbrite flows

Welded
ignimbrites

l-gwLA,
m-gwLA,
h-gwLA
low-, medium-,
high-grade
welded Lapilli
and Ash

Massive, fine to coarse, moderately to strongly
flattened devitrified lapilli (fiamme) varying from
millimetric to 3–4 cm in size and lithic lapilli and
ash. Crystal content. Clasts are immersed in a
homogeneous ashy matrix. Low- to high-grade
welded deposits. Eutaxitic texture. Moderate
sorting.

The massive aspect suggests deposition from a
pyroclastic density current. Welding is the result
of post-depositional loading and are favored by
low-viscosity pyroclasts that are promoted by high
emplacement temperature, porosity and dissolved
water.

Banded rheo-ign
Rheoignimbrite
(lava-like)

Layering of thin, dark and light bands and
boudinaged fiamme. Parataxitic fabric displays
subhorizontal bands and intricate small-scale
intrafolial folds are present. The bands are
deformed and flattened around lithic fragments
and crystals.

The vitric fragments immersed in the welded
ignimbrite distort and stretch up to the
volcaniclastic flow becomes banded and starts to
flow viscously.

Stratified sA
Stratified Ash

Stratification of millimetric fine, devitrified,
angular, sharply ash fragments.

The stratification is due to the bedding of shards
fragments from a fall-out activity or from a dilute
ignimbrite cloud.

dsAL
Diffusely stratified Ash to
Lapilli

Diffusely stratified lithic and devitrified coarse ash
and lapilli. Thickness of individual bedding
surfaces ranges between few to several
centimeters. Moderate sorting.

The diffuse stratification could indicates a flow
boundary which is influenced by traction
processes such as for pyroclastic density currents.
Fall-out deposit (?).

xsA
Cross-stratified Ash

Cross-stratified fine ash formed by angular and
sharply devitrified fragments (shards). Cross
stratification is discontinuous over decimeters in
macro-scale and as well as over millimeters in
microscopic scale. Well to moderate sorted.

The internal cross-stratification indicates a grain
by grain deposition process from a turbulent
current with a flow boundary zone dominated by
traction mechanism. Pyroclastic density currents
(surge).

Secondary
volcaniclastic/epiclastic
rocks

Massive mS
Massive Sand

Massive quartzitic sand, good sorting. No internal
structures. Centimeter ripples at the top of the
strata.

Continental supply in a shallow, low energy, water
sedimentary setting. Subaerial to sub-aqueous
transition.

csG
Clast supported Gravel

Clast supported polimictic gravel with rounded
clasts, good sphericity and sorting. Clasts are
mainly characterized by massive and banded felsic
lava fragments.

Clast-supported with minor matrix content is
indicative of water flow. Shallow water to
subaerial. Laminar debris-flow regime in a medial
reaches of stream-dominated fluvial/alluvial fans.

csGS
Clast supported Gravel to
Sand

Clast supported polimictic, gravel to coarse sand
with sub-rounded/sub-angular fragments,
low-medium shericity.

Clast-supported with minor matrix content is
indicative of water flow. Deposition within a
debris-flow dominated fluvial/alluvial
environment.

csGC
Clast supported Gravel and
Cobble

Clast supported polimictic, gravel and cobble with
sub-rounded fragments (b20 cm), low-medium
shericity, low-sorted.

Water removed the finer particles during
transport and deposition. Deposition within a
debris-flow dominated alluvial environment.

Stratified xsS
Cross-stratified Sand

Low angle cross-stratified quartzitic sand, good
sorting. Layers ranges between millimeters to
centimeters.

Wave-induce structure in a coastal sub-aqueous
marine-basin environment or fluvial channels
environment in low energy regime.

xsSG
Cross-stratified Sand and
Gravel

Fine to coarse sand and fine crystal-lithic gravel,
poor sorting, layers ranges between millimeters to
centimeters.

Low to medium energy processes.
Hyperconcentrated flood in stream reworking
setting.

dsSt
Diffusely layered Silt

Diffusely millimetric layered silt. Presence of
ripples and low energy wave structures, good
sorting.

Shallow water basin, sedimentation in lacustrine
basin and/or ponds. Some turbidite sedimentation.

bChS
Bedded Chert (and Sand)

Bedded chert with local sand contribution. Thinly
multicolor laminated deposit with b1 mm
microcrystalline quartz-dominate layers.

Precipitation of silica particles in closed lake basins
in association with volcanic rocks and sandstone.
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spinel and display commonly low emission in Cathodoluminescence
(CL). All crystals show magmatic oscillatory zoning and commonly a
dark corewhich, inmost cases, appears to be homogenous. Nonetheless,
in few cases an inner core with discordant and partially reabsorbed do-
mains is recognized. Some of the zircons also show a bright CL rimwith
transgressive or sub-concordant contactswith the inner oscillatory zon-
ing. Zircons from sample XU08 from the Xingu region are colorless,
rarely fractured and sub-euhedral. Inclusions of apatite or spinel are
also observed sometimes. Crystals are medium in CL emissions and
commonly showahomogeneous core and a concordantmagmatic oscil-
latory zoning. Few zircons show a core with discordant zoning. No
transgressive bright CL rims were recognized. Analyses were carried
out on zircons that do not show transgressive or resorption features
and discordant inner cores. Zircons from sample NP183 (Ignimbrite)
provide 4 discordant and 7 concordant analyses that provide an upper
intercept at 1984 ± 8.5 Ma (95% confident decay-const. errs included,
MSWD 1.09) and a concordia age at 1986 ± 8.2 Ma (2σ, decay-const.
errs included, MSWD 1.08, Probability of concordance = 0.30;



Fig. 11. Sketch of a wide (300 × 80 m) outcrop in the TMP (Np407; 6°40′35.21″ S, 55°21′14.63″ W). The stratigraphic sequence is tilted showing sub-vertical contacts of the different
deposits. The sequence is interpreted displaying at the base banded (or rheo-ignimbrite) and massive lava flows passing to fragmental deposits to the top. a) ignimbrite medium-
grade welded; b) the diffuse-stratified lithofacies indicates tractive processes usually attribute to pyroclastic surge-type depositional condition from dilute currents; c) sedimentary
clast-supported deposit; d) non-welded lapilli to ash ignimbrite; e) banded lava o highly reomorphic ignimbrite (lava-like). For a more detailed lithofacies description see the text and
Table 1.
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Fig. 15). Single spot 206Pb/207Pb ages range between 2010 ± 17Ma and
1909 ± 53 Ma with an average age of 1985 ± 11 Ma (95% confident
decay-const. errs included, MSWD 1.6, Probability of concordance =
0.15; Fig. 15). Zircons from sample NP380 (Ignimbrite) show slightly
older single spot 206Pb/207Pb ages between 2023 ± 31 Ma and 1981
± 24 Ma with an average age of 1998 ± 5.9 Ma (95% confident decay-
const. errs included, MSWD 0.74, Probability of concordance = 0.68;
Fig. 15). Analyses are slightly discordant (up to 4%) providing an
upper intercept at 1998 ± 7.7 Ma (95% confident decay-const. errs in-
cluded,MSWD0.74). Zircons from sampleNP396 (Banded lava) provide
5 discordant ages and 8 concordant analyses, which provide an upper
intercept at 1994 ± 8.2 Ma (95% confident decay-const. errs included,
MSWD 1.40) and a concordia age at 1997 ± 7.0 Ma (2σ, decay-const.
errs included, MSWD 5.70, Probability of concordance = 0.02;
Fig. 15). Single spot 206Pb/207Pb ages range between 2014 ± 14 Ma
and 1973± 8Mawith an average age of 1994± 8.7Ma (95% confident
decay-const. errs included, MSWD 1.6, Probability of concordance =
0.12; Fig. 15). Pooling together the analyses of the Tapajós samples
provides an average age of 1991 ± 12 Ma (2σ, MSWD 1.50, Probability
of concordance= 0.06). Zircons from sample XU08 (Lava flow) provide
a concordia age at 1882 ± 6.4 Ma (2σ, decay-const. errs included,
MSWD 2.70, Probability of concordance = 0.10; Fig. 16). Single spot
206Pb/207Pb ages range between 1899 ± 10 Ma and 1875 ± 13 Ma,
with an average at 1884 ± 5.2 Ma (95% confident decay-const. errs in-
cluded, MSWD 0.60, Probability of concordance = 0.82).

10. Discussion

10.1. Subduction-related to extensional setting

The geochemistry of the TMP samples presented in thiswork display
a high-K calc-alkaline signature (Fig. 12); they mainly fall into the A-
type intra-plate granite field and tectonic discriminant diagrams sug-
gest a late- to post-collisional setting for the TMP volcanism (Fig. 14).
This interpretation is also supported by enrichment in LILE, Th, U and
LREE of our samples, which suggest a strong crustal component in the



Table 2
Major and trace element bulk rock composition of Tapajos samples. Class identify the lithological features of the rocks: VC: volcanoclastic; I: ignimbrite; R: rhyolite; Type identify the geo-
chemical affinity according to the granite classification (Zr+Nb+ Ce+ Y (ppm) vs FeOtot/MgO (wt%) diagram, Fig. 14): I is for I-type granites and A is for A-type granites; b.d.l. is below
detection limits; Mg# is calculated as Mg2+ / (Fe2+t + Mg2+); (*) major elements analyses already published in Roverato et al. (2016).

Region Tapajos

Sample NP – 079* NP269a Np380b Np411c NP-CO67* NP - 080C NP – 084A* NP – 101* NP - 123 NP - 156B* NP - 159B

Class VC I I I I I I I I I I

Type A A A A A A A A A A A

XRF (%)
SiO2 71.80 68.78 72.20 66.36 70.81 70.80 68.15 72.22 72.80 71.59 65.48
TiO2 0.34 0.32 0.35 0.72 0.40 0.40 0.48 0.32 0.31 0.36 0.58
Al2O3 14.16 15.37 14.24 15.57 14.76 14.52 15.43 14.28 13.59 14.27 18.22
Cr2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
FeOt 1.41 1.81 1.48 3.64 1.53 1.59 2.02 1.34 1.64 1.39 2.86
MnO 0.04 0.02 0.05 0.07 0.09 0.07 0.09 0.04 0.06 0.04 0.04
MgO 0.32 0.25 0.29 0.90 0.35 0.31 0.54 0.25 0.37 0.19 1.10
CaO 1.04 0.15 0.94 1.49 0.91 0.63 0.98 0.59 1.29 0.50 0.14
Na2O 3.75 2.80 4.31 4.57 4.42 4.07 4.56 4.12 2.28 3.63 2.14
K2O 5.73 6.00 5.32 3.73 5.71 5.77 5.63 5.60 5.04 5.60 6.06
P2O5 0.04 0.06 0.05 0.22 0.07 0.06 0.09 0.04 0.06 0.04 0.10
LOI 0.99 3.51 0.32 1.30 1.03 1.48 1.34 0.82 2.59 1.28 3.42
Tot 99.62 99.07 99.55 98.57 100.08 99.70 99.31 99.62 100.03 98.89 100.14
Mg# 0.29 0.20 0.26 0.31 0.29 0.26 0.32 0.25 0.29 0.20 0.41

ppm
V 20 11 11 34 14 17 29 13 28 10 38
Co 34 38 2 15 17 31 29 43 25 32 12
Ni 1.20 2.50 0.50 0.50 0.40 0.70 0.90 0.80 0.60 0.60 2.80
Zn 28 33 45 71 55 50 55 36 33 27 55
Rb 185 194 179 121 155 144 122 191 230 174 273
Sr 221 188 209 557 141 124 187 174 172 148 127
Y 15 15 22 23 21 22 21 22 37 15 35
Zr 267 241 277 245 361 371 440 276 224 272 401
Nb 13 15 14 12 12 13 11 14 13 14 18
Cs 2.10 1.20 2.30 3.0 2.70 2.10 2.80 2.60 15 2.10 7.1
Ba 673 945 1425 1536 2185 1813 2245 1365 898 1362 1202
La 53 67 56 57 64 72 79 51 70 38 72
Ce 100 98 111 110 117 136 149 99 126 50 129
Pr 10 12 11 11 13 16 18 11 13 8.4 16
Nd 34 40 39 42 47 53 63 37 45 28 54
Sm 4.9 5.8 6.4 6.9 7.3 7.9 9.0 6.0 8.0 4.3 8.2
Eu 0.58 0.80 0.98 1.52 1.83 1.58 2.36 0.90 1.23 0.64 1.67
Gd 3.6 4.1 5.0 5.4 5.4 5.4 6.1 4.8 7.2 3.0 6.7
Tb 0.52 0.56 0.73 0.76 0.73 0.78 0.76 0.69 0.99 0.50 0.97
Dy 2.69 3.0 3.9 4.1 3.8 4.0 3.9 3.6 5.4 2.92 5.6
Ho 0.57 0.57 0.74 0.76 0.78 0.75 0.77 0.73 1.21 0.57 1.06
Er 1.61 1.65 2.19 2.17 2.08 2.33 2.19 2.21 3.3 1.77 3.3
Tm 0.24 0.26 0.35 0.36 0.33 0.34 0.34 0.36 0.48 0.29 0.48
Yb 1.56 1.83 2.38 2.22 2.30 2.12 2.08 2.41 3.43 1.95 2.90
Lu 0.24 0.29 0.38 0.35 0.36 0.36 0.34 0.36 0.54 0.33 0.49
Hf 7.7 7.0 7.3 6.4 8.4 8.5 8.9 7.2 6.3 7.6 9.8
Ta 1.50 2.20 1.00 1.50 1.00 1.40 1.20 1.70 1.50 1.80 1.30
Pb 23 6.3 13 7.3 24 73 20 10 26 9.2 4.5
Th 21 21 19 13 15 17 14 20 22 20 21
U 4.9 3.4 5.0 2.90 3.3 3.6 2.90 4.0 2.90 4.6 4.8

Region Tapajos

Sample NP - 175A NP – 176* NP - 178B* NP – 179* NP – 180* NP – 183A* NP – 184* NP - 093 NP - 094 Np272a Np393A

Class I I I I I I I VC VC R R

Type A I A A A A A A A A A

XRF (%)
SiO2 73.86 75.93 70.86 72.53 69.73 71.25 70.99 60.36 62.46 71.13 76.57
TiO2 0.24 0.20 0.39 0.37 0.44 0.41 0.37 0.81 0.89 0.49 0.09
Al2O3 13.40 12.71 14.62 14.44 15.20 14.65 14.54 15.42 16.36 14.44 11.93
Cr2O3 b.d.l. b.d.l. b.d.l. b.d.l. 0.01 b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l.
FeOt 1.10 0.78 1.57 1.67 2.03 1.57 1.75 5.70 4.97 2.52 1.16
MnO 0.07 0.06 0.07 0.09 0.09 0.09 0.08 0.11 0.09 0.06 0.03
MgO 0.11 0.16 0.29 0.30 0.36 0.24 0.30 3.24 1.68 0.51 0.01
CaO 0.50 0.34 0.88 0.65 0.88 0.56 0.68 4.59 3.03 1.57 0.14
Na2O 3.78 3.46 4.70 4.38 4.49 4.54 4.97 2.79 3.11 4.27 4.39
K2O 5.41 5.11 5.11 5.56 5.64 5.57 4.87 4.67 5.86 2.32 3.95
P2O5 0.02 0.01 0.06 0.06 0.07 0.05 0.06 0.35 0.39 0.06 b.d.l.
LOI 1.15 0.88 1.28 0.85 1.00 0.81 1.07 1.37 0.64 1.38 0.58
Tot 99.64 99.64 99.83 100.90 99.94 99.74 99.68 99.43 99.48 98.75 98.85
Mg# 0.15 0.27 0.25 0.24 0.24 0.21 0.23 0.50 0.38 0.27 0.02
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Table 2 (continued)

Region Tapajos

Sample NP - 175A NP – 176* NP - 178B* NP – 179* NP – 180* NP – 183A* NP – 184* NP - 093 NP - 094 Np272a Np393A

Class I I I I I I I VC VC R R

Type A I A A A A A A A A A

ppm
V b.d.l. b.d.l. 14 b.d.l. 17 b.d.l. 10 112 59 11 b.d.l.
Co 36 34 32 40 28 37 38 27 24 2.60 63
Ni 0.50 0.50 0.80 2.30 3.4 1.50 0.60 19 0.50 0.60 1.10
Zn 20 32 45 51 46 52 60 55 73 55 33
Rb 156 158 136 153 136 133 127 116 169 105 196
Sr 54 46 179 120 115 78 103 614 620 321 33
Y 27 20 23 27 22 23 20 16 23 21 37
Zr 223 162 397 370 423 402 360 174 257 279 181
Nb 13 13 13 14 11 12 12 7.3 11 12 23
Cs 3.2 3.9 2.10 3.10 2.60 1.80 0.70 4.2 6.2 1.70 1.60
Ba 477 310 2021 998 880 746 2243 1362 2063 1363 75
La 45 36 75 76 91 80 64 35 53 59 72
Ce 92 70 140 138 174 151 122 70 106 108 133
Pr 11 8.3 15 15 20 18 14 8.5 13 11 14
Nd 39 29 57 52 69 64 52 31 48 38 45
Sm 6.7 4.7 8.9 8.1 10 9.4 7.9 5.2 7.6 6.5 8.1
Eu 0.72 0.49 1.98 1.36 1.63 1.51 1.84 1.35 1.71 1.27 0.09
Gd 5.3 3.7 6.9 6.9 6.6 6.6 5.7 4.3 5.5 4.9 7.0
Tb 0.81 0.59 0.76 0.87 0.92 0.91 0.78 0.57 0.81 0.70 1.14
Dy 4.7 3.7 4.5 4.3 4.4 4.6 4.0 3.0 4.3 3.7 6.8
Ho 0.90 0.72 0.86 0.91 0.80 0.83 0.82 0.56 0.82 0.69 1.31
Er 2.63 2.25 2.73 2.57 2.23 2.31 2.51 1.52 2.32 1.99 3.9
Tm 0.41 0.35 0.39 0.36 0.36 0.37 0.36 0.23 0.32 0.31 0.62
Yb 2.61 2.21 2.44 2.71 2.25 2.43 2.32 1.43 2.08 1.95 4.1
Lu 0.39 0.33 0.42 0.43 0.36 0.40 0.37 0.24 0.33 0.30 0.60
Hf 6.6 5.2 8.7 8.5 9.6 9.3 8.4 4.3 6.2 7.1 7.4
Ta 1.80 1.70 1.10 1.80 1.40 1.60 1.60 0.60 1.00 0.90 7.1
Pb 16 29 137 10 17 11 28 4.0 6.9 46 36
Th 17 18 17 16 16 17 17 6.1 11 13 30
U 3.4 4.4 3.5 3.9 3.5 3.7 4.0 1.30 2.10 3.4 9.1

Region Tapajos

Sample Np405 Np406 NP - 039B NP - 073 NP - 114 NP - 121 NP – 173* NP - 175B NP - 182C

Class R R R R R R R R R

Type A A A A A A I I I

XRF (%)
SiO2 73.67 69.79 65.32 72.82 63.80 75.09 75.58 75.03 74.44
TiO2 0.33 0.45 0.86 0.31 0.74 0.27 0.20 0.22 0.22
Al2O3 13.09 14.72 16.61 13.84 17.99 13.16 12.96 13.46 13.50
Cr2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
FeOt 1.33 1.78 3.27 1.29 3.30 1.01 0.99 0.96 1.23
MnO 0.05 0.05 0.09 0.04 0.05 0.03 0.07 0.09 0.02
MgO 0.26 0.30 0.51 0.28 0.70 0.10 0.19 0.19 0.14
CaO 0.53 0.76 2.07 0.89 1.54 0.15 0.72 0.42 0.04
Na2O 2.25 3.87 4.99 3.61 5.02 3.78 3.21 3.69 3.56
K2O 7.13 5.57 3.88 5.71 5.51 5.19 5.18 5.39 4.92
P2O5 0.03 0.07 0.22 0.04 0.22 0.03 0.02 0.02 0.02
LOI 0.55 1.26 1.50 0.75 1.45 0.95 1.49 0.83 2.09
Tot 99.22 98.62 99.32 99.58 100.32 99.76 100.61 100.30 100.18
Mg# 0.26 0.23 0.22 0.28 0.27 0.15 0.25 0.26 0.17

ppm
V 8 b8 55 14 83 18 b8 b8 b8
Co 1.00 36 19 19 14 52 25 45 100
Ni 0.40 2.40 2.20 3.60 1.90 0.60 0.70 0.70 1.30
Zn 30 38 49 21 48 18 16 28 8
Rb 232 194 96 200 153 190 156 158 133
Sr 204 229 552 193 377 91 79 63 32
Y 23 22 20 18 26 34 64 24 18
Zr 272 336 228 246 265 245 173 191 189
Nb 14 15 9.2 14 12 17 13 14 13
Cs 2.20 2.50 2.10 2.30 1.30 3.1 4.1 3.5 1.10
Ba 1634 1965 1615 534 1918 583 485 413 569
La 63 62 50 57 58 62 48 41 41
Ce 120 117 96 101 107 112 76 80 80
Pr 12 12 11 11 13 13 10 10 10
Nd 43 42 38 38 49 45 34 32 32

(continued on next page)
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Table 2 (continued)

Region Tapajos

Sample Np405 Np406 NP - 039B NP - 073 NP - 114 NP - 121 NP – 173* NP - 175B NP - 182C

Class R R R R R R R R R

Type A A A A A A I I I

Sm 6.6 6.9 6.4 5.6 7.5 8.4 5.4 5.8 5.4
Eu 0.93 1.27 1.68 0.68 1.70 0.87 0.69 0.53 0.66
Gd 5.2 5.3 5.1 4.5 5.8 7.0 5.0 4.6 3.8
Tb 0.73 0.74 0.69 0.55 0.80 1.02 0.80 0.76 0.58
Dy 3.9 4.0 3.8 3.0 4.4 6.1 5.2 4.2 3.6
Ho 0.82 0.79 0.79 0.58 0.94 1.25 1.17 0.80 0.66
Er 2.21 2.31 2.31 1.76 2.64 3.4 3.8 2.42 2.02
Tm 0.35 0.34 0.34 0.27 0.39 0.52 0.56 0.36 0.31
Yb 2.47 2.28 2.01 1.83 2.43 3.3 3.1 2.43 2.03
Lu 0.39 0.37 0.30 0.26 0.35 0.53 0.54 0.36 0.33
Hf 8 9.3 5.9 7.3 6.3 7.6 5.5 6.0 5.3
Ta 1.00 4.5 1.00 1.50 0.80 2.30 1.60 2.20 1.50
Pb 10 11 10 19 8.6 16 13 9.2 2.70
Th 20 17 12 24 14 23 19 17 17
U 4.5 3.9 2.90 5.4 3.2 6.9 5.0 4.2 2.70
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parent melt consistent with a subduction/post orogenetic geodynamic
setting (Figs. 12, 13, 14), and the high HSFE which shifted the TMP vol-
canics composition in the A-type granites showing however FeO/MgO
which are low and comparable with I- and S-types granites (Fig. 14).
Similar features are reported in previous works (Lamarão et al., 1999;
Lamarão et al., 2002) for volcanics in the Tapajós region, which are
grouped into the Vila Riozinho (VR) and Maraes Aldeida (MA) forma-
tions, respectively. The VR rocks are intermediate to felsic in composi-
tion (Lamarão et al., 2002) with a calc-alkaline signature, while the
rhyolites and ignimbrites of MA are slightly enriched in silica compared
to the rhyolites of VR and are geochemically similar to evolved A-type
granites (Lamarão et al., 2002). Our results show similarities with
these data, suggesting that our specimens could be part of the VR and/
or MA formations. The identification of two volcanic series has impor-
tant implications for the understanding of the magmatic evolution of
the Amazonian craton in late Paleoproterozoic. A model for the evolu-
tion of the TMP involves a first stage of subduction-related magmatism
followed by an intracontinental magmatism related to a distensional
event (Lamarão et al., 2002). Geochronological analyses by Lamarão
et al. (2002) yielded ages of ca. 2 Ga for the VR and ca. 1.88–1.87 Ga
for theMAvolcanisms. The three newU-Pb geocronological analyses re-
ported in this study yielded ages of ca. 2000Ma (Fig. 15) are concordant
with the ages presented by Lamarão et al. (2002) for theVRmagmatism,
thus suggesting that the TMP rocks could be part of the VR volcanic se-
quence. However, TMP rocks are geochemically more evolved with re-
spect to VR in terms of SiO2 (63.8–76.6 wt% and 54.4–71.8 wt%,
respectively), K2O (2.3–7.1 wt% and 2.1–5.8 wt%, respectively) and
REE abundances and are more similar to MA rocks (Figs. 11, 12 and
13). In particular, REE patterns of the TMP samples are comparable
with the rocks of the MA formation (Fig. 12) while they are more
enriched in REE with respect to VR rocks. Conversely, TMP rocks are
enriched in Ba (Fig. 12), while MA are depleted, and have compositions
for Rb/Zr ratio and Nb, considered as a proxy for arc maturity (Brown
et al., 1984), similar to VR and different from MA (Rb/Zr between 0.3
and 1.1 in TMP, 0.2–0.7 in VR and 0.2–1.7 in MA; Lamarão et al.,
2002). Thus, according to geochronological and petrological data, we
proposed that the TMP rocks in this study must be ascribed to the VR
formation. Geochemical differences in our rocks and VR volcanics
could be explained by a more evolved character of the TMP rocks. The
evidences of plagioclase fractionation from the parent melts of the
TMP (negative Eu and Sr anomalies, Fig. 12) and their absence in less
evolved VR rocks reinforce this interpretation, and suggest fractional
crystallization as the prominent process controlling the VR magmatism
evolution. However, wewant to point out that due to the large area cov-
ered by the presented investigation (Fig. 2), together with the VR area,
the geochemical variations between our rocks (TMP) and VR could be
the result of local/regional heterogeneities in the magmatism. This hy-
pothesis is supported by the intermediate characteristics of the TMP
samples with respect to the VR and MA volcanoclastic material
(Figs. 11, 12 and 13).

Recently, new authors (Juliani et al., 2014) suggest the geochemical
and geocronological signature of the MA formation could be correlated
to the felsic Santa Rosa formation (SRF) cropping out in the SFX region.
Our new U-Pb geocronological analyses on one rock sample from the
SRF yielded an average age of 1884± 5.2 Ma (Fig. 16) that is consistent
with previous Pb-Pb ages on other locations. Juliani and Fernandes
(2010) published two Pb-Pb ages on zircons of 1879 ± 2 Ma and 1884
± 1.7 for a rhyolite and an ash tuff, respectively. Recently Antonio
et al. (2017) publishes the first U-Pb ages on zircons for the Santa
Rosa Formation with 1877.4 ± 4.3 Ma for a rhyolite and 1895 ±
11 Ma for a dike. All geochronological results support a ca. 1880 Ma
age for the emplacement of these rocks.

The southern Amazonian craton, as well as other Precambrian ter-
rains worldwide (Condie, 2002; Hofmann, 1988; Zhao et al., 2002), are
considered to be characterized by a series of orogenic to post-orogenic
events from 2.0 up to 1.88 Ga. The amalgamation of cratonic blocks
worldwide established connections between South America and West
Africa and other cratonic terrains such as Western Australia and South
Africa, Laurentia and Baltica, Siberia and Laurentia, Laurentia and Cen-
tral Australia, etc. (Zhao et al., 2002). These late-Paleoproterozoic colli-
sional processes likely formed the controversial supercontinent
Columbia (Zhao et al., 2004). This period also coincides with a major
peak in orogenic gold resources (Goldfarb et al., 2001; Juliani et al.,
2014) and understanding the geodynamic of this period is crucial for
economic interests. Antonio et al. (2017) highlight that for the period
1.88 Ga, many cratonic terrains have been characterized by extensive
magmatism. These authors report as examples the 1880 Ma NE-
trending Ghost dike swarm and the 1880 Ma Circum-Superior LIP in
the Canadian shield (Minifie et al., 2013), the 1880 Ma Southern
Bastar-Cuddapah LIP in India (French et al., 2008), the Mashonaland
sills and the Post-Waterberg dolerites in Kalahari craton (Hanson
et al., 2004), an extensive A-type magmatism in Baltica and in Siberia.
The A-type affinity of the 1.88 Ga rocks is widely described by other au-
thors in different regions into the Amazonian craton (Ferron et al., 2010;
Pierosan et al., 2011; Fernandes et al., 2011; Klein et al., 2012; Barreto
et al., 2014; Teixeira et al., 2018). Currently, the significance of the
1.88 Ga A-type magmatism in the AC is still matter of debate, also due
to the extremely large aerial cover which interested several different
domains with different basements and geologic evolutions. For exam-
ple, studies on the Carajas region suggest that the 1.88 Ga anorogenic



Fig. 12. Classification diagrams for the Tapajos volcanics (TMP-V) and lava flow (TMP-LF).
TAS diagram with limits of alkaline series from Kuno (1968), dashed line, and Irvine and
Baragar (1971), solid line. AFM diagram with alkaline field from Irvine and Baragar
(1971). SiO2 vs K2O classification diagram (Ewart, 1982). Literature values are from: VR
(a) Vila Rozinho and MA (a) Moraes Almeida volcanic sequences from Lamarão et al.
(2002); SF (b) Sobreiro Formation and SRF (b) Santa Rosa Formation from Fernandes
et al. (2011).
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magmatism in this domainwas provoked by delamination and fusion of
the Archean basement by a mantle plume which originated an exten-
sional setting (Dall'Agnol et al., 2005; Silva et al., 2016; Teixeira et al.,
2018; Teixeira et al., 2019).

Conversely, the geochemical features of the TMP and SFX
magmatism presented in this work and in literature (Lamarão et al.,
2002, 2005; Fernandes et al., 2011) mainly support an extensional re-
gime of these regions related to a late- to post-collisional event, being
possibly related to the end of the subduction process. The transition
from convergent (late-/post-orogenic) to extensional tectonic setting
could register the beginning of the taphrogenesis that marked the Am-
azonian Craton throughout the Mesoproterozoic (Brito-Neves, 2011;
Lamarão et al., 2002). The ca. 1.88 Ga felsic magmatism in different
provinces of the Amazonian craton could represent the oldest
magmatism related to this event.

It should bementioned that in termof textural features, the products
emitted during the transition between the late-/post-collisional to ex-
tensive events don't display substantial variations. In other words, the
lithofaciological signature of the volcanic and volcaniclastic rocks that
characterized the 2 Ga VR event (subduction related) is similar for
those products erupted during the 1.88–1.87 Ga extensional volcanism
that characterized the MA and SRF events. Moreover, the post-orogenic
to extensional setting emphasizes the continental setting where the
studied volcanic products have been emitted. Following the idea of
Roverato et al. (2017) for the Late-Paleoproterozoic andesitic Sobreiro
Formation, we stress the lack of any evidences in favour of subaqueous
eruptions for the emitted felsic products such as pillow lavas as well as
hyaloclastites. This suggests the subaerial character of the volcanism
and its emitted products acted in both regions.

10.2. Eruptive style and emplacement

The study areas arewidely characterized by volcanic depositswhose
eruptive style is hard to differentiate. Distinguishing between banded
lavas and high grade ignimbrites is, sometime, extremely challenging
(Henry and Wolff, 1992; Manley, 1996). This is made even more com-
plicatedwhen the investigated deposits are ancient and the outcrops in-
tensely eroded, such as those Precambrian terrains investigated here
(Lenhardt et al., 2012; Roverato et al., 2016; Lenhardt et al., 2017). Evi-
dences in the field show that a great volume of the volcanic activity is
represented by the emission of lava flows and/or high-grade to
rheomorphic ignimbrites, although an important amount of other frag-
mental products of different type (Lf mAL, mLA, l-g/m-g/h-gwAL) are
also well represented in both regions. High-grade welded and
rheomorphic (up to lava-like) ignimbrites share similar features with
lavas, displaying banding and ductile folds formed by the elongation
of fiamme and vesicles (Schmincke and Swanson, 1997; Chapin and
Lowell, 1979; Wolff and Wright, 1981; Branney and Kokelaar, 1992;
Sumner and Branney, 2002; Pioli and Rosi, 2005; Andrews and
Branney, 2011; Brown and Bell, 2013). Although the ignimbrites inves-
tigated here have a fragmental derivation their origin largely differ from
those characteristic of fallout deposits that form by a sustained column
explosive-driven eruption. High-gradewelded and rheomorphic ignim-
brites are correlatedwith highly explosive plinian-type eruptionswhich
produce, during their column collapse stage, large PDC. In addition,
high-grade rheomorphism of silicic products, either deriving from an
explosive or effusive eruption, are favored by high temperature low-
viscosity emplacement conditions and the presence of some residual
water. The high temperatures condition of our deposits is also con-
firmed by the pervasive presence of spherulites and lithophysae formed
during the slow-cooling regimes of large silica-rich lavas andwelded ig-
nimbrites (Lofgren, 1971; Breitkreuz, 2013). The eruptive scenario
showed in Fig. 17 giving origin to the frequent eruption of large volume
and high discharge rate lava flows and ignimbrites was likely character-
ized by fissure-fed and caldera collapses systems as those described by
previous authors (Legros and Kelfoun, 2000; Aguirre-Diaz and
Labarthe-Hernández, 2003; Cas et al., 2011; Lesti et al., 2011; Lenhardt
et al., 2012; Willcock et al., 2013). Eruptions fed by extensive fissures
of large size, in fact, appear to be the most favourable volcanic systems
to minimize cooling during emplacement and produce an alternance
of low-height sustained column eruptions feeding PDC and eruptions
characterized by the effusion of low viscosity lava flows, coulees and
domes, while maintaining high discharge rates (e.g. Bachmann et al.,
2000; Aguirre-Diaz and Labarthe-Hernández, 2003; Polo et al., 2017a,
2017b; Simões et al., 2017). The sustained fountaining and entrainment
of air in the eruptive jet is strongly influenced by the geometry of the
conduit (Legros and Kelfoun, 2000) as well as the transition from
sustained to collapsing eruptive column. A wide-geometry conduit



Fig. 13.REE and spider-diagrams of volcanics and lavaflow rocks from theTapajos region (TMP-V andTMP-LF). REE data are normalized to Chondrite I (CI; values fromAnders and Ebihara,
1982) and trace elements are normalized to Mid Ocean Ridge Basalt (MORB; values from Hofmann, 1988). Literature values are from: VR (a) Vila Rozinho and MA (a) Moraes Almeida
volcanic sequences are average values from Lamarão et al. (2002); SRF (b) Santa Rosa Formation from Fernandes et al. (2011) divided in -V volcanoclastics and -LF lava flow. Due to
the lack of literature data, comparison of VR (a) and MA (a) is reported only for REE diagram.

Fig. 14. Tectonic affinity discriminant diagrams for the Tapajos volcanics (TMP-V) and lavaflow (TMP-LF). Zr+Nb+Ce+Y (ppm) vs FeOtot/MgO (wt%) diagram. Yb vs Ta diagram. La/Yb
vs Nb/La diagram. Th-Ta-Hf/3 diagram. Literature values are from: VR (a) Vila Rozinho and MA (a) Moraes Almeida volcanic sequences from Lamarão et al. (2002); SF (b) Sobreiro
Formation and SRF (b) Santa Rosa Formation from Fernandes et al. (2011).
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Fig. 15.Geochronological U-Pb data fromTapajos zircons. Average 206Pb/207Pb age (errors are calculated as 2σ) of the three samples. Probability density plot of 206Pb/207Pb ages. Calculated
concordia age for sample NP396 (lava flow) and NP183 (ignimbrite).
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would impede much air entrainment into the pyroclastic fountain and,
at the same time, would favors magmatic escape of volcanic gases, fa-
voring the low fountaining and promoting a “boil-over” style eruption
(Branney andKokelaar, 1992, 2002; Lenhardt et al., 2017)with high dis-
charge rate. Moreover, the low air injectionwould inhibit the dilution of
the eruptive material making it thermodynamically isolated from the
surrounding environment (Lesti et al., 2011), preserving the high tem-
peratures and enhancing the agglutination of fragments (welding)
(Quane and Russell, 2005; Russell and Quane, 2005; Giordano et al.,
2005). When the low-altitude pyroclastic fountaining or the emission
of high temperature lavas would be maintained for long time the high
flow-mobility is ensured (Sulpizio et al., 2014). If the material supply
from the vent continues for long time and with high discharge rate,
the mobility could be maintained even on very low slope angles
(Sulpizio et al., 2014; Giordano et al., 2017; Kolzenburg et al., 2017),
and flowing various kilometers up to hundreds of kilometers far from
the vent (Aguirre-Diaz et al., 2008; Cas et al., 2011; Giordano et al.,
2017). This could explain the presence of large silicic volcanic areas
characteristic of the ancient Amazonian volcanism (Roverato et al.,
2016). Although, volcaniclastic rocks seem to be volumetrically less im-
portant in the study areas than the lava flows and/or rheomorphic ig-
nimbrites the recognition of fragmental rocks during our field
campaigns is important to understand their significance into our paleo-
geographic reconstruction (Fig. 17). An idealized deposit sequence of a
caldera forming eruption displays an air-fall deposit overlain by an ig-
nimbrite (Druitt and Sparks, 1984) and the transition from the
sustained column phase to the pyroclastic flow phase is often accompa-
nied by a strong increase in the discharge rate (Bursik and Woods,
1996). The stratigraphic sequence of Fig. 11 shows this association of a
possible air-fall deposit (Lf dsAL) linked with pyroclastic flow-
dominated deposits (Lf mAL and m-gwLA). In some cases, pyroclastic
eruptions commonly precede lava emplacement (Fink, 1983; Heiken
and Wohletz, 1987). The sequence presented in Fig. 7 shows a low-
grade welded ignimbrite deposit (Lf l-gwAL) overlaid by a thick banded
body that we are interpreting here as a lava flow. At the base of the
banded lava is a breccia (Lf mLB) consisting of clasts of a mix of lava



Fig. 16. Geochronological U-Pb data from Xingu zircons. Calculated concordia age for
ignimbrite sample XU-08. Probability density plot of 206Pb/207Pb ages.
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textural types, including massive, vesicular, flow banded and flow-
folded, glassy, pumiceous and devitrified. Autobrecciation in lavas or
rheomorphic ignimbrites occurs when more rigid layers and the exter-
nal parts are broken in response to the applied shear stress locally ex-
ceeding the tensile strength (Fink and Manley, 1987). Some
polymictic breccia deposits (Lf mLA) are characterized by lithic angular
clasts and devitrified fragments that could point to co-ignimbritic brec-
cias with short transport of the emitted material. These deposits could
be also related to collapse-caldera-breccias falling down into the caldera
ring during the roof subsidence. Air-fall (sA) and dilute pyroclastic flow
(xsA) deposits (surge type) crop out in both regions. These, linked with
the glassy and lithic pyroclastic material described above, are evidence
of intense explosive phases from more sustained column eruptions of
smaller intra-caldera volcanic centers and/or associated to events of cal-
dera collapse (Fig. 17).

10.2.1. The sedimentary response
Sets of small basins intra-calderas and probable relatively immature

shallow marine deposits are interpreted as forming part of a tectonically
unstable setting of a young extensional environment that characterized
the southern Amazonian craton during the Paleoproterozoic. Reworked
sediments can accumulate into volcano-tectonic depressions created by
the eruption, which often collects an intra-caldera lake (Heiken et al.,
2000; Németh et al., 2009; Manville et al., 2009). The sedimentation into
intra-volcano shallow-water lacustrine basins would have be facilitated
(Fig. 17). The alternation of subaerial to shallow-water sedimentation
displayed by the alternation of Lf mS and csG is indicative of this
volcano-tectonic depressions, which could be also interpreted as imma-
ture marine depressions. Subaerial and subaqueous talus coarse-grained
up to finer grained turbidites (dsSt) and suspension deposits formed dur-
ing quiescent periods into lakes or pounds is also inferred (Bacon et al.,
2002). Silica-rich accumulations into shallow water basins (Chipera et al.,
2008; Manville et al., 2009) deriving from hydrothermal activity in a dy-
namic volcanic context is also thought to be responsible for the formation
of chert accumulation (Lf bChS). Post caldera uplifting (Fig. 17), resurgence
or central volcanism could also contribute to produce new sediments to be
reworked and transported. Fluvial erosion and reworking of primary de-
posits produced wide range of different sediments from localized cross-
bedded, well-sorted sand (Lf xsS) and gravel (Lf xsSG) beds to massive
clast-supported sand and gravel (Lf csGS, csG) and cobble (Lf csGC) de-
posits. Fluvial deposits occur throughout all successions, representing pe-
riods of stream and river reworking and re-establishment after an
eruptive phase (Zernack et al., 2011; Roverato et al., 2017). Debris-flows,
hyperconcentrated flows, sheet-floods and active sandy braided river sys-
tems existed and the absence of vegetation during the Precambrian
(Oberholzer and Eriksson, 2000; Roverato et al., 2017) permitted that co-
pious rainfalls easily reworked the available sediments.

11. Conclusion

This study is the result of the lithofaciological analysis carried out dur-
ing the 2013, 2014 and 2015 field campaigns in the Amazon Craton in the
TMP and SFX regions and the successive geochemical and geochronolog-
ical analysis of samples collected in the field. This work constitutes a fur-
ther step ahead toward the comprehension of significance,
chronostratigraphic distribution and the dynamic of eruption and em-
placement of felsic volcanic products in the region. Our results complete
previous studies and confirm that products present in the Amazonia Cra-
ton could be related either to caldera-type systems (e.g. Lamarão et al.,
2002; Juliani et al., 2005; Lamarão et al., 2005; Pierosan et al., 2011) and
to fissure-fed eruptive environment following the model proposed by
Aguirre-Diaz and Labarthe-Hernández (2003) for the “Sierra Madre Occi-
dental” formation and by Juliani and Fernandes (2010) for the Xingu re-
gion. The two models are in fact very similar only differing for the size
of the hypothesized magma chambers and the shape of the fissural
vents. Thedescribedvolcano-sedimentary sequences thatwere character-
ized by the emission of large volcanic felsic productswere likely formed in
a late-/post-orogenic (~2 Ga) to extensional regimes (~1.88 Ga).
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Fig. 17. Peleogeographic reconstruction of the fissural and calderic volcanic activity during the Late-Paleoproterozoic in the southern part of the Amazonian craton. In the foreground is
shown a section of a caldera and a post-caldera ignimbrite uplift that could facilitate the production of new sediments to be reworked and transported. The rising magma could form
sporadic intra-caldera domes and volcanic centers as also shown in the background calderas. Reworked sediments can accumulate into volcano-tectonic depressions, which often
collects intra-caldera lakes. In the background a fissure-fed volcanism is the responsible of the emission of lava flows and/or high-grade to rheomorphic ignimbrites. Fluvial deposits
that occur throughout all successions represent periods of stream and river reworking. The area in punctuated by little scoria cones and maars that contribute to the amount of the
fragmental products well represented in the study regions.
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