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ABSTRACT
This paper reports the discovery of glacial deposits of likely Siderian–Rhyacian age (2.58–

2.06 Ga) in South America (Carajás Basin, Brazil), thereby expanding the potential reach 
of Paleoproterozoic glaciations to the Amazonian craton for the �rst time. Glacially derived 
diamictites are stacked within a hitherto unrecognized ∼600-m-thick siliciclastic succession, 
here named the Serra Sul Formation. Well-preserved textures, with evidence of glaciotec-
tonism and ice rafting, indicate deposition in a coastal subglacial to glacial-fed submarine 
fan system, in which the immediately underlying units (banded iron formation and volcanic 
rock) were the main source and bedrock. The Serra Sul diamictite may be correlated with 
any of the known Paleoproterozoic glaciations, or with none of them.

INTRODUCTION
Paleoproterozoic glaciations (ca. 2.45–2.22 

Ga; Rasmussen et al., 2013) are recorded in al-
most every continent, but they have not yet been 
reported in South America. These glaciations, 
also called the Huronian Glaciation Event (Tang 
and Chen, 2013), occurred at the time of the 
Great Oxidation Event (GOE), and it is suggest-
ed that they were triggered by the superconti-
nent breakups at the end of the Archean (Aspler 
and Chiarenzelli, 1998; Bleeker, 2003; Strand, 
2012). While some studies have argued that they 
may represent an early snowball Earth episode 
(e.g., Evans et al., 1997; Hoffman, 2013), oth-
ers have suggested that there may have been 
a series of more typical glaciations occurring 
at different times and in different places (e.g., 
Young, 2014).

In the Carajás Basin, Amazonian craton 
(Brazil), intervals of matrix-supported breccia 
were previously reported as a particular rock 
of the Serra Sul succession, and considered a 
Neoarchean magnetite-rich breccia of the low-
ermost banded iron formation (BIF) unit (Ca-
bral et al., 2013). Strangely, these rocks were 
never described in the Neoarchean succession 
(Grão-Pará Group), which is generally docu-

mented as a set of ca. 2.75 Ga BIF and ma�c 
to felsic volcanic rock (Trendall et al., 1998) 
affected by Cu-Au mineralization at ca. 2.57 Ga 
(Tallarico et al., 2005). This was partially due to 
the lack of an accurate stratigraphic framework 
for the Carajás Basin that has caused several 
units to be neglected, misinterpreted, or even 
overestimated.

The initial investigation of structures and 
textures from drill cores revealed that the strata 
of the Serra Sul succession are inverted. This is 
generally observed on the borders of the Carajás 
Basin that were deformed by regional folds asso-
ciated with the latest tectonic event that affected 
the area, the Transamazonian cycle at ca. 2.0 
Ga (Machado et al., 1991). In fact, the breccia 
intervals occur within a siliciclastic succession 
hitherto unrecognized in the basin, hereafter 
formally named the Serra Sul Formation. This 
formation unconformably overlies the Neoar-
chean units and unconformably underlies the 
siliciclastic deposits of the Águas Claras For-
mation of ca. 2.06 Ga (Mougeot et al., 1996), 
suggesting Paleoproterozoic (2.58–2.06 Ga) age 
constraints (Fig. 1).

In this study, based on a detailed descrip-
tion of well-preserved delicate primary textures 
throughout the Serra Sul Formation (see Items 
DR1 and DR2 in the GSA Data Repository1), 

we attempted to resolve this issue by producing 
sedimentological and stratigraphic evidence that 
helps to identify the origin of these breccia. 
The results provide important evidence of the 
paleoenvironmental conditions on the Amazo-
nian craton in the early Paleoproterozoic.

MATERIALS AND METHODS
A sedimentological and stratigraphic study 

based on detailed descriptions of drill cores 
from throughout the Serra Sul Formation was 
undertaken. To cover as much of the lateral 
stratigraphic information as possible, detailed 
measured sections were taken throughout an 
∼600-m-thick succession from drill cores lo-
cated in three different areas of the Carajás Ba-
sin (a, b, and c in Fig. 1; see Items DR3, DR4, 
and DR5). For each of these areas, a simpli�ed 
sedimentary log was created and organized in 
the north-south section toward the basin dep-
ocenter (Fig. 2). Small samples (up to 10 cm 
long) were collected from the drill cores, and 
polished thin sections were made in order to ver-
ify the microstructures and compositions of the 
diamictite matrices and clasts. Scanning electron 
microscope (SEM) analyses were performed to 
investigate the microtextures on quartz grain 
surfaces. For this analysis, small pieces of core 
(n = 2) were gradually broken and quartz grains 
(n = 100) were randomly selected, then �xed in 
an electrically conductive carbon double-stick 
tape, coated with gold, and imaged using sec-
ondary electrons at the Geological Survey of 
Brazil (Belém).

RESULTS
Foliated to Massive Diamictite Facies 
Association

The association of foliated to mas-
sive diamictite facies comprises diamictite *E-mail: raphaelneto@ufpa.br

1GSA Data Repository item 2019397, complete set of core-based sedimentary logs, borehole locations, table of lithofacies, and supplementary �gures, is available 
online at http://www.geosociety.org/datarepository/2019/, or on request from editing@geosociety.org.
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interbedded with thin beds of black shale (as 
much as 3 m thick). There are uninterrupted in-
tervals of diamictite, 150 m thick, in the strati-
graphic section (Fig. 2, log a; see Item DR1). 
The diamictite has a foliated matrix that tends 
toward a massive aspect. The BIF and ma�c 
to felsic volcanic-subvolcanic rock clasts vary 
in size from pebbles to boulders, and vary in 
shape from angular to well rounded. Faceted, 
�attened, rotated, boudinaged, sheared, and 
lens-shaped clasts are widespread (Figs. 3A 
and 3B; see Item DR6). Fractures occur pref-
erentially along the borders of clasts and rarely 
cross-cut them; they are even found perpendic-
ular to the foliation and �lled with quartz and 
dolomite. In some clasts, the in�ection of the 
foliation resulted in the development of asym-
metrical and symmetrical pressure shadows. 
The �ne-grained and dark-colored matrix is 
composed of micrometer-scale fragments (up 
to 100 μm) of quartz and magnetite, and the 
alignment of these two minerals de�nes the 
foliation (Fig. 3C). Isolated bullet-shaped and 
boulder-sized clasts occur in black shale beds, 
sandwiched by diamictite intervals (Fig. 3D).

Rhythmite Facies Association
Another facies association found within the 

Serra Sul Formation is composed of only rhyth-
mite that constitutes a monotonous succession 
as much as 300 m thick at the base of the strati-
graphic section (Fig. 2, logs b and c; see Items 
DR2 and DR7). The rhythmite is composed of 
intercalated normally graded, �ne-grained sand-
stone and mudstone stacked into �ning-upward 
cycles as much as 10 cm thick; the lithological 
contact is generally marked by soft-sediment 
deformation structures and rip-up clasts.

Conglomerate-Sandstone-Rhythmite-
Diamictite Facies Association

Conglomerate and sandstone interbedded 
multiple times with rhythmite and diamictite 
compose the �nal facies association observed 
in this study (Fig. 2, log b; see Item DR2). 
Normally graded to massive conglomerate and 
sandstone are stacked into 0.30–30-m-thick �n-
ing-upward cycles. In the stratigraphic section, 
they reach uninterrupted intervals of as much as 
150 m thick. In sandstone, the grains are mainly 
composed of iron chert. Conglomerate clasts are 
angular to well-rounded fragments of BIF, iron 
chert, and volcanic rock ranging from pebble 
to cobble size, with cross-laminae and planar 
laminae weakly developed. Clast- to matrix-
supported conglomerate has a sandy to granular 
matrix (Fig. 3E; see Item DR8). Rhythmite and 
diamictite occur interbedded with one another. 
The massive diamictite reaches as much as 10 m 
thick and consists of a mud-rich matrix in which 
pebble- to cobble-sized and angular to well-
rounded BIF, iron chert, and volcanic rock clasts 
occur scattered. Isolated pebble-sized clasts 
occur with high dip angles and deformed un-
derlying laminae (Fig. 3F), and coarse-grained 
clasts are mound forming in concave-down beds 
(Fig. 3G). Faceted clasts, including elongated 
pentagonal ones, also occur scattered within the 
muddy matrix (Figs. 3H and 3I; see Item DR9). 
Fractures, steps, and grooves occur on quartz 
grain surfaces (Fig. 3J; see Item DR10).

DISCUSSION
Diamictite Textures: Tectonic versus 
Sedimentary

The observation that foliated diamictite 
is restricted to certain beds and that it occurs 

interlayered with massive diamictite and black 
shale beds indicates an intrastratal deformation 
at the time of deposition, and the coeval occur-
rence of deformed and preserved clasts in the 
same interval suggests a highly heterogeneous 
deformational setting (e.g., Menzies, 2012; Bus-
�eld and Le Heron, 2013, 2018). The observa-
tion that fractures are restricted to the borders 
of the clasts and rarely cutting them, are prefer-
entially oriented perpendicular to foliation, and 
are �lled with quartz and dolomite that replaced 
the original matrix minerals indicates that these 
structures were formed during sedimentation 
and subsequently in�lled by secondary minerals.

Similar to the interpretation of Cabral et al. 
(2013), our observations indicate that the perva-
sive deformation fabric present in some diamic-
tite intervals is derived from synsedimentary 
deformation, certainly linked to subglacial 
mechanisms, rather than tectonic deformations. 
The observation in drill cores that the succession 
is only tilted and that no shear bands are present 
strengthens this hypothesis, as does the fact that 
no evidence of metamorphism was recorded in 
the thin section. Ultimately, the occurrence of 
well-preserved delicate microtextures such as 
steps, striations, and fractures on the surfaces of 
quartz sand grains con�rms that the Serra Sul 
diamictite is unmetamorphosed or was meta-
morphosed to a very low grade (cf. Machado 
et al., 1991; Pinheiro and Holdsworth, 1997).

Data Interpretation and Model
The occurrence of foliated to massive 

diamictite with faceted, fractured, �attened, 
sheared, boudinaged, and rotated clasts with 
pressure shadows suggests that these rocks were 
formed in subglacial environments and recorded 
primary ice-contact sedimentation (i.e., tillite), 
where high strain rates led to progressive de-
formation (Menzies et al., 2006; Bus�eld and 
Le Heron, 2013, 2018; Le Heron et al., 2017). 
The quartz- and magnetite-rich matrices of these 
diamictites suggest that they were derived from 
a rock �our produced by intense abrasion of the 
bedrock. The observation that volcanic rock and 
BIF clasts penetrate, puncture, and deform the 
underlying laminae of mudstone suggests that 
these clasts are dropstones. The occurrence of 
beds composed of coarse-grained clast mounds 
surrounded by �ne-grained sediments further 
suggests that these beds are dumpstone (i.e., 
rock formed from the melt-out of debris con-
tained in �oating dirt-laden icebergs; Thomas 
and Connell, 1985).

The large number of faceted clasts embedded 
in mudstone beds, some of which have elon-
gated pentagonal shapes and high dip angles, 
indicates that they were dropped over a muddy 
substrate and associated with rapid burial by �ne 
sediments without subsequent reworking. Simi-
larly, the fairly common occurrence of faceted 
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clasts sandwiched by mudstone indicates a hy-
drodynamically incongruent sedimentary setting 
(Le Heron, 2015; Le Heron et al., 2017). The 
grooves observed on the surfaces of the quartz 
grains are straight, parallel, and V-shaped, sug-
gesting that they are striations produced by 
glacial erosion (Whalley and Krinsley, 1974; 
Mahaney et al., 1996; Immonen, 2013). On 
the other hand, the rhythmic centimeter-scale 
intercalation between �ne-grained sandstone 
with normal gradation and mudstone suggests 
deposition by low-density turbidity currents, 
and the meter-scale intercalations of massive 
to normally graded conglomerate and sandstone 
suggests deposition by the types of high-density 
turbidity currents associated with submarine fan 
systems (Pickering et al., 2015).

A glacially in�uenced coastal to marine 
system is envisaged as the depositional envi-
ronment that accommodated the sediments of 
the Serra Sul Formation (Fig. 4). This system 
was developed over and supplied by bedrock 
mainly composed of Neoarchean BIF and vol-
canic rock belonging to the Grão-Pará Group. 
This hypothesis is strongly supported by the 
observation that quartz and magnetite compose 
the matrices of subglacial diamictite, and by the 
fact that BIF, iron chert, and volcanic rock are 
the main constituents of the clasts. The surface 
that separates the Serra Sul deposits from the 
Neoarchean strata represents a great unconfor-
mity that may be used for correlation inside and 
outside the basin. Ice overloading on the con-
tinent, combined with the lateral expansion of 
glaciers, promoted high rates of deformation of 
the bedrock. This was likely strengthened by the 
presence of a previously formed regolith cover 
that greatly favored the glaciotectonic deforma-
tion and had a composition similar to that of 
the bedrock. Short-lived marine transgressions 
into the continent associated with the retreat of 
glaciers may explain the occurrence of black 
shale beds repeatedly interbedded with subgla-
cial diamictite at the base of coastal deposits.

In the marine setting, submarine fan systems 
were washed and supplied by glacial meltwater, 
which promoted the resedimentation of glacio-
genic debris in deep waters. The simultaneous 
release of ice-rafted debris (IRD) from icebergs 
in distal waters and deposition of �ne-grained 
particles generated massive diamictite beds with 
dropstones and dump structures. The alternation 
of sedimentation by submarine fan systems and 
ice rafting explains the multiple intercalations of 
IRD-bearing diamictite and sandy and/or con-
glomeratic facies that is observed throughout 
the succession (Fig. 2, log b). Although gravity-
�ow deposits constitute a greater part of the suc-
cession, IRD-bearing intervals of glaciogenic 
diamictite are sharply distinct. The interbed-
ding of these deposits testi�es to subaqueous 
sedimentation within the basin. The similar 
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composition of clasts in the subglacial (Fig. 2, 
log a) and debris-�ow diamictite (Fig. 2, logs 
b and c) suggests a genetic correlation between 
these environments and that the debris-�ow 
deposits are glaciogenic (e.g., Le Heron et al., 
2017). The thick beds of rhythmite at the base 
of the succession (Fig. 2, logs b and c) suggest 
a prolonged sedimentation by low-density tur-
bidity currents in the deepest parts of the basin, 
although the absence of IRD-bearing intervals 
in these deposits does not necessarily indicate 
ice-free conditions (e.g., Le Heron, 2015).

Ultimately, the depositional system hypoth-
esized for the Serra Sul Formation is similar to 
those interpreted for Paleoproterozoic glacia-
tions worldwide (e.g., Miall, 1985; Chen et al., 
2019). The Serra Sul succession represents the 
�rst large-scale siliciclastic sedimentation after 
the predominantly chemical sedimentation that 
characterized the Neoarchean of the Carajás Ba-
sin. Compared to the Neoproterozoic Sturtian 
glaciation, in which iron formation was depos-
ited simultaneously with diamictite in sub–ice 
shelf settings (Lechte and Wallace, 2016), the 
deposition of diamictite in the Serra Sul system 
was completely decoupled from the deposition 
of the BIF. Although the expressive rift-related 
volcanism of the Carajás Basin represented by 
the Grão-Pará Group (Olszewski et al., 1989; 
Martins et al., 2017) may be related to the break-
up of the southern supercontinent at the end of 
the Archean, and may have also been one of the 
triggers of Serra Sul glaciation, this volcanic 
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(scanning electron microscope image).
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event predates by nearly 200 m.y. (2.75–2.58 
Ga) the onset of this cooling episode.

CONCLUSIONS
A core-based sedimentological and strati-

graphic investigation in the Carajás Basin 
(Brazil) revealed the occurrence of likely Side-
rian–Rhyacian (2.58–2.06 Ga) glacial strata 
within a succession hitherto unrecognized, 
newly named the Serra Sul Formation. We 
suggest that Amazonia underwent glaciation 
in the early Paleoproterozoic, which may or 
may not be correlated with any of the known 
Paleoproterozoic glaciations. The Serra Sul 
diamictite represents the �rst reported occur-
rence of Paleoproterozoic glacial deposits in 
South America, expanding the potential reach 
of glaciations of this time period to the Ama-
zonian craton for the �rst time.
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A B S T R A C T

In this study, we propose a new stratigraphic framework for a well-preserved Paleoproterozoic succession of the
Carajás Basin (Amazonian craton) in northern Brazil. A core-based facies analysis is coupled with a critical
review of previous data on this succession. We are proposing that the studied succession, which was previously
considered as a single lithostratigraphic unit called the Águas Claras Formation, consists of two different for-
mations of Paleoproterozoic age (~2.37–2.06 Ga). The lower formation, which is composed of ~250-m-thick
mudstone strata locally enriched with manganese, is formally proposed here and is designated as the Azul
Formation, referring to the Azul mine, in which the type-section is described. The overlying Águas Claras
Formation is redefined as a stratigraphic unit composed exclusively of an ~800-m-thick succession of sandstone
and conglomerate strata. The contact between these two formations is an easily recognizable surface; thus, these
formations can be accurately mapped and distinguished within the basin. We suggest that the Azul and Águas
Claras formations are the stratigraphic record associated with a transgressive‒regressive sequence, in which
these formations are limited one from the other by a maximum flooding zone. The Azul Formation was deposited
during a marine transgression related to the latest incursion of the Azul sea towards the Carajás protocontinent.
On the other hand, the overlying Águas Claras Formation was deposited in a fluvial system that developed
during a period of marine regression. Whereas the marine transgression may have been influenced by the de-
glaciation occurred aftermath the Siderian–Rhyacian Serra Sul glaciation, the subsequent marine regression was
triggered, at least in part, by uplifting related to the Transamazonian cycle (~2.0 Ga). In addition to our results
shed new light on the Carajás Basin evolution, they support the hypothesis that the Azul and Águas Claras
formations can be correlated with other Paleoproterozoic successions worldwide, mainly those registered in
ancient landmasses that amalgamated and later formed the Columbia supercontinent during the Paleo-to
Mesoproterozoic.

1. Introduction

The accurate reconstruction of the stratigraphic architecture of
Paleoproterozoic successions and their paleoenvironmental interpreta-
tion are key in investigating the important geological events that oc-
curred during that time interval. Among them, what stands out is the
emergence of an oxygenated atmosphere at ~2.45 Ga (Bekker et al.,
2004), the onset of the Great Oxidation Event (GOE; Holland, 2002),
which was accompanied by paleoclimatic changes that culminated in a
protracted cooling episode, generally named the Huronian Glacial
Event at ~2.45–2.2 Ga (Tang and Chen, 2013; Young, 2014). Deposits
resulting from these events are recorded in sedimentary basins that are
scatteredly exposed in cratonic areas around the Earth. In the cratons,
most basins are located in preserved segments from the global-scale

tectonic deformation that occurred between ~2.1 and 1.8 Ga linked to
the Columbia supercontinent assembly (Zhao et al., 2004).

In the Carajás Basin of the eastern Amazonian craton (Brazil), sili-
ciclastic deposits attributed to the Águas Claras Formation are exposed
immediately above the glaciogenic diamictite strata of Paleoproterozoic
age (~2.58–2.06 Ga) that are grouped into the Serra Sul Formation
(Araújo and Nogueira, 2019). Although the Águas Claras Formation has
already been the object of stratigraphic and sedimentological studies
(Docegeo, 1988; Nogueira, 1995; Nogueira et al., 1995; Costa, 2017;
Araújo and Sousa, 2018), its stratigraphy remains controversial. Ac-
cording to previous work (e.g., Nogueira et al., 1995; Costa et al., 2005;
Costa, 2017; Araújo and Sousa, 2018; Araújo and Nogueira, 2019), the
Águas Claras Formation consists of various lithologies, some containing
manganese deposits. Nogueira et al. (1995) proposed that the Águas
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Claras Formation was deposited in various sedimentary environments,
ranging from continental and coastal to marine.

The concentration of several mineral deposits in the Carajás Basin
has motivated intense exploratory drilling, which has resulted in the
large-scale sampling of the volcano-sedimentary succession that infills
the basin. Although this basin was deformed during the ~2.0 Ga
Transamazonian tectonic cycle (Cordani et al., 1984; Machado et al.,
1991; Tavares et al., 2018), the most important recent tectonic event
that the basin experienced, its stratigraphy is extensively preserved.
Furthermore, delicate primary features are well preserved (Araújo and
Nogueira, 2019). In that context, an investigation of the Águas Claras
Formation from drill cores is crucial for the reconstruction of the in-
ternal architecture and facies distribution of this unit within the Carajás
Basin.

In this study, we carried out a core-based facies analysis of the
Águas Claras Formation in order to define in a more detailed fashion its
stratigraphy and understand the variations in the depositional en-
vironment with time. Our new data provide new insights into the se-
dimentary evolution of the Carajás Basin, allowing us to correlate some
of them with global-scale events that occurred during the
Paleoproterozoic. Our results suggest that the studied succession con-
sists of two formations: an older unit named the Azul Formation and
defined for the first time in this study, and the overlying Águas Claras
Formation that we redefine according to our new observations. Such
lithostratigraphic units were deposited during distinct times of evolu-
tion of the Carajás Basin and record important paleoenvironmental
changes that occurred in this part of the Amazonian craton.

2. Geological setting

The Carajás Basin, also known as the central sigmoid of Carajás
(Araújo et al., 1988; Araújo and Maia, 1991; Pinheiro, 1997; Pinheiro
and Holdsworth, 1997; Holdsworth and Pinheiro, 2000), is situated in
the eastern portion of the Amazonian craton in northern Brazil (Fig. 1).
This basin is located in the Carajás block, which along with the Tran-
sition subdomain and Rio Maria block constitutes the Carajás province
(Dall’Agnol et al., 1997, 2006; Althoff et al., 2000). The basement of the
Carajás Basin comprises ~2.85 Ga Mesoarchean igneous and meta-
morphic rocks, which include granite and gneiss of tonalite–-
trondhjemite–granodiorite (TTG) type, belonging to the Xingu Complex
(Machado et al., 1991). Besides that, the Pium Diopside-Norite Complex
which comprises norite, gabbro and diorite of ~3.0 Ga (Pidgeon et al.,
2000) and the Chicrim-Cateté orthogranulite unit are considered by
many authors (Araújo and Maia, 1991; Vasquez et al., 2008b) to be part
of the basement assembly of this basin as well.

The limits of the Carajás Basin are difficult to establish. During the
Transamazonian cycle that took place at ~2.0 Ga (Cordani et al., 1984;
Machado et al., 1991; Macambira et al., 2009; Tavares et al., 2018), a
large part of the Carajás Basin was segmented into different compart-
ments that present a complex history of deformation and meta-
morphism. Currently, the Carajás Basin is limited by the Bacajá block to
the north and by the Transition subdomain to the south (Dall’Agnol
et al., 2006; Feio et al., 2013). The ~1.88 Ga Carajás granite and dike
swarms (Machado et al., 1991; Teixeira et al., 2018a, 2018b;
Giovanardi et al., 2019) cross-cut the Carajás Basin, post-dating the
deposition within the basin.

One of the crucial problems regarding the stratigraphy of this basin
is related to the diversity of stratigraphic proposals, some of which
designate the same set of rocks using different names (e.g., Docegeo,
1988; Araújo et al., 1988; Araújo and Maia, 1991; Pinheiro, 1997;
Tavares et al., 2018). Araújo and Nogueira (2019) proposed that the
volcano-sedimentary succession of the Carajás Basin is composed from
the base to the top of the following: the Grão-Pará Group (Parauapebas,
Carajás, and Igarapé Bahia formations), Serra Sul Formation, Águas
Claras Formation and Gorotire Formation (Fig. 2). The oldest unit of the
basin, according to these authors, is represented by the Parauapebas

Formation, which encompasses a pile ~2–3-km-thick of felsic to mafic
volcanic rocks dated at ~2.75 Ga (Gibbs et al., 1986; Wirth et al., 1986;
Olszewski et al., 1989; Gibbs and Wirth, 1990; Trendall et al., 1998a;
Macambira, 2003; Zucchetti, 2007; Cabral et al., 2013; Martins et al.,
2017).

The overlying Carajás Formation contains banded iron formation
(BIF) strata with a thickness of ~250–300 m (Cabral et al., 2013),
which an origin linked to biomats was attributed to its deposition
during the Neoarchean (Luz and Crowley, 2012). The BIF deposits are
overlain by a set of volcanic and volcaniclastic rocks, as well as sub-
ordinate deep-water marine turbidite strata belonging to the Igarapé
Bahia Formation (Dreher, 2004; Dreher et al. 2005, 2008; Tallarico
et al., 2005; Galarza et al., 2008). Although this unit has been con-
sidered as a group by some authors (e.g., Docegeo, 1988; Machado
et al., 1991; Dreher et al., 2005), we follow in this work the strati-
graphic framework proposed by Araújo and Nogueira (2019), who
defined this unit as a formation. The mafic volcanic rocks of the Igarapé
Bahia Formation have an age of ~2.74 Ga (Tallarico et al., 2005) and
Cu–Au mineralization age of ~2.74 Ga (Galarza et al., 2008) as well,
indicating that these events were coeval. This Cu–Au mineralization
was remobilized at ~2.57 Ga, suggesting that a tectonic and/or a hy-
drothermal event may have occurred at this age (Tallarico et al., 2005).

The Grão-Pará Group is overlain in unconformity by siliciclastic
rocks ~600 m in thickness, of the Serra Sul Formation. This formation
is composed of subglacial and marine diamictite interbedded with
mudstone and black shale strata of Siderian–Rhyacian age
(~2.58–2.06 Ga; Araújo and Nogueira, 2019). Above these glaciogenic
deposits, siliciclastic deposits of the Águas Claras and Gorotire forma-
tions occur. The Gorotire Formation, which comprises a set of con-
glomerate and sandstone strata deposited in an alluvial to the fluvial
system (Beisiegel et al., 1973; Araújo et al., 1988; Pinheiro and
Holdsworth, 1997; Pinheiro, 1997; Nascimento and Oliveira, 2015),
presents a maximum depositional age of ~2.0 Ga (Pereira et al., 2009;
Justo et al., 2018).

The Águas Claras Formation consists of a set of mudstone, siltstone,
sandstone, and conglomerate that crops out in the central part of the
Carajás Basin and is commonly folded and faulted as a result of de-
formation and very low-grade metamorphism (Araújo et al., 1988;
Pinheiro, 1997). These rocks are known for hosting the Azul manganese
deposits, which include claystone, siltstone, and fine-grained sandstone
with shale partings rich in organic matter, oxides, and hydroxides of
manganese, marl and manganesiferous carbonate (Costa et al., 2005;
Costa, 2017). Due to the Águas Claras Formation being so hetero-
geneous, a wide range of depositional environments was interpreted,
such as marine to coastal, braided fluvial, meandering fluvial, fluvial/
aeolian and lagoonal to deltaic (Barbosa et al., 1966; Beisiegel et al.,
1973; Hirata et al., 1982; Figueiras and Villas, 1984; Ramos et al., 1984;
Gibbs et al., 1986; Docegeo, 1988; Macambira et al., 1990; Araújo and
Maia, 1991).

Nogueira et al. (1995), studying outcrops of the Águas Claras For-
mation along the Bahia road, redefined the Águas Claras Formation and
divided it into two members. The Lower Member comprises marine
platform deposits, which transitionally grade stratigraphically upward
into the Upper Member that consists dominantly of sandstone and
conglomerate deposited in a coastal to fluvial system. Additionally,
Nogueira et al. (1995) interpreted this succession as the result of up-
ward shallowing, which caused the progradation of the fluvial system
on the coastal and platformal deposits.

3. Materials and methods

A core-based stratigraphic and facies analysis was undertaken in
this study. The drill cores were made available by Vale S.A., a mining
company situated in Parauapebas county in northern Brazil. This
company has a vast collection of cores drilled during the last several
decades of mineral exploration of the region. The studied drill cores
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varied in depth from ~150 m to ~1009 m. They were selected in order
to encompass as great a lateral variation as possible. In general, we
selected those cores which were as lithologically heterogeneous as
possible and in which lithological contacts may be recognized.
Additionally, we correlated the core-based logs obtained from this
study with previously studied outcrops within the Carajás Basin
(Table 1; Supplementary Table A1).

The selection of these outcrops was strategic as well, as they help to
improve the stratigraphic resolution of the succession. They include the
outcrops in the Igarapé Bahia mine described in Docegeo (1988), those
along the Bahia road described in Nogueira et al. (1995), those in the
Azul mine described in Araújo and Sousa (2018), and the ones observed
in the drill core FD-706 described in Costa (2017). Whereas no samples
were collected from the previously studied outcrops, small pieces of
rock were sampled from the drill cores investigated in this study, and
petrographic analysis was performed to improve the field description.
The thin sections were prepared and analyzed in the Laboratory of
Petrography of the Federal University of Pará (Institute of Geoscience),
Belém, Brazil.

The facies analysis followed the methodology proposed by Walker
(1992, 2006), which requires that the paleoenvironmental reconstruc-
tion of a sedimentary unit should be carried out from the detailed study
of the sedimentary facies, a full understanding of the depositional
processes, and the identification of genetically related sets of facies,

which must be subsequently organized in facies associations that reflect
different depositional systems. Accordingly, the facies were interpreted
mainly based on the lithology that constitutes them and the sedimen-
tary processes were interpreted through the structures and textures
observed in the different lithofacies. The key surface was identified and
interpreted with respect to their depositional significance from the
stratigraphic definitions based on the Sequence Stratigraphy concepts
presented in Embry (2002).

4. Results

4.1. The newly defined Azul Formation

In this study, we are proposing that the two members of the Águas
Claras Formation may both be elevated to the category of formation,
thereby constituting two different formations, which are limited one
from the other by a stratigraphic surface that may be mapped
throughout this basin. The lower formation is being formally proposed
in this study, and was designated as the Azul Formation. This formation
encompasses rhythmite deposit ~250–300-m-thick, in which manga-
nese-bearing mudstone occurs subordinately interlayered. Similarly,
the Águas Claras Formation is being redefined herein as well. We pro-
pose that this formation encompasses only sandstone and conglomerate
deposits ~800–850-m-thick stacked in meter-scale fining-upward

Fig. 1. Map of study area. (a) South America map showing the location of the Amazonian craton and the Carajás province in northern Brazil. (b) Carajás province
map showing the location of the Carajás Basin in the Carajás block. (c) Geological map of the Carajás Basin showing the location of study area. Modified from Vasquez
et al. (2008a). The areas in which the Azul and Serra Sul formations occur were based on data presented in Nogueira et al. (1995) and Araújo and Nogueira (2019),
respectively. The lithostratigraphic units investigated in this study are highlighted.
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Fig. 2. Stratigraphy of the Carajás Basin, Amazonian craton, Brazil (modified from Araújo and Nogueira, 2019). Geochronological data compiled from: 1—Machado
et al. (1991); 2—Martins et al. (2017); 3—Trendall et al. (1998a); 4—Galarza et al. (2008); 5—Tallarico et al. (2005); 6—Araújo and Nogueira (2019); 7—Justo et al.
(2018); 8—Mougeot et al. (1996b); 9—Pereira et al. (2009); 10—Giovanardi et al. (2019). The data of mass-independent sulfur isotope fractionation (MIF-S) was
compiled from: 11—Cabral et al. (2013); 12—Fabre et al. (2011). The age of Transamazonian cycle was based on data presented in Cordani et al. (1984) and
Macambira et al. (2009). The chronostratigraphic column was adapted from Cohen et al. (2013). The significance of geochronological and geochemical data is
discussed in the text.

Table 1
Summary of drill cores and outcrops investigated in this study.

Type of occurrence Name Thickness Location Lithostratigraphic units Reference

Drill core ALV8-FD06 ~1009 m Igarapé Bahia mine area Igarapé Bahia and Águas Claras formations This study
Drill core AN10-DH0001 ~201 m Bahia road area Azul Formation
Drill core AN10-DH0002 ~204 m Bahia road area Azul and Águas Claras formations
Drill core MNA-FD-1096 ~208 m Azul mine area Azul Formation
Drill core MNA–FH–0933 ~150 m Azul mine area Azul Formation
Drill core ITA-GT-58-FD0002 ~316 m Bahia road area Azul and Águas Claras formations
Outcrop Bahia mine ~30 m Igarapé Bahia mine area Igarapé Bahia and Águas Claras formations Docegeo (1988)
Outcrop Bahia road ~300 m Bahia road area Azul and Águas Claras formations Nogueira et al. (1995)
Drill core FD-706 ~100 m Azul mine area Azul Formation Costa (2017)
Outcrop Azul mine ~60 m Azul mine area Azul and Águas Claras formations Araújo and Sousa (2018)
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cycles, which occur above the Azul Formation.
The type section of the Azul Formation was defined within the

homonymous mine, in which these deposits occur well exposed both in
outcrops along the mine pit and in drill cores from the base of this mine
(Fig. 3). Thus, the type section of this formation corresponds to the
composite profile of the Azul mine. Although we choose this name to
designate the Azul Formation, obviously this lithostratigraphic unit is
not restricted to the limits of this mine. On the other hand, the type
section of the Águas Claras Formation is maintained along the Bahia
road, as previously defined by Nogueira et al. (1995).

The proposition of the Azul Formation as a formal lithostratigraphic
unit of the Carajás Basin is appropriate for several reasons and can be
justified as follows: 1) The Azul Formation encompasses a set of rocks

(rhythmite and mudstone) starkly contrasting with the Águas Claras
Formation rocks (sandstone and conglomerate); 2) The Azul Formation
constitutes a thick deposit that may be mapped separately from the
Águas Claras Formation throughout the Carajás Basin, both surface and
subsurface; 3) The manganese deposits that are strictly hosted in the
Azul Formation are a distinctive feature of this unit, which makes this
formation unmistakable vis-à-vis the adjacent units, and; 4) This new
stratigraphic framework simplifies the stratigraphy of the Carajás Basin,
allowing these formations to be widely correlated with other units
within and outside the basin.

4.2. Stratigraphy and sedimentology of studied succession

4.2.1. General aspects
The siliciclastic succession investigated in this study is approxi-

mately 1100-m-thick (Fig. 4). This succession encompasses mudstone,
sandstone, tuffaceous sandstone, and conglomerate strata belonging to
the Azul and Águas Claras formations. The succession is intruded by
gabbroic dikes up to ~30-m-thick, which cross-cut the succession in-
distinctly. We defined five lithofacies to these formations, which were
subsequently arranged into two distinct facies associations. The lower
facies association belongs to the Azul Formation, while the upper be-
longs to the Águas Claras Formation (Table 2). These facies associations
are limited by a stratigraphic surface that may be observed in almost all
cores studied and in the reevaluated outcrops of the Azul and Águas
Claras formations. This stratigraphic surface may be mapped in several
parts of the basin, and represents the contact between these formations,
presenting in some sections an abrupt feature and in others a transi-
tional one.

On the other hand, neither the basal contact of the Azul Formation
nor the top contact of the Águas Claras Formation was observed. In
some places (e.g., drill core ALV8-FD06 and Igarapé Bahia mine out-
crop), the Águas Claras Formation deposits occur above the volcanic
rock of the Igarapé Bahia Formation, which shows its typical features
such as amygdaloidal and aphanitic textures and greenish colors.

In general, the succession is greyish to black colored. The black to
grey colors result from the occurrence of organic matter and oxides/
hydroxides of manganese, while the green color is mainly due to
chloritization. This last mineral alteration is possibly related to the
percolation of fluids associated with hydrothermal events. The hydro-
thermalism partially altered the primary mineralogy of the rocks,
causing the less resistant minerals to be replaced by hydrothermal
mineral phases, mainly chlorite and silica. Importantly, although the
succession is tilted and faulted, these aspects did not hinder the facies
analysis, and the primary textures and structures are well preserved.

4.2.2. Facies associations
4.2.2.1. Facies association 1 (FA1): offshore deposits

4.2.2.1.1. Description. The first facies association described in this
study belongs to the Azul Formation, occurring at the base of the
studied succession, and was designed as Facies Association 1 (FA1). In
the stratigraphic succession, this facies association comprises a
monotonous interval ~200-m-thick (Fig. 4). In the study area, it
extends laterally in the order of kilometers and comprises rhythmite,
mudstone, and sandstone lithofacies (Fig. 5; Table 2). Rhythmite is the
dominant lithofacies of this facies association and is constituted by
intercalation between normally graded sandstone and mudstone,
stacked in millimeter-to centimeter-scale fining-upward cycles. Soft-
sediment deformation structures, such as convolute laminations, load
clasts, ball-and-pillow, and flame structures are widespread, being in
contact between sandy and muddy laminations.

Mudstone and sandstone beds occur subordinately. Mudstone beds
are up to ~10-m-thick and display even-parallel lamination and mas-
sive bedding. Manganese-enriched intervals occur locally in rhythmite
lithofacies. Fine-to medium-grained sandstone generally shows a mud-
rich matrix, and the quartz grains are rounded-to well-rounded and

Fig. 3. Type section of Azul Formation, which may be described in the Azul
mine, showing its sedimentological and stratigraphic stacking pattern.
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well-to moderately sorted. Sandstone beds are up to ~6-m-thick, in
which even-parallel lamination, climbing ripple cross-lamination, in-
trinsically interwoven cross-lamination, pinch-and-swell structure, and
hummocky cross-stratification are recurrent. In these beds euhedral
pyrite occurs finely disseminated, varying from ~0.5 to ~2.5 mm in
size.

4.2.2.1.2. Interpretation. The lateral distribution of rhythmite and
mudstone facies in order of kilometers, as well as the great thickness of
these deposits indicate that these were sedimented in a well-developed,
extensive, mud-dominated, and low energy environment. These
sedimentological features strongly suggest that the Azul sediments
were deposited in the offshore zone of a marine setting, which was
partially connected with a coastal environment influenced by tidal and
wave processes. This interpretation is strongly supported by the data
presented in several previous studies (e.g., Nogueira et al., 1995;
Pinheiro, 1997; Araújo and Sousa, 2018; Costa, 2017). Moreover, the
interpretation of these sediments having been deposited in a marine
environment is strengthened by the fact that primary manganese
deposits are widespread in ancient marine deposits, mainly those
Paleoproterozoic in age (e.g., Sekine et al., 2011; Dasgupta et al.,
1992; Roy, 1997, 2006).

The rhythmite facies was interpreted as turbiditic deposits. This
facies is generally pointed out as the diagnosis of an offshore zone in
marine deposits (Stow et al., 1996). They originated from the passage of
low-density turbidity currents, with the predominance of suspension
and subordinate traction at the bottom of the marine basin (Lowe,
1982). The alternation between normally graded sandstone and mud-
stone stacked in millimeter-to centimeter-scale fining-upward cycles

strongly suggests that these deposits correspond to the Td and Te divi-
sions of Bouma (1962), respectively. These deposits may be correlated
to the fine-grained turbidite deposits of Stow et al. (1996), which cor-
respond to T0‒T8 intervals of Stow (1979) and to E1‒E3 intervals of
Piper (1978). In this sense, the sandstone beds could match the Tb and
Tc divisions of Bouma (1962). It is hypothesized that these turbidity
deposits were deposited below the storm wave base as well. During
periods of expansion of the marine basin, thick deposits of turbidity
were deposited on the seafloor. Similarly, manganese precipitated as
oxides during marine transgression, when upwelling currents promoted
the maximum circulation of oxygenated waters into the basin (Roy,
1997, 2006).

The synsedimentary deformation structures were interpreted as
possibly having originated from hydroplastic adjustments of water-sa-
turated horizons (Lowe, 1975, 1976). The sandstone beds, which occur
intercalated with rhythmite and mudstone beds, originated possibly
during the passage of predominantly unidirectional currents at the
bottom of the basin, associated with rapid sedimentation and upward
fall in flow energy. Besides, the poorly observed internal lamination in
such sandstone facies is possibly related to the low granulometric
contrast of the sediments (De Raaf et al., 1977). The occurrence of
wave-generated structures at some intervals indicates that eventually
oscillatory flows reworked sediments, linked possibly to recurrent
fluctuations at the base level. Similarly, the occurrence of hummocky
cross-stratification in these strata strongly suggests the action of storm
waves on the marine platform (Cheel and Leckie, 1993; Dumas and
Arnott, 2006).

Fig. 4. Stratigraphic correlation between studied drill cores and outcrops in Azul and Águas Claras formations. Numbers and letters to right of the columns
correspond to photos in Figs. 5 and 6.
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4.2.2.2. Facies association 2 (FA2): braidplain deposits
4.2.2.2.1. Description. The second facies association described in

this study, belonging to the Águas Claras Formation, occurs at the top of
the succession and was designated as Facies Association 2 (FA2). In the
stratigraphic succession, this facies association occurs overlying the
FA1 deposits and comprises a thick interval of ~800-m-thick (Fig. 4). In
the study area, this facies association extends laterally in the order of
dozens of kilometers and encompasses sandstone, conglomerate, and
tuffaceous sandstone lithofacies (Fig. 6; Table 2). Sandstone and
conglomerate are the dominant lithofacies, which occur stacked in
centimeter-to meter-scale (~0.3–3-m-thick) fining-upward cycles. The
sandstone facies are fine-to coarse-grained, showing massive bedding,
even-parallel stratification, planar cross-bedding, and trough cross-
bedding. The grains are sub-to well-rounded and well-to poorly
sorted, and composed mainly by quartz and chert.

The conglomerate facies is massively to incipiently cross-bedded,
occurring at the base of fining-upward cycles. This lithofacies show an
erosive base as an intrinsic feature and graded toward the top to
sandstone lithofacies. The clasts are predominantly composed of chert,
jaspilite, and BIF fragments. They vary from ortho-to para-
conglomerate, and the matrix is granular to sandy, in which well-
rounded pebbles occur embedded. Tuffaceous sandstone and mudstone
lithofacies occur subordinately in this facies association. The former
comprise beds up to ~8-m-thick, in which altered feldspar grains
(chloritized) and fine tuff laminations occur repeatedly interbedded
with sandy laminations. Mudstone facies on the other hand comprise
beds up to ~20-cm-thick, which occur interbedded with sandstone
strata close to the top of fining-upward cycles. Pyrite, finely dis-
seminated, occurs in these strata as well.

4.2.2.2.2. Interpretation. The occurrence of conglomerate beds with
erosive base, repeatedly interbedded with sandstone facies, stacked in
meter-scale fining-upward cycles, strongly suggests that these deposits
occurred in a braidplain environment. The occurrence of sandstone
with planar cross-bedding and trough cross-bedding indicates a
predominance of migration of sinuous-crested bars (3D) and straight-
crested bars (2D) under unidirectional flow in lower flow regime
(Lindholm, 1987; Collinson, 1996; Tucker, 2003; Miall, 2006). The
massive texture of this facies probably originated through rapid
deposition, or alternatively due to the destruction of primary
structures by soft-sediment deformation process (Lowe, 1975;
Hjellbakk, 1997; Tucker, 2003; Miall, 2006). In turn, the occurrence
of conglomeratic facies showing incipient cross-bedding and normal
grading suggests rapid deposition from high-energy traction currents in
lower flow regime, associated with high rates of water discharge and
sediment concentration under unidirectional flow.

The migration of longitudinal bars is suggested by the occurrence of
incipient cross-bedding, associated with sediments having a granulo-
metric contrast and/or as a result of variations in the flow energy in the
fluvial channels (Steel and Thompson, 1983; Collinson, 1996; Miall,
2006). These facies suggest that sandy to conglomeratic bars deposited
in the fluvial channels were constantly reworked by variations in flow
energy on the braidplains. The recurrent fining-upward cycles con-
sisting of sandy and conglomeratic beds, combined with the absence of
floodplain muddy facies, indicate the predominance of bedload and the
high rate of sediment influx in the filling of channels in the fluvial plain.
Such characteristics are consistent with the fluvial system of the
braided type, which had been the predominant fluvial system in Pre-
cambrian times.

These systems comprise a network of shallow, broad, inter-
connected and unconfined channels, with high rates of fluvial erosion
and migration favored by the existence of easily erodible margins due
to the absence of vegetation and because of poorly developed soil
(Miall, 1977, 1981; Long, 1978, 2004; Bhattacharyya and Morad, 1993;
Hjellbakk, 1997; Eriksson et al., 1998, 2004; Bose et al., 2012). The
occurrence of tuffaceous sandstone facies in this facies association is
interpreted as events of subaerial pyroclastic flow that occurredTa
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relatively close to the fluvial system. On the other hand, the lack of
fragments of lapilli, blocks, or bombs suggests distal sedimentation
(Fisher, 1961; McPhie et al., 1993; Orton, 1996), which was dominated
by the deposition of sand-sized grains and ash-fall.

5. Discussions

5.1. Re-evaluating outcrops and units of the Carajás Basin

Historically, the correlation between outcrops and drill cores that
extend through the Azul and Águas Claras formations has always been
hindered by the failure to recognize and correlate key surfaces and
stratigraphic horizons in these lithostratigraphic units. In this study,
based on the stratigraphic proposal presented, it was possible to un-
dertake a re-evaluation of outcrops and units of the Carajás Basin. The
reinterpretation of these units and outcrops provides important in-
formation on the lateral variation of facies and facies associations and
allows the establishment of a more exhaustive stratigraphic framework
for the studied succession. The stratigraphic framework observed in
these outcrops is quite similar to that observed in drill cores in-
vestigated in this study.

In the Igarapé Bahia mine, Docegeo (1988) described a thick
package >1 km (in thickness) of volcano-sedimentary and pyroclastic
rocks interbedded with subordinate amounts of rhythmite and BIF
strata, which was named as the Grota do Vizinho Formation. According
to this author also, the Grota do Vizinho Formation is overlain by
~100-m-thick sandstone deposits, which was named as the Sumidouro
Formation. These two formations would belong to a single unit, called
the Igarapé Bahia Group. In our reevaluation of this outcrop in the
Igarapé Bahia mine, the Grota do Vizinho Formation is correlative to
the Igarapé Bahia Formation (sensu Araújo and Nogueira, 2019),
whereas the Sumidouro Formation is correlative to the newly redefined
Águas Claras Formation. The stratigraphic framework observed in the
Igarapé Bahia mine is similar to that observed in the drill core ALV8-
FD-06 described in this study (Fig. 4).

As mentioned previously, at the outcrops along the Bahia road,
Nogueira et al. (1995) described the Águas Claras Formation as being
constituted of two members, in which the mud-dominated Lower
Member grades up into the sand-dominated Upper Member. In this
study, we are elevating these members to the formation category, in
which the Lower Member is correlative to the Azul Formation, and the
Upper Member is correlative to the Águas Claras Formation. Therefore,

Fig. 5. Sedimentological features of the Facies Association 1 (FA1) representative of offshore deposits belonging to the Azul Formation of the Carajás Basin
(Amazonian craton, Brazil). (a) Rhythmite facies showing intercalation between normally graded sandstone and mudstone stacked in centimeter-scale fining-upward
cycles. Disseminated pyrite (arrow) occurs in sandy laminations. (b) Rhythmite facies showing a complete fining-upward cycle, in which a bed of wave-generated
cross-laminated sandstone (arrow) is sandwiched by mudstone intervals. (c) Rhythmite facies showing a centimeter-scale sandy interval in which current-generated
cross-lamination enriched with manganese may be observed (arrow). (d) Thin section photomicrograph (cross-polarized light, 10 × ) of rhythmite showing a contact
observed at the base of millimeter-scale fining-upward cycle between plane-parallel laminated mudstone (arrow) and normally graded to matrix-supported sandstone
(arrow). (e) Thin section photomicrograph (cross-polarized light, 10 × ) of gabbro from a dike, intrusive in the Azul and Águas Claras formations, showing an
intensely altered (arrow) primary mineralogy (chloritization).
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along the Bahia road, both the Azul and Águas Claras formations are
exposed, and may be mapped on the surface and subsurface. The stra-
tigraphy observed at these outcrops correlates to the stratigraphy ob-
served in drill cores AN10-DH001 and AN10-DH002 described in this
study (Fig. 4).

Macambira et al. (1990) and Macambira (2003) proposed the names
Igarapé Cigarra and Igarapé Boa Sorte formations respectively to refer
to the units that occur immediately above the BIF strata of the Carajás
Formation. In this study, we correlate the Igarapé Cigarra Formation to
the Igarapé Bahia Formation and the Igarapé Boa Sorte Formation with
the Azul Formation. We opted to use the latter designations instead of
others, considering that the Igarapé Cigarra and Igarapé Boa Sorte
formations are not formally proposed units and that these designations
are rarely used in the literature. Importantly, in this study we did not
observe the contact between the Igarapé Bahia and Azul formations.

Araújo and Sousa (2018) presented the measured stratigraphic
profile of the Azul mine. They attributed the entire profile to the Águas
Claras Formation. In this study, we correlate the lower unit, which hosts
manganese-enriched mudrock strata, with the Azul Formation, whereas
the upper unit, which comprises a set of sandstone and conglomerate
strata, is correlated with the Águas Claras Formation. The stratigraphy
observed in the Azul mine is similar to that observed in the drill cores
MNA-FD-1096, MNA–FH–0933 and ITA-GT58-FD0002 described in this
study. Furthermore, the stratigraphy observed in the core FD-706
(Costa, 2017) is similar to that observed in the Azul mine (Fig. 4).

5.2. Reassessing the depositional age of the Azul and Águas Claras
formations

One of the main challenges in the study of Precambrian terranes,
especially those Archean-Paleoproterozoic in age, is determining the
depositional age of sedimentary rocks. This problem persists in the
Carajás Basin, too. The most reliable method for dating Precambrian
sedimentary rocks is the U–Pb geochronology of zircon in intercalated
volcanic rocks (Rasmussen and Fletcher, 2010). Although the Águas
Claras and Azul formations have been the subject of several geochro-
nological studies using this methodology (U–Pb zircon dating), most of
these studies dated detrital zircon grains, which yielded only prove-
nance ages (e.g., Dias et al., 1996; Araújo and Sousa, 2018; Justo et al.,
2018). The absence of synsedimentary volcanic rocks has been hin-
dering the accurate dating of these formations, causing the depositional
age of these formations to remain controversial. Whereas some previous
authors argued that these units were deposited during the Neoarchean
(e.g., Docegeo, 1988; Araújo et al., 1988; Dias et al., 1996; Nogueira
et al., 1995; Pinheiro, 1997), some others have suggested that they
were deposited during the Paleoproterozoic (e.g., Fabre et al., 2011;
Tavares et al., 2018; Araújo and Sousa, 2018; Araújo Filho, 2018;
Araújo and Nogueira, 2019). A Neoarchean age was proposed mainly
based on the results obtained from the dating of ~2.6 Ga dike swarms
that cross-cut these formations (Dias et al., 1996; Mougeot et al.,
1996a). In this study, we support a Paleoproterozoic age for the Azul
and Águas Claras formations (Table 3). This interpretation is
strengthened by considerable geological evidence, as well as by several

Fig. 6. Sedimentological features of the Facies Association 2 (FA2) representative of braidplain deposits belonging to the Águas Claras Formation of the Carajás Basin
(Amazonian craton, Brazil). (a) Trough cross-bedding conglomerate (arrow) observed at base of meter-scale fining-upward cycles, tending to sandstone facies toward
the top. (b) A coset of cross-stratified sandstone showing trough cross-bedding from two perspectives, oblique and perpendicular from bottom to top (arrows). (c)
Massive and planar cross-bedded sandstone upward stacked (arrows). (d) Intervals of tuffaceous sandstone (arrows) repeatedly interbedded with medium-to coarse-
grained sandstone. (e) Thin section photomicrograph (cross-polarized light, 10 × ) of sandstone showing quartz grains (arrow) varying from medium-to coarse-sand
in size. (f) Thin section photomicrograph (cross-polarized light, 10 × ) of tuffaceous sandstone showing an intensely altered (arrow) primary mineralogy (chlor-
itization).
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counter-arguments which militate against an Archean age for these
formations, as we discuss below.

Firstly, some recent studies based on U–Pb dating of monazite grains
from the dike swarm cutting the Azul and Águas Claras formations
yielded different ages for these dikes at ~1882, ~535 and ~200 Ma
(Giovanardi et al., 2019). These results show that some dikes may be
younger than previously supposed. Besides that, the zircon grains dated
from these dikes may be inherited from the country rock. This hy-
pothesis is strongly supported by the observation that some studies
documented a younger zircon population age for these country rocks of
~2.6 Ga (Trendall et al., 1998a; Araújo and Sousa, 2018). In other
words, if we admit that these ~2.6 Ga intrusive gabbroic rocks do not
present any evidence of having been emplaced simultaneously with
sedimentation (i.e., produced by a magmatic activity coeval with de-
position)—for instance the occurrence of peperites which form typically
when magma is emplaced in a water-saturated recently deposited se-
diment (Skilling et al., 2002)—it is unlikely that they would cross-cut
country rocks that present a maximum depositional age coincident at
~2.6 Ga.

Secondly, although the age of ~2.68 Ga obtained by Trendall et al.
(1998a) from dating sandstone of the Águas Claras Formation has been
interpreted as corresponding to the age of an event of syndepositional
volcanism associated with these sedimentary rocks, due to the nearly
unweathered zircon appearance, this aspect does not sustain this in-
terpretation. Alternatively, the occurrence of these unweathered zircon
grains may be justified by the fact that they may be sourced from a rock
close to the depositional site. Furthermore, the lack of any evidence of
weathering in detrital zircons (e.g., edge pits and leached margins) may
have resulted from the short time lag between source rocks’ exposure
and subsequent sediment deposition, as noted by Fabre et al. (2011).
Therefore, the occurrence of unweathered zircon grains of ~2.68 Ga in
age in these rocks does not necessarily indicate a sedimentation age at
that time period but must only be interpreted as being the maximum
depositional age.

Thirdly, some recent studies based on detrital zircon dating from the
Azul and Águas Claras formations have pointed, even in small amounts,
to concordant Paleoproterozoic ages for some zircon grains. Justo et al.
(2018), for example, dated detrital zircon grains from mudstone of the
Azul Formation and sandstone of the Águas Claras Formation and the
analyzed grains return ages of ~2.37 and ~2.79 Ga respectively for the
youngest detrital zircon population of these formations. This age of
~2.37 Ga may be used to indicate the maximum depositional age of the
Azul and Águas Claras formations.

Fourthly, disseminated euhedral pyrite in sandstone beds from the
Águas Claras Formation yielded a Pb-model age of ~2.06 Ga (Mougeot,
1996; Mougeot et al., 1996b). Although some authors interpreted these
pyrites as epigenetic, and suggest that this age is related to hydro-
thermalism, possibly by emplacing of intrusive gabbroic dikes (e.g.,
Mougeot et al., 1996b; Dias et al., 1996), other authors have interpreted
these pyrites as being diagenetic (e.g., Fabre et al., 2011). Anyway,
whether these pyrite grains were formed by hydrothermalism or

diagenesis, the pyrite age post-dates the deposition of the country rock.
Therefore, the age of ~2.06 Ga may be interpreted as a minimum de-
positional age for the Azul and Águas Claras formations.

Fifthly, the data of mass-independent sulfur isotope fractionation
(MIF-S) from pyrite embedded in black shale and sandstone strata of the
Serra Sul and Azul formations show Δ33S values near zero, suggesting
an oxygenated atmosphere at the time of deposition (Fabre et al.,
2011). Although Cabral et al. (2017) interpreted this same result as
being caused by endogenic effects and used this explanation to counter-
argue the interpretations discussed in Fabre et al. (2011), the black
shale intervals analyzed by Cabral et al. (2017) are positioned at the
base of the Serra Sul Formation (Fig. 2). Therefore, the occurrence of
minimal MIF-S in both deposits strongly suggests an oxygenated at-
mosphere-hydrosphere system at the time of deposition, and an age
younger than ~2.45 Ga for these deposits, or post-GOE (Bekker et al.,
2004; Kump, 2008). Furthermore, these results are compatible with a
syn-to post-glacial scenario in the aftermath of the Paleoproterozoic
Serra Sul glaciation.

Sixthly, the expressive manganese deposits of the Azul Formation
have been correlated to other similar deposits worldwide (e.g., Fabre
et al., 2011; Gauthier-Lafaye et al., 2010), such as the Franceville Group
(Congo Craton), the Transvaal Supergroup (Kaapvaal Craton) and the
Magondi Supergroup (Zimbabwe Craton), which are typically of Pa-
leoproterozoic age (Bonhomme et al., 1982; Gauthier-Lafaye and
Weber, 2003; Tsikos et al., 2003; Gauthier-Lafaye et al., 2010; Master
et al., 2010; Maynard, 2010; Fabre et al., 2011; Dubois et al., 2017).
Furthermore, manganese oxides and hydroxides require a high redox
potential to precipitate, and the presence of a highly oxidizing en-
vironment, conditions that occurred only after the GOE (Kopp et al.,
2005; Sekine et al., 2011).

5.3. Similarities between the Azul and Águas Claras formations and other
Paleoproterozoic successions worldwide

The stratigraphic architecture observed in the Carajás Basin is very
similar to other Archean-Paleoproterozoic volcano-sedimentary basins
which occur in the interior of some ancient landmasses, such as the São
Francisco, Congo, Pilbara and Kaapvaal cratons (Fig. 7; Bonhomme
et al., 1982; Cheney and Winter 1995; Alkmim and Marshak, 1998;
Catuneanu and Eriksson, 1999; Martin, 1999; Coetzee, 2001; Ossa
et al., 2013; Rasmussen et al., 2013; Van Kranendonk et al., 2015;
Farina et al., 2016; Dopico et al., 2017; Caquineau et al., 2018). Al-
though an accurate correlation between the succession of the Carajás
Basin and the successions that occur in these basins is difficult to assess,
stratigraphic and sedimentological similarities between these succes-
sions strongly suggest that they are at least partly correlated.

These similarities may be explained to an extent by these basins
being located within ancient landmasses which were close to each other
at the time of deposition. It is suggested that these masses were as-
sembled to construct the Columbia supercontinent in the Paleo-to
Mesoproterozoic at ~2.1–1.8 Ga (Zhao et al., 2004; Teixeira et al.,

Table 3
Summary of main geochronological data used to constrain the depositional age of Azul and Águas Claras formations.

Formation Lithology Age (Ma) Method Mineral Significance Constraints Reference

Carajás granite A-type granite 1880 ± 2 U–Pb Zircon Crystallization age Minimum depositional age Machado et al. (1991)
Dike swarms Gabbro 1882 ± ? U–Pb Baddeleyite Crystallization age Minimum depositional age Giovanardi et al. (2019)

Gabbro 2645 ± 12 Pb–Pb Zircon Crystallization age No constraint Dias et al. (1996)
Gabbro 2708 ± 37 U–Pb Zircon Crystallization age No constraint Mougeot et al. (1996a)

Águas Claras Formation Sandstone 2778 ± ? U–Pb Zircon Detrital zircon age Maximum depositional age Mougeot et al. (1996a)
Sandstone 2681 ± 5 U–Pb Zircon Detrital zircon age Maximum depositional age Trendall et al. (1998a)
Conglomerate 2609 ± 7 U–Pb Zircon Detrital zircon age Maximum depositional age Araújo and Sousa (2018)
Sandstone 2060 ± ? Pb–Pb Pyrite Hydrothermalism or diagenesis age Minimum depositional age Mougeot et al. (1996b)
Sandstone 2796 ± 36 U–Pb Zircon Detrital zircon age Maximum depositional age Justo et al. (2018)

Azul Formation Mudstone 2373 ± 4 U–Pb Zircon Detrital zircon age Maximum depositional age Justo et al. (2018)
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2007). Therefore, it is plausible that they share similar stratigraphic and
sedimentological features, as they have evolved somewhat simulta-
neously, despite having been influenced by regional and/or local
events. The main similarities that we find between the succession of the
Carajás Basin and these other successions that occur in these basins are:

1) In the Carajás Basin, the Serra Sul, Azul, Águas Claras, and Gorotire
formations constitute a thick siliciclastic succession, which occurs
above the Neoarchean BIF strata and volcanic rocks (Fig. 2). In these
other cratons as well, the BIF units appear to be restricted to the
base of the successions, although thin layers are observed to be in-
terbedded with siliciclastic beds. Besides, in some of these cratons,
glacial diamictite strata linked to the Paleoproterozoic Huronian
Glaciation Event have already been documented. In the Carajás
Basin, these strata were recently noticed and attributed to the
Siderian–Rhyacian Serra Sul Formation (Araújo and Nogueira,
2019). Although these authors interpreted that the Serra Sul gla-
ciation may be correlated with any of the known Paleoproterozoic
glaciations, or with none of them, a possible correlation between the
Serra Sul glaciation and the Huronian Glaciation Event should not
be disregarded;

2) The manganese deposits observed in the Azul Formation show si-
milarities to other occurrences of this metal, especially in the oc-
currences described in the Franceville Basin of the Congo Craton
(Gauthier-Lafaye et al., 2010; Fabre et al., 2011; Araújo and Sousa,
2018). These manganese-enriched strata are generally positioned

above the glaciogenic horizons, similar to what is observed in the
Carajás Basin. This stratigraphic pattern resulted from the dramatic
emergence of oxygen at ~2.45 Ga, which was followed by the pa-
leoclimatic recovery aftermath of these protracted refrigeration
episodes, causing the acceleration of GOE (Sekine at al., 2011).
These paleoenvironmental and paleoclimatic changes allowed the
large-scale precipitation of manganese in the stratified marine basin
during Paleoproterozoic (Roy, 2006). A similar scenario is envisaged
for the deposition of manganese in the Carajás Basin, as previously
admitted (e.g., Gauthier-Lafaye et al., 2010; Fabre et al., 2011;
Costa, 2017; Araújo and Sousa, 2018);

3) The thick package of sandstone and conglomerate observed at the
top of these successions, which in the Carajás Basin is represented by
the Águas Claras and Gorotire formations, strongly suggests a
tending to continentalization of these deposits, related to the uplift
of the landmasses as a result of Columbia amalgamation (c.f. Rogers,
1996; Rogers and Santosh, 2002). The Gorotire Formation, which
was described as a set of sandstone and conglomerate strata con-
taining lithic fragments that include sandstone, gneiss, BIF, plutonic
and volcanic rocks and hydrothermalite (Nascimento and Oliveira,
2015), was possibly deposited during the last stages of sedimenta-
tion of the Carajás Basin. The coarse-grained nature of these deposits
and the low textural and compositional maturity of rocks, besides
the fact that these sediments were deposited in an alluvial fan to
fluvial setting at ~2.0 Ga (Pereira et al., 2009; Justo et al., 2018),
strongly support this interpretation.

Fig. 7. Stratigraphic comparison between the Carajás Basin (Amazonian craton, Brazil) and some basins located in other cratons worldwide. (a) Stratigraphic
columns of basins. Data compiled from: Carajás Basin (Araújo and Nogueira, 2019); Minas Basin (Dopico et al., 2017); Franceville Basin (Gauthier-Lafaye and Weber,
2003); Hamersley Basin (Tang and Chen, 2013; Caquineau et al., 2018); Transvaal and Griqualand West basins (Bekker et al., 2004; Rasmussen et al., 2013).
Geochronological data compiled from: 1—Machado et al. (1991); 2—Trendall et al. (1998a); 3—Mougeot (1996b); 4—Machado and Carneiro (1992); 5—Lana et al.
(2013); 6—Romano et al. (2013); 7—Noce et al. (2005); 8—Cabral et al. (2012); 9—Babinski et al. (1995); 10—Machado et al. (1996); 11—Bros et al. (1992);
12—Horie et al. (2005); 13—Thiéblemont et al. (2009); 14—Trendall et al. (1998b); 15—Muller et al. (2005); 16—Pickard (2003); 17—Hannah et al. (2004);
18—Schroder et al. (2016); 19—Walraven (1997); 20—Gumsley et al. (2017). (b) Paleogeographic reconstruction of Columbia supercontinent (modified from Zhao
et al., 2004) showing the different cratons in which the basins are located.
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Critically, although we establish stratigraphic and sedimentological
comparisons between these successions, a precise correlation between
them will only be possible with an accurate dating of these successions.
The dating of synsedimentary volcanic strata interbedded with silici-
clastic strata, similar to what has been described here, is crucial to
allow these precise correlations, as performed by Rasmussen et al.
(2013), who dated millimetric tuff layers interbedded with mudstone to
establish an intercontinental correlation between Paleoproterozoic
glaciogenic strata in the Transvaal and Pilbara cratons.

5.4. Sedimentary evolution and sequence stratigraphy

Based on the results achieved herein, we envisaged that the sedi-
mentary environments interpreted to the Azul and Águas Claras for-
mations are connected in an uninterrupted evolutive history, in which
they were deposited during distinct scenarios (Fig. 8). Initially, the Azul
sediments were deposited in an extensive marine platform, in which
manganese-enriched strata were coevally sedimented (FA1 deposits).
The occurrence of thick deposits of turbidite, interbedded subordinately
by sandstone with wave-generated cross-lamination, including

hummocky cross-stratification, strongly suggests that these sediments
were deposited in the offshore marine zone, eventually affected by
storm episodes.

Afterward, the marine environment was suddenly followed by the
installation of a fluvial braided system that accommodated the Águas
Claras sediments (FA2 deposits). The observation of these fluvial strata
shows that they constitute a thick deposit, extending laterally for
dozens of kilometers, strongly suggesting that the Águas Claras braid-
plain was extensive, well-developed, and possibly long-lived. Besides,
the occurrence of tuffaceous sandstone beds in these deposits (Fig. 6)
suggests small-scale volcanic episodes close to the fluvial system,
during which the pyroclastic material was reworked into the fluvial
channels.

It is probable that the Azul and Águas Claras formations were sup-
plied mainly by Meso-to Neoarchean granitic and volcanic rocks, which
include the Xingu and Grão-Pará lithostratigraphic units. This inter-
pretation is supported by petrographic results obtained in this study,
and by previously published data presented in several studies (e.g.,
Mougeot et al., 1996a; Anaisse Junior, 1997; Araújo and Sousa, 2018).

Regarding the sequence stratigraphy, the stratigraphic architecture

Fig. 8. Simple models showing the envisaged paleoenvironmental reconstruction of the Paleoproterozoic Azul and Águas Claras formations of the Carajás Basin
(Amazonian craton, Brazil), respectively. (a) Deposition of fine-grained sediments belonging to the Azul Formation in a marine basin during the last incursion of the
Azul sea onto the Carajás protocontinent. Manganese-enriched sediments were widely deposited in deep waters. (b) Deposition of coarse-grained sediments be-
longing to the Águas Claras Formation in an extensive fluvial braidplain. Tuffaceous sandstone strata were sparsely deposited within this formation.
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of the studied succession strongly suggests that the Azul and Águas
Claras formations are the stratigraphic record associated with a trans-
gressive–regressive sequence (Fig. 9). These formations are limited each
other by a maximum flooding zone, which in the field corresponds to
the stratigraphic surface. This surface marks a change in shoreline
trajectory, when transgression ends and regression begins, and takes
place in the waning phases of base-level rise, when the rate of sediment
supply begins to exceed the rate of base-level rise (Embry, 2002). On
the other hand, the abrupt contact between the Águas Claras and the
Igarapé Bahia formations observed in some cores (Fig. 4) resulted from
an extensive erosion promoted by the fluvial dynamic on the pre-fluvial
strata or simply as result of paleogeographic controls.

Accordingly, the Azul sediments were deposited during a trans-
gressive systems tract (TST), related to transgression of the Azul sea
into the Carajás protocontinent. We suggest that this marine incursion
was possibly triggered by the deglaciation occurred aftermath the Serra
Sul glaciation. The subsequent marine regression was accompanied by
installation of the Águas Claras fluvial system during a regressive sys-
tems tract (RST). This marine regression is interpreted as result of uplift
of the Carajás protocontinent during the Transamazonian cycle at
~2.0 Ga (Cordani et al., 1984; Macambira et al., 2009; Tavares et al.,
2018). This orogenetic cycle is intrinsically linked to the Columbia
supercontinent assembly at ~2.1–1.8 Ga (Zhao et al., 2004). The in-
version and deformation of the Carajás Basin was completed during the
collision of protocontinents, and finally by the emplacement of the
Carajás A-type granitoid at ~1.88 Ga (Machado et al., 1991).

6. Conclusions

A new stratigraphic framework for a siliciclastic succession of the
Carajás Basin (Amazonian craton, Brazil) is being proposed. This suc-
cession, which so far has been considered a single formation, the called
Águas Claras Formation, was subdivided here into two different units.
The lower unit which encompasses a set of rhythmite and mudstone
strata deposited in an offshore marine setting, in which manganese
occurs enriched, is being formally proposed in this study, and was
named as the Azul Formation. On the other hand, the upper unit cor-
respond to the redefined Águas Claras Formation, which occurs im-
mediately above the Azul Formation, encompassing a set of sandstone
and conglomerate strata deposited in a coastal to fluvial braided
system. The results achieved herein strongly suggest that these forma-
tions were deposited during the Rhyacian-Orosirian, more precisely
between ~2.37 and 2.06 Ga, in an oxygenated atmosphere, post-GOE.

In evolutive terms, the Azul and Águas Claras formations were in-
terpreted as a transgressive‒regressive sequence. In this sense, the Azul
sediments were deposited during the latest marine transgression of the
Azul sea towards the hinterland of the Carajás protocontinent. In stark
contrast, the Águas Claras sediments were deposited during the marine
regression, triggered by the uplift of the protocontinent caused by the
Transamazonian orogenetic cycle occurring at ~2.0 Ga. This con-
tinentalization tendency observed in this studied succession of the
Carajás Basin is observed in other Paleoproterozoic successions
worldwide as well, especially those that are recorded in ancient

Fig. 9. Summary of stratigraphic and paleoenvironmental interpretations obtained from this study for the Azul and Águas Claras formations of the Carajás Basin
(Amazonian craton, Brazil). The previously published geochronological data available are being re-positioned in the composite profile, according to the new
stratigraphy proposed herein.
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landmasses which were amalgamated and later formed the Columbia
supercontinent during the Paleo-to Mesoproterozoic.
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Figure DR1. Photograph of the drill core SSD-FD927 showing the contact (unconformity) 

between volcanic rock and BIF of the Neoarchean Grão-Pará Group and diamictite and black 

shale of the Serra Sul Formation (foliated to massive diamictite facies association). Arrows 

point to shale intervals that are interbedded with diamictite. The sedimentary structures 

indicate that the succession is stratigraphically inverted. 
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Figure DR2. Photograph of the drill core GT41-F13 showing the contact between the 

rhythmite facies association at the base, and conglomerate-sandstone-rhythmite-diamictite 

facies association at the top. Note that the stratigraphy is not inverted. 
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Table DR4. GPS coordinates of boreholes. 

#Area a 

Borehole Latitude Longitude Date of description 

SSD-FD00927 -6.38038850692 -50.3054460162 30th May 2018 

SSD-FD00672 -6.35261051256 -50.3521129974 30th May 2018 

 

#Area b 

Borehole Latitude Longitude Date of description 

GT-41-FURO-12 -6.30288813137 -50.16877829 30th November 2017 

GT-41-FURO-16 -6.2687212183 -50.2023896165 01th December 2017 

GT-41-FURO-13 -6.26927683397 -50.1357224653 30th November 2017 

GT-41-FD02 -6.25872118821 -50.1626670969 05th December 2017 

PKC-A43W-DH0003 -6.25149891073 -50.1735005029 13th November 2015 

 

#Area c 

Borehole Latitude Longitude Date of description 

ALM-ALMO-FD052 -6.02955267811 -50.6240591362 06th December 2017 

ALM-BREV-FD-99 -6.01816374201 -50.5935033509 21th June 2015 

ALM-BREV-FD-83 -6.00038584039 -50.6068367659 18th June 2015 

ALM-BREV-FD-37 -5.99871915223 -50.620170194 12th June 2015 
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Table DR5. Terrigenous lithofacies of the Serra Sul Formation. 

Lithofacies Description Processes 
Depositional 

environment 

Massive 

diamictite 

Unstratified and unsheared. 

The matrix is very poorly 

sorted and composed of 

micrometer-scale fragments 

of quartz and magnetite, and 

sometimes by mud. The 

clasts comprise chert, BIF-

derived grains, and volcanic 

rock fragments. The clasts 

vary from angular to well-

rounded. Faceted clasts occur 

widely. There are dropstones 

and dumpstones. 

Glacial erosion of 

the bedrock (BIF 

and volcanic 

rock); ice-rafted 

debris associated 

with sedimentation 

by suspension 

Subglacial coastal and 

marine setting 

Foliated 

diamictite 

Stratified and sheared. The 

matrix is very poorly sorted 

and composed of quartz and 

magnetite. Faceted, flattened, 

rotated, boudinaged, sheared, 

and lens-shaped clasts are 

widespread. The clasts are 

pebble to cobble-sized, vary 

in shape from very angular to 

rounded, and comprise chert, 

BIF-derived clasts, and 

volcanic rock fragments. 

Glacial erosion 

(rock flour) of the 

bedrock (BIF and 

volcanic rock) 

associated with 

glaciotectonic 

deformation 

Subglacial coastal 

Black shale Laminated and enriched in 

organic matter. Tabular 

geometry (inferred). 

Sedimentation by 

suspension 

associated with the 

preservation of 

organic matter 

Subglacial coastal 

Rhythmite Even parallel laminations. 

Composed of millimeter-

scale to centimeter-scale 

intercalated fine-grained 

sandstone and argillite. 

Sulfides are disseminated in 

the sandstone layers. Ball-

and-pillow, flame, and 

convolute laminations occur 

at facies contacts. Cross-

laminae occur locally in the 

sandstone beds. 

Regular alternation 

of sedimentation 

by traction and 

suspension; 

deposition by very 

low-density 

turbidite currents; 

plastic adjustments 

resulting in soft-

sediment 

deformation; 

starved ripples 

Basin floor (turbidite) 
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Conglomerate Unstratified to weakly cross-

stratified. Concave-up 

geometry (inferred). The 

clasts vary in size from 

pebbles to cobbles, 

subangular to well-rounded, 

and are composed of 

fragments of chert, BIF-

derived clasts, and volcanic 

rock. The matrix varies from 

sandy to granular. 

Deposition by 

high-density 

turbidity current 

Glaciogenic 

submarine fan 

Sandstone Massive to weakly cross-

stratified. Fine-grained to 

coarse-grained. The sand 

grains are composed of chert 

and quartz. Very well- to 

poorly sorted 

Deposition by 

high-density 

turbidity current 

associated with a 

decline in velocity 

Glaciogenic 

submarine fan 
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Figure DR6. Images of the main features observed in subglacial diamictite (foliated to 

massive diamictite facies association). A: Fractured and boudinaged clast of felsic volcanic 

rock (arrow). B: Augen clast of chert with a well-developed dispersion tail. C and C': 

Photomicrograph (plane polarized light, 5x) and line interpretation of foliated diamictite 

showing faceted and rotated chert clasts with an asymmetrical pressure shadow. D: Several 

tabular BIF clasts scattered randomly in a fine-grained matrix. E and E': Image and line 

interpretation of a faceted and rotated felsic volcanic rock (rhyolite) clast with an 

asymmetrical pressure shadow. F and F': Image and line interpretation showing a classical 

boudinaged chert clast immersed in a poorly sorted and fine-grained matrix. G: Porphyritic 

volcanic rock clast suspended in a fine-grained matrix. The coin is 2 cm in diameter. H: 

Sheared clast of mafic volcanic rock with an asymmetrical pressure shadow. I: Flattened and 

faceted clasts of chert and BIF (arrows). J: Flattened clasts of BIF and chert showing fractures 

along the borders (arrow). K: Mafic volcanic rock clast embedded in a dark-colored and fine-

grained matrix. L: Sheared clast of a BIF. M: Photomicrograph (cross-polarized light, 10x) 

showing a sheared chert clast with an asymmetrical pressure shadow composed of dolomite 

and quartz. N: Photomicrograph (plane polarized light, 10x) showing a micro-boudinaged 

chert clast. O: Faceted felsic volcanic rock with a pressure shadow exhibiting fractures 

perpendicular to foliation. The coin is 2 cm in diameter. 
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Figure DR7. Images of the main features observed in rhythmite (rhythmite facies association). 

A and A': Image and line interpretation showing centimeter-scale fining-upward cycles 

between sandstone with normal gradations and mudstone. B: Black shale interbedded with 

fine-grained sandstone with normal gradation (rhythmite). Soft-sediment deformation (e.g., 

ball-and-pillow and convolute lamination) is widely developed contact zone between these 

two lithotypes. Cross-laminae sandwiched by muddy beds (starved ripples) occur locally and 

sulfide occurs within the sandstone layers. C: Completely convoluted sandy bed above an 

undeformed muddy bed. D: Rhythmite showing sulfide (arrows) disseminated in beds of fine-

grained sandstone. E: Mud rip-up clasts (circles) in the base of a sandstone bed. F: 

Convoluted laminae. G: Syndepositional fault. H: Erosive contact between mudstone and 

sandstone showing flame (arrow) and curled mud flakes suspended at the base of the sandy 

bed (circles). I: Photomicrograph (plane polarized light, 5x) showing micrometer-scale fining-

upward cycles between sandstone with normal gradation and mudstone. J: Several mud rip-up 

clasts (arrows) suspended in a conglomerate bed. K: Photomicrograph (plane polarized light, 

5x) showing a mud clast deformed within a sandstone layer. 
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Figure DR8. Images of the main features observed in sandstone and clast-supported 

conglomerate (conglomerate-sandstone-rhythmite-diamictite facies association). A: Clast-

supported conglomerate with faceted volcanic rock clasts (arrow). B: Clast-supported 

conglomerate with rounded volcanic rock clasts above a mudstone bed. C: Rounded volcanic 

rock clast (arrow) showing punctuated contact with other clasts in a clast-supported 

conglomerate. D: Conglomerate bed with normal gradation (arrow). E: Rounded volcanic 

rock clast (arrow) embedded in a sandy/conglomeratic matrix. F-H: Photomicrographs (plane 

polarized light, 5x) showing chert, volcanic rock, and volcanoclastic rock clasts, respectively. 

I: Photomicrograph (cross-polarized light, 5x) showing different volcanic to subvolcanic rock 

clasts. J: Fining-upward cycle showing a conglomerate with normal gradation trending up-

section to massive sandstone. K: Mineralized mafic volcanic rock clasts (arrow) in a clast-

supported conglomerate. L-N: Clast-supported conglomerate showing BIF, iron chert, 

mineralized volcanic rock, and mafic to felsic volcanic/subvolcanic rock clasts. The coin is 2 

cm in diameter. 
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Figure DR9. Images of the main features observed in diamictite (conglomerate-sandstone- 

rhythmite-diamictite facies association). A: Clasts of mineralized volcanic rock (arrow), chert, 

and BIF suspended in a mud-rich matrix. Some faceted clasts are perfect elongated pentagons 

(boxes). B: BIF clasts, varying in shape from faceted to well-rounded (arrow), scattered in a 

mud-rich matrix. C-Cǋ and D-D': Images and line interpretations showing a dumpstone 

structure defined by mounds of coarse-grained clasts (arrows) of volcanic rock, chert, and BIF 

suspended in and sandwiched by mudstone beds. E: Chert and BIF clasts with high dip angles 

(arrows) suspended in a mud-rich matrix. F and G: Faceted chert clast (arrows) suspended in a 
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poorly-sorted mud-rich matrix. H-I: Clasts of chert, BIF and volcanic rock, sometimes faceted 

(arrows), randomly scattered in a muddy matrix. J-N: Photomicrograph (plane polarized light, 

5x) showing several faceted chert clasts in a poorly-sorted mud-rich matrix. 
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Figure DR10. Scanning electron microscope (SEM) images showing microtextures observed 

on very angular quartz sand grain surfaces: subparallel fractures (1), steps (2), conchoidal 

fractures (3), grooves (4), crushed surfaces (5), and smoothed surfaces (6). 
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