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The emplacement of Large Igneous Provinces (LIPs) during the Neoarchean is thought to have influenced the
Earth’s surface by modulating global climate and the supply of nutrients to the oceans. However, the links be-
tween Neoarchean LIPs and Earth’s surface changes are complex and not fully understood due to a lack of
sedimentological constraints documenting the relationships between magmatic activity and concomitant depo-
sitional environments. At ca. 2.75 Ga, the Amazonia Craton witnessed the emplacement of the Parauapebas LIP,
which is mainly composed of vesicular basalts and associated volcaniclastic rocks. The Carajas Formation
conformably overlies the basalts of the Parauapebas LIP. It comprises extensive iron formations (IFs) interbedded
with minor carbonate and volcaniclastic horizons, which were deposited in various shallow to deep-water set-
tings. Zircon U-Pb dating of volcaniclastic layers yielded ages between 2732 + 5 Ma and 2720 + 6 Ma, which
indicates that the volcanic activity continued 30-40 Myrs after the main peak in magmatic activity of the Par-
auapebas LIP. Above the Carajis Formation, the Igarapé Bahia Group consists mainly of terrigenous sediments
that are interleaved at their base with minor IFs. This group does not preserve evidence of contemporaneous
volcanic activity and comprises detrital zircon populations with ages between ca. 3.0 and 2.7 Ga. The few IFs
horizons at the base of the Igarapé Bahia Group could reflect a long-lasting hydrothermal activity linked with the
emplacement of the Parauapebas LIP. This LIP thus exerted a major control on depositional environments both in
space and time by favoring the deposition of IFs (e.g., in shallow to deep-water settings) during a period that
exceeded 30 Myrs.

1. Introduction (BIFs) around the world by enhancing submarine hydrothermal fluxes of

iron (Barley et al., 1997; Isley, 1995; Isley and Abbott, 1999; Viehmann

Emplacement of Large Igneous Provinces (LIPs) can cause large
modifications to the Earth’s surface environments (e.g., Wignall, 2005).
Neoarchean LIPs are of particular significance in that respect because
they are thought to have caused irreversible changes to the Earth’s at-
mosphere, hydrosphere and biosphere. In particular, Neoarchean LIPs
fueled the deposition of massive volume of banded iron formations

etal., 2015). However, the causal relationship between Neoarchean LIPs
and the evolution of the Earth’s surface environments remains poorly
understood and still a matter of debate due to a lack of detailed sedi-
mentological work documenting the links between magmatic activity
and the environmental conditions of deposition. This is in part due to a
lack of preservation of sedimentary units recording the aftermaths of
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Fig. 1. Location of the Carajas Basin. A. Main tectonic elements of South America (Cordani et al., 2016). B. Geological map of the Carajas Basin (Vasquez et al.,

2008). C. Location of the drill cores.

Neoarchean LIPs emplacement (Kump and Barley, 2007).

In the Amazonia Craton (Fig. 1A), the ca. 2.75 Ga Parauapebas LIP
has recently been documented in the Carajés area (Fig. 1B and C; Ros-
signol et al., 2022). This area hosts some one of the largest BIF deposits
worldwide (e.g., Konhauser et al., 2017). The main BIF deposits, forming
the bulk of the Carajas Formation (Fig. 2) occur stratigraphically closely
associated with the basalts of the Parauapebas LIP (e.g., Klein and
Ladeira, 2002). However, relationships between BIF deposition and the
Parauapebas LIP have not been considered. Iron deposits have also been
reported in younger sedimentary units from the Carajas area, including
the Igarapé Bahia Group (Fig. 2, Table 1), but the influence of the Par-
auapebas LIP on these BIFs remains to be evaluated. In addition, the
sedimentological context for the deposition of BIFs in the Carajas area is

poorly characterized and the depositional environments for these iron
formations has not been studied in detail. Although the age of the
Carajas IFs deposit is well defined at about 2.75 Ga (e.g., Trendall et al.,
1998) as deduced from abundant age constraints on the stratigraphically
associated basalts of the Parauapebas LIP, the duration of BIF deposition
is unknown. The lack of constraints on the duration of BIF deposition
makes any attempt to quantify the quantity of BIF that accumulated in
the Carajas area contentious, and very disparate estimates have been
proposed, ranging from >15 giga tons (Gt; Hagemann et al., 2016) to up
to 50,000 Gt (Konhauser et al., 2017).

This study provides a detailed characterization of the topmost basalts
of the Parauapebas LIP and the transition to the overlying Carajas For-
mation and Igarapé Bahia Group. We reconstruct of the depositional
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Table 1

Summary of age constraints for the main sedimentary units of the Carajas Basin.
Number in Dating method and interpretation Reference
Fig. 2

Parauapebas Formation

1 U-Pb dating on zircon grains extracted from a
metarhyolite: 2759 + 2 Ma.
Depositional age.

2 U-Pb dating on zircon grains extracted from a
metarhyolite: 2757 + 7 Ma.
Depositional age.

Carajas Formation

3 U-Pb dating on zircon grains extracted from an
intrusive sill: 2751 + 4 Ma.
Minimum depositional age.

4 U-Pb dating on zircon grains extracted from a

Machado et al.
(1991)

Trendall et al.
(1998)
Krymsky et al.
(2007)

Trendall et al.

probable tuff: 2743 + 11 Ma. (1998)
Depositional age.

Igarapé Bahia Group

5 Re-Os dating on molybdenite: 2627 + 11 Ma. Perell6 et al.
Minimum depositional age. (2023)

All uncertainties are given at the 2¢ level.

environments of these two sedimentary units and show that the Para-
uapebas LIP exerted a strong influence on nearby environments by
delivering large amounts of reduced iron leading to the deposition of
iron formations (IFs) in all depositional settings, from shallow to deep-
water environments. New U-Pb ages obtained on thermally annealed
and chemically abraded zircon grains by laser ablation - inductively
coupled plasma mass spectrometry (LA-ICPMS) show that the deposition
of IFs occurred over a period of at least 30-40 Myrs, which further
support the long-lasting impact of the LIP emplacement on nearby
sedimentary systems.

2. Geological setting
2.1. Regional context
The Carajas Basin is located in the Carajas Domain (Fig. 1B), which is

made up of polymetamorphic tonalitic to granodioritic gneisses and
migmatites with protolith ages of ca. 3080 Ma to ca. 3000 Ma (Machado
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L 11 N=34
2—8
= L
-2
2790 2770 2750 2730 2710 2690
Time (Ma)

Fig. 3. Frequency distribution of zircon U-Pb dates of rocks from the Para-
uapebas Large Igneous Province. Data source: Table 2. Bin width: 10 Ma.

et al., 1991; Moreto et al., 2015b; Pidgeon et al., 2000). The basement
was later intruded by tonalites, trondhjemites, and granodiorites (TTG)
between ca. 2960 Ma and ca. 2930 Ma (Feio et al., 2013), between ca.
2870 Ma to 2830 Ma (Feio et al., 2013; Machado et al., 1991; Moreto
et al., 2015b; Pidgeon et al., 2000), and at 2820 + 22 Ma (Feio et al.,
2013). A long-lasting tectono-thermal event identified by granitoid
emplacement and coeval hydrothermal activity occurred between ca.
2600 and 2450 Ma (Machado et al., 1991; Melo et al., 2017; Requia
et al., 2003; Tallarico et al., 2005; Toledo et al., 2019).

To the north, the Bacaja Domain is mainly made up of Rhyacian
granitoids intruded in a tonalitic basement with a protolith age of ca.
2670 Ma (Macambira et al., 2009). To the south the Rio Maria Domain
comprises Mesoarchean greenstone belts with komatiites (Siepierski and
Ferreira Filho, 2016) and TTG emplaced between ca. 2980 and ca. 2920
Ma (Almeida et al., 2013) and between ca. 2870 Ma and ca. 2860 Ma
(Almeida et al., 2013; Feio et al., 2013). The Rio Maria and the Carajas
Domain were accreted since the end of the Mesoarchean, between ca.
2.87 Ga and ca. 2.83 Ga. To the west, the Carajas Basin is overlain by
volcanic and volcaniclastic rocks of the Uatuma Supergroup of the ca.
1.88 Ga Uatuma Silicic LIP (Antonio et al., 2017, 2021) while the eastern
boundary of the basin is obliterated by the Neoproterozoic Araguaia Belt
(Fig. 1B).

At the end of the Neoarchean and during the Paleoproterozoic,
different tectonic events affected the basement and overlying sediments,
forming a WNW oriented strike-slip system (Pinheiro and Holdsworth,
1997; Tavares et al., 2018; Toledo et al., 2019). Major shear zones are
sealed by the ca. 1.88 Ga granitoids (Fig. 1C), and the Carajas Basin was
subjected to minor tectonic and magmatic events afterward (e.g.,
Tavares et al., 2018).

2.2. Parauapebas LIP

Around ca. 2.75 Ga, important mafic magmatism produced a 4-6 km
thick basaltic series forming the Parauapebas Formation (Fig. 3; Table 2;
Lacasse et al., 2020; Machado et al., 1991; Martins et al., 2017; Ols-
zewski et al., 1989; Toledo et al., 2019; Trendall et al., 1998; Wirth et al.,
1986). Because the Parauapebas Formation has been largely eroded, it is
difficult to assess the exact areal extent, but present-day outcrops and
inliers suggest that it covered a large part of the southeast Amazonia
Craton (Souza et al., 2020; Vasquez et al., 2008). Associated with the
basalts are layered ultramafic and mafic plutons, as well as A-type
granitoids (Feio et al., 2013; Machado et al., 1991; Mansur and Ferreira
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Table 2

Summary of reported ages from ultramafic, mafic and alkaline intraplate felsic rocks from the Parauapebas Large Igneous Province.
Rock type Rock unit Material Method Age Uncertainties Reference

(Ma) (20 level)

Plutonic rocks
Anorthositic gabbro Luanga Zircon U-Pb 2763 6 Machado et al. (1991)
Syenogranite Planalto Zircon U-Pb 2729 17 Feio et al. (2012)
Syenogranite Planalto Zircon U-Pb 2710 10 Feio et al. (2012)
Syenogranite Planalto Zircon U-Pb 2706 5 Feio et al. (2012)
Gabbro Planalto Zircon U-Pb 2735 5 Feio et al. (2012)
Gabbronorite Zircon U-Pb 2739 6 Moreto et al. (2015b)
Granite Sossego Zircon U-Pb 2740 26 Moreto et al. (2015b)
Granite Cural Zircon U-Pb 2739 4 Moreto et al. (2015b)
Syenogranite Planalto Zircon U-Pb 2738 3 Feio et al. (2013)
Syenogranite Planalto Zircon U-Pb 2730 5 Feio et al. (2013)
Trondjhemite Pedra Branca Zircon U-Pb 2750 5 Feio et al. (2013)
Granodiorite to syenogranite Igarapé Gelado Zircon U-Pb 2763 4 Melo et al. (2017)
Granitoid Zircon U-Pb 2741 5 Moreto et al. (2015a)
Granitoid Zircon U-Pb 2745 4 Moreto et al. (2015b)
Granite Bom Jesus Zircon U-Pb 2739 9 Borba et al. (2021)
A-type granite Planalto Zircon U-Pb 2739 19 Borba et al. (2021)
A-type granite Serra do Rabo Zircon U-Pb 2743 2 Sardinha et al. (2006)
Enderbite Café Zircon U-Pb 2730 7 Marangoanha et al. (2019a)
Enderbite Café Zircon U-Pb 2740 8 Marangoanha et al. (2019a)
Monzogranite Vila Uniao Zircon U-Pb 2744 22 Marangoanha et al. (2019b)
Diorite Vila Uniao Zircon U-Pb 2735 18 Marangoanha et al. (2019b)
Monzogranite Vila Uniao Zircon U-Pb 2745.3 14.2 Marangoanha et al. (2020)
Tonalite Vila Uniao Zircon U-Pb 2745.8 19.8 Marangoanha et al. (2020)
Volcanic rocks
Rhyodacite Parauapebas Formation Zircon U-Pb 2759 2 Machado et al. (1991)
Rhyolite Parauapebas Formation Zircon U-Pb 2759 2 Machado et al. (1991)
Rhyolite Parauapebas Formation Zircon U-Pb 2760 11 Trendall et al. (1998)
Rhyolite Parauapebas Formation Zircon U-Pb 2757 7 Trendall et al. (1998)
Basalt Parauapebas Formation Zircon U-Pb 2751.4 3.7 Krymsky et al. (2007)
Basalt Parauapebas Formation Zircon U-Pb 2749.6 6.5 Martins et al. (2017)
Basalt Parauapebas Formation Zircon U-Pb 2745 5 Martins et al. (2017)
Rhyolite Parauapebas Formation Zircon U-Pb 2758 39 Wirth et al. (1986)
Volcanic rocks Parauapebas Formation Zircon U-Pb 2748 34 Tallarico et al. (2005)
Metamorphosed mafic rocks (protolith age)
Amphibolite Salobo Group Zircon U-Pb 2761 3 Machado et al. (1991)
Amphibolite Zircon U-Pb 2774 19 Toledo et al. (2019)

Filho, 2016; Marangoanha et al., 2019a, 2019b, 2020; Sardinha et al.,
2006; Siepierski and Ferreira Filho, 2020). These magmatic rocks were
emplaced in an intraplate tectonic setting (Olszewski et al., 1989; Feio
et al., 2012; Martins et al., 2017; Toledo et al., 2019; Lacasse et al.,
2020). The bulk of the Parauapebas volcanism occurred around 2.75 Ga
(Gibbs et al., 1986; Machado et al., 1991; Martins et al., 2017; Olszewski
et al., 1989; Toledo et al., 2019; Trendall et al., 1998). All these char-
acteristics portray the Parauapebas volcanics and associated intrusive
rocks as a typical LIP (Rossignol et al., 2022).

2.3. Stratigraphic framework

The sedimentary units overlying the Parauapebas LIP consist of the
Carajas Formation and the Igarapé Bahia Group (Fig. 2). The Carajas
Formation is mainly made up of BIFs (Dalstra and Guedes, 2004; Klein
and Ladeira, 2002; Tolbert et al., 1971) and minor black shales and
conglomerates (Cabral et al., 2017). Microstructures of probable
biogenic origin have been identified (Ribeiro da Luz and Crowley,
2012), concurring with Fe and C isotope data suggesting that the
deposition of the IFs was mediated by anoxygenic photosynthetic or-
ganisms (Rego et al., 2021). The absence of cerium anomalies indicates
anoxic conditions during IF deposition, while extreme europium
anomalies imply input of high-temperature hydrothermal fluids into
seawater (Rego et al., 2021). The very low content of lithophile elements
in IFs suggests that the Carajas Formation was deposited far away from
emerged lands (Justo et al., 2020; Macambira and Schrank, 2002;
Martins et al., 2021). The interlayering of volcanic rocks and BIFs shows
that the Carajas Formation was deposited, at least in part, coevally with
the Parauapebas LIP (Gibbs et al., 1986; Martins et al., 2017). The

Carajas Formation is younger than 2759 + 2 Ma, corresponding to the
emplacement age of underlying volcanic rocks (Table 1; Machado et al.,
1991). Dolerite sills intruded some BIFs at 2751 + 4 Ma (Krymsky et al.,
2007) and 2740 + 8 Ma (Table 1; Trendall et al., 1998).

The Carajas Formation is overlain by the Igarapé Bahia Group
(Fig. 2). The contact between these two units has not been observed but
is generally assumed to be concordant (Aratjo et al., 2021). However,
the Igarapé Bahia Group directly overlies the basalts of the Parauapebas
Formation in some localities, suggesting that the Igarapé Bahia Group
could overlie discordantly the Carajas Formation (Dreher et al., 2005;
Melo et al., 2019). At its base, the Igarapé Bahia Group comprises BIF
layers up to 10 m thick, grading upward to sandstone and siltstone
interbedded with polymictic conglomerate containing angular clasts of
BIF, chert, and volcanic rocks (Dreher et al., 2005, 2008; Galarza et al.,
2008; Melo et al., 2019; Ronze et al., 2000). Re-Os dating on molyb-
denite indicates that the Igarapé Bahia Group has been deposited before
2627 4+ 11 Ma (Table 1; Perell6 et al., 2023).

3. Methodology
3.1. Sedimentological analyses and sampling

Seven fully cored wells were studied (Fig. 1C, Appendix 1), among
which six intercept the Carajas Formation (FD55, FD110, FD353,
FD354, FD365 and S11D214) and one (FD52) intersects the Igarapé
Bahia Group. Three wells (FD55, FD110 and FD353) also intercept the
topmost part of the Parauapebas Formation and are used to provide a
description of the basalts and their contact with the overlying Carajds
Formation. The drill cores were surveyed and logged at the 1/500 to 1/
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Fig. 4. Basalts and volcaniclastic rocks of the Parauapebas Formation. Arrows
point to the stratigraphic top. A. Sample FD55 535.45. Basaltic layer with large
vesicles. B. Sample FD55 527.72. Slide scan image of a thin section showing
amygdaloidal basalt with elongated vesicles filled up with chlorite and calcite.
C. Contact between the spilitized basalts of the Parauapebas Formation and
BIFs of the Carajas Formation.

100 scales to identify their sedimentary facies. Lithology, sedimentary
structures, petrography, clast lithology and shape, grading, syn-
sedimentary deformational structures, and nature of the bedding con-
tacts between successive facies are described below.

The mineralogy was determined petrographically by reflected and
transmitted light microscopy, complemented by scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) for
semi-quantitative SEM-EDS analysis. Three volcaniclastic samples from
the Carajas Formation and four sandstone and conglomerate samples
from the Igarapé Bahia Group were collected for zircon U-Pb dating.
Different sedimentary facies were sampled in order to minimize poten-
tial bias associated with sediment transport (Lawrence et al., 2011).

3.2. U-Pb zircon geochronology

3.2.1. Analytical methods

The zircon grains were extracted following a classical mineral sep-
aration procedure and handpicked under a binocular microscope. Zircon
crystals from the Carajas Formation were subjected to a thermal
annealing and chemical abrasion (TACA) treatment before Laser Abla-
tion — Inductively Coupled Plasma — Mass Spectrometry (LA-ICP-MS)
analysis following the procedure detailed in Rossignol et al. (2022).
After embedding the grains in epoxy resin, the pucks were hand

Journal of South American Earth Sciences 130 (2023) 104574

grounded to reveal equatorial cross-sections and imaged by cath-
odoluminescence to choose laser microsampling sites. No TACA treat-
ment has been applied to zircon grains from the Igarapé Bahia Group,
because of the limited number of zircon grains extracted in these sam-
ples (N = 28 to 38; Appendix 2). A detailed analytical set-up is given in
Appendix 2. Potential biases related to the TACA treatment have been
controlled by comparing untreated and TACA grains from the same
samples and appears limited in this study (Appendix 2).

3.2.2. Age calculations and data filtering

Data were filtered using their probability of concordance (Ludwig,
1998) with a cut-off level of 10% including decay constant errors
(Rossignol et al., 2016). Concordant analyses (probability of concor-
dance >10%) were kept for calculating maximum depositional ages
(MDAs) as the concordia age of the youngest cluster of at least 3 grains
using Isoplot 3.00 (Ludwig, 1998, 2012). Uncertainties are quoted at the
95% confidence level.

4. Sedimentary facies analyses

4.1. Basalts and associated volcaniclastic rocks of the Parauapebas
Formation

The basalts of the Parauapebas Formation comprise mm-to cm-size
amygdales commonly filled with quartz, calcite and chlorite (Fig. 4A
and B). The contact between the Parauapebas Formation and the over-
lying Carajas Formation is sharp and conformable (Fig. 4C).

4.2. Carajas Formation

Ten facies were recognized (Fig. 5; Table 3), defining three facies
associations (Table 4). Representative BIF facies are presented in Fig. 6.
Diagenetic and syn-depositional deformations are shown in Fig. 7,
granular iron formations and conglomerates in Fig. 8, and carbonate
facies in Fig. 9.

4.2.1. Facies association 1

4.2.1.1. Description. The most common facies consists of BIFs (I1;
Table 3) made up of alternating layers of Fe-rich minerals (magnetite
and hematite) and chert with microcrystalline quartz and a few ankerite
minerals disseminated in the matrix. Laminations are mm-to cm-thick
and usually exhibit an even banding (Fig. 6A). Some laminations,
however, display wavy structures (Fig. 6B), pinching geometries and
erosion surfaces (Fig. 6C). The bedding is horizontal, but some layers
show abrupt changes in bed orientation, suggesting slumped structures.
Diagenetic features in the I1 facies comprise inflated beds that form cm-
thick magnetite layers parallel to the bedding (Fig. 7A) and a few layers
comprise secondary minerals (Fig. 7B). Association 1 comprises two
other less common IF facies (I2 and I3; Table 3). I2 facies has a similar
lithology to I1 facies but exhibits chaotic structures (Fig. 7C). Granular
Iron Formation (GIF; I3 facies) consists of cm to tens of cm-thick beds
comprising very elongated clasts (1:5 width to length ratio, with largest
clasts of cm scale), generally with rounded to sub-rounded ends
(Fig. 8A). GIF beds are ungraded to normally graded and are inter-
bedded within the I1 facies (Fig. 8B). The clasts locally display buckled
shapes attesting plastic deformation during transport and are generally
flattened parallel to bedding (Fig. 8A, C). Association 1 also comprises
matrix-supported ironstone flat-pebble conglomerate (G1; Table 3). The
pebbles are elongate (up to 10 cm long) intraformational rip-up clasts
with sub-angular and cuspate shapes (Fig. 8D). Some clasts have sub-
rounded to rounded ends (Fig. 8B and C), showing that they experi-
enced various degrees of reworking. The clasts are generally flattened
parallel to bedding (Fig. 8D and E). As being intraformational, most of
the clasts are made up of chert or silicate-rich BIF, while a few are made
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Fig. 5. Sedimentological logs of the drill cores intersecting the Carajas Formation. Facies codes: Table 3. Facies associations: Table 4.

up of GIF (Fig. 8F and G) or greenish sandstones. The conglomerate beds
are up to tens of meters thick, ungraded to normally graded, and have
non-erosive bases. Minor facies in association 1 are represented by a few
black shale beds (F2; Table 3) that are commonly deformed and intruded
by clastic dykes (Figs. 7F), 1-5 cm-thick greyish claystone layers, and a
few m-thick beds made up of greenish, chlorite-rich, strongly weathered
basaltic sandstone (V2; Table 3). These layers, without apparent sedi-
mentary structure, are interbedded, in sharp contact with BIFs, and
contain zircon grains.

4.2.1.2. Interpretation. The prevalence of finely laminated BIF suggests
a deposition by settling of Fe-rich chemical mud in a deep-water envi-
ronment, below storm wave-base (Table 4; Klein, 2005; Trendall, 2002).
The sedimentary structures in BIFs, such as erosion surfaces, also attest
for current reworking of fine-grained sedimentary particles and suggest
deposition by turbidity currents (Dimroth, 1975; Rasmussen et al.,
2013). Inflated beds formed during late diagenesis by seepage of
reducing fluids that remobilized Fe along fractures oriented parallel to
the bedding (Czaja et al., 2018). The few GIF layers interbedded within
BIFs are also indicative of turbidity currents reworking chert clasts
coarser than the silt-sized elements forming the main BIF deposits
(Rasmussen et al., 2013; Simonson and Goode, 1989). The occurrence of
chaotic beds is interpreted as slumps (Martinsen, 1994) and compares
with previous observations of slumps in similar facies of the same for-
mation (Martins et al., 2021). G1 facies is interpreted to be deposited by
the failure, induced either by storm or seismic activity, of loosely

consolidated deposits (Myrow et al., 2004). Clastic dykes indicate rapid
deposition from short-lived flows (i.e., subaqueous mass flow during the
deposition of conglomerates) or liquefaction related to seismicity. The
occurrence of black shale suggests that biological activity was high.
Volcanic and volcaniclastic beds indicate episodic volcanic inputs.
Several cm-thick greyish clay beds are interpreted as diagenetic ashes
formed as fallout deposits emitted by distal volcanic centers (Sohn et al.,
2008). Thicker beds of basaltic sandstone can correspond either to
hyaloclastic deposits with limited transport of the volcaniclasts, or to
subaqueous debris flow reworking basaltic volcaniclasts (Sohn et al.,
2008).

4.2.2. Facies association 2

4.2.2.1. Description. This association comprises mainly carbonate-rich
BIFs (14, Table 3) exhibiting sedimentary structures that are essen-
tially like those of the I1 facies, with horizontal to wavy laminations and
reactivation surfaces (Fig. 6D). Carbonate-rich BIFs are made up of
magnetite interlayered with ankerite and chert layers and containing a
few Fe-silicate and pyrites. Minor facies of association 2 consist of GIF
(I3) and black shales (F2). Carbonate-rich BIFs exhibit numerous syn-
sedimentary ductile deformation features marked by contorted lami-
nations (Fig. 7D) and syn-sedimentary faults occurring together with
angular intraformational clasts (Fig. 7E).
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4.2.2.2. Interpretation. The overall characteristics of association 2 are
similar to those of association 1, suggesting a rather similar deep-water
environment, below wave base (Table 4). The precipitation of carbonate
can be explained by deposition above the carbonate compensation
depth, climate change to warmer temperatures (Beukes, 1983), change
to more alkaline pH sea-water (Spier et al., 2007), or change in organic
carbon input, allowing organic carbon to be exported from highly pro-
ductive surface water and mineralized in deeper parts of the basin
(Craddock and Dauphas, 2011; Heimann et al., 2010; Johnson et al.,
2013). Because the studied drill cores do not show the relationship be-
tween facies association 2 and other facies associations, it is difficult to
infer which of the above-mentioned processes favored the precipitation
of carbonate. Based on other basins comprising similar facies, the likely
depositional environment for association 2 is similar to that of associa-
tion 1, but in a more proximal (shoreward) and shallower setting
(Beukes and Gutzmer, 2008; Smith et al., 2013). The occurrence of
numerous syn-sedimentary ductile and brittle deformation features in-
dicates slope instability leading to the formation of slumps or slides
(Martinsen, 1994).
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Fig. 6. Banded iron facies from the Carajas Forma-
tion. Arrows point to the stratigraphic top. A. Sample
FD55 486.45. Fine horizontal laminations (sub-mm
scale) of Fe-bearing minerals (magnetite and hema-
tite) and chert layers. B. Sample FD55 495.80. Finely
laminated siliceous BIF displaying wavy laminations.
C. Sample FD55 480.80. Thin section in reflected
light showing a reactivation surface in a jaspilitic BIF.
D. Sample FD365 182.70. Alternating layers of Fe-
rich minerals and carbonates (carbonate-rich BIF;
facies 14) with wavy irregular laminations.

4.2.3. Facies association 3

4.2.3.1. Description. This facies association comprises carbonate-rich
BIF (I4) with even banded (Fig. 9A), wavy (Fig. 9B) and irregular
layers (Fig. 9C), grading to facies C1 (Table 3), which is mainly made up
of mm-to cm-thick wavy to crinkly carbonates laminae and minor iron
oxides (Fig. 9D and E). Carbonates in facies C consist of ankerite and
calcite, but also contain framboidal pyrite, magnetite, chert, Fe-silicate
and organic matter (Fig. 9F and G). The 14 and C1 beds alternate with
silica-rich BIF (I1). Association 3 also comprises numerous GIF beds up
to ten cm-thick, occurring a few meters below and above 14 and C1 beds.
A few cm-thick beds made up of dark and fine-grained sediments also
occur (F1; Table 3).

4.2.3.2. Interpretation. The occurrence of crinkly laminae, framboidal
pyrites and organic matter in facies C1 are indicative of microbially
induced sedimentary structures (MISS), suggesting a shallow-water
setting typical of the photic zone, above wave base (Table 4; Haga-
dorn and Bottjer, 1997; Noffke et al., 2001). This is consistent with the
contribution of microbial anoxygenic photosynthesis to the precipita-
tion of iron formations and carbonates in the Carajis Formation (Rego
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Table 3
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Sedimentary facies of the Carajas Formation and Igarapé Bahia Group.

Code

Lithology

Sedimentary structures

Depositional processes

Iron-rich facies

11 Alternating layers of Fe-rich minerals and chert Banding over a range of scale, from meters Deposition from suspension of a Fe-rich chemical
(microcrystalline quartz) or jasper (i.e., chert with (macrobands), centimeters (mesobands) to millimeters mud (Dimroth, 1975; Klein, 2005; Trendall, 2002) or
minor, disseminated microcrystalline hematite; Fig. 6A,  and sub-millimeters layers (microbands). The by turbidity current (Dimroth, 1975; Rasmussen
B, C). laminations are generally evenly layered (Fig. 6A), but et al., 2013).

Thickness of chert BIF intervals: m to hundreds of m. sometimes display a wavy (Fig. 6B), irregular banding,
or exhibit reactivation surfaces (Fig. 6C). The layers
sometimes display diagenetic inflated beds (Fig. 7A)
and secondary mineralization (Fig. 7B).

12 Chert, siliceous BIF or carbonate BIF. Chaotic horizons, disordered or strongly folded ( Slump and/or slide (Martinsen, 1994).
Bed thickness: m to tens of m. Fig. 7C). Intraformational angular clasts occur at slip

surfaces. Syn-sedimentary faults (Fig. 7E).

13 Granular Iron Formation comprising very elongated ( Ungraded or normally graded. When elongated micro- Rip-up clasts redeposited by turbidity current and/or
Fig. 8A) to rather spherical grains (Fig. 8B and C), clasts are present, they show an orientation and are bottom return flow induced by storms (Simonson and
mainly sub-angular to sub-rounded, made up of cherty flattened parallel to the bedding (Fig. 8C). Some clasts ~ Goode, 1989).
material very similar to the one of the I1 facies. are bended or ductilely deformed.

Bed thickness: cm to dm.

14 Alternating layers of Fe-rich minerals (mainly Banding over a range of scale (macrobands, mesobands  Similar to I1 facies above the carbonate compensation
magnetite) and carbonate (Fig. 6D) with minor amount and microbands). The laminations range from a finely depth, under warmer climate, which favor carbonate
of chert. and regularly laminated structure to weak and irregular ~ over chert precipitation (Beukes, 1983), or in more
Thickness of carbonate BIF intervals: cm to hundreds of ~ magnetite layers. The layers commonly display syn- alkaline water (Spier et al., 2007), or under a high
m. sedimentary micro-folding (Fig. 6D) or reactivation organic carbon input which contributed as the source

surfaces (Fig. 7E). of carbon for carbonate precipitation (Craddock and
Dauphas, 2011).

Conglomerate

Gl Matrix-supported ironstone flat pebbles conglomerate. Ungraded to normally graded. The clasts exhibit an Failure and mass movement of loosely consolidated
Clasts are mainly elongated and angular (Fig. 8D) but orientation (Fig. 8D and E). Some clasts are slightly sediments (Myrow et al., 2004).
some have sub-rounded to rounded ends (Fig. 8E). curved to strongly bended (Fig. 8D, E, G). Non-erosive
Clasts are mainly made up of BIF or chert. A few clasts  base.
are made up of GIF (Fig. 8F and G) or greenish
sandstone. Ferruginous, greenish to reddish matrix.

Bed thickness: m to tens of m.
G2 Flat-pebbles conglomerate, matrix- to clast-supported. Generally ungraded but sometimes with inverse, Failure and mass movement of loosely consolidated

Clasts are elongated and generally exhibit sub-rounded
to rounded shapes, with a few sub-angular clasts (

Fig. 11A, B, C). Clasts are intraformational and made up
of sand, silt to clay, or a mixture of sand and silts (
Fig. 11D). The matrix is made up of similar material.
Bed thickness: tens of cm to m.

Sandstone and Fine

normal or inverse to normal grading. The clasts
generally exhibit an orientation and are flattened
parallel to the bedding (Fig. 11A, E). Generally non-
erosive base (Fig. 11E). A few beds have a slightly
erosive base.

sediments and/or wave or storm reworking of
shoreline deposits (Myrow et al., 2004).

S1 Fine to very coarse sand (Fig. 12A) with floating clasts Massive or normal grading, sometimes with horizontal =~ Hyper-concentrated density flow to turbidity flow (
(granules to pebbles, sometimes intraformational planar bedding. Few occurrences of contorted beds. Mulder and Alexander, 2001) or rapid suspension
muddy ripped up clasts; Fig. 12B). Occurrence of fallout (Postma, 1990).
contorted sandy to muddy rafts (Fig. 12D).
Bed thickness: dm to m.

S2 Various lithologies, mainly sand and silt. Chaotic horizons, sometimes forming anastomosed Slump and/or slide (Martinsen, 1994), deformation
Thickness: tens of cm to m. elutriation bands (Fig. 12E), or strongly folded beds ( induced by water escape (Ravier et al., 2015).

Fig. 12F).

F1 Greyish to greenish siltstone, fine to medium sandstone  Generally horizontal laminations, sometimes massive. Deposition from suspension.
Bed thickness: cm to tens of cm.

F2 Darkish siltstone to claystone. fine to medium sandstone ~ Apparently massive. Sometimes crosscut by injectites Deposition from suspension.
Bed thickness: cm to tens of cm. (clastic dyke; Fig. 7F)

Volcaniclastic

V1 Greyish clay layers, sometimes containing a few zircon ~ No apparent sedimentary structure. Sharp contacts with ~ Diagenetic volcanic ashes, potentially reworked, or
grains, and greenish sandstone layers. Bed thickness: cm  under- and overlying BIF. subaqueous debris flow reworking volcaniclasts (
(clays) to m (greenish sandstone). Sohn et al., 2008).

Carbonates

C1 Carbonate (ankerite, calcite; Fig. 9G) comprising a few mm to cm-thick parallel (Fig. 9A), crinkled, wavy ( Microbial mats or stromatolites (Hagadorn and
pyrite (Fig. 9F), iron oxides (mainly magnetite; Fig. 9G), Fig. 9D), or irregular layering (Fig. 9C). Laminations are Bottjer, 1997; Noffke et al., 2001) alternating with
and micritic texture (Fig. 9E). Continuous transition underlined by oxide layers ranging from cm-thick to background carbonate sedimentation.
between C and I4. very tiny (mm-thick) and discontinuous magnetite
Thickness: dm to m. layers. Magnetite beds sometimes exhibit pinching

geometries or underline wavy laminations (Fig. 9B).
Cc2 Alternation of carbonate-rich layers with fine Thinly laminated, with evidence of post-depositional Sediments deposited during periods of low detrital

terrigenous sand beds or fine magnetite layers.
Thickness: dm to m.

deformations (Fig. 12G and H).

input, allowing for the deposition of carbonate and
iron-rich layers.

et al., 2021). The numerous GIF beds below and above MISS alternating
with 11 and minor F1 facies indicate an intermittent energetic environ-
ment allowing for reworking clasts ripped up from loosely lithified
cherts (Simonson and Goode, 1989).

4.3. Igarapé Bahia Group

The Igarapé Bahia Group is intersected by the drill core FD52
(Fig. 10). Six sedimentary facies were identified (Table 3) and grouped
in two facies associations (Table 4).
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Table 4
Facies associations of the Carajas Formation and Igarapé Bahia Group.

Code  Facies association Depositional environment

Carajas Formation

Al 11 with minor occurrences of G1,
11 and 12, 13, F2 and rare
occurrences of I4, and V2.

Probably below storm wave-base (
Klein, 2005; Rasmussen et al., 2013;
Trendall, 2002). Episodic volcanic
inputs and reworking of volcanic
loosely lithified volcanic deposits by
subaqueous debris flow suggest a
coeval volcanic activity (Sohn et al.,
2008).

A2 14 with rare occurrences of I3 Similar to Al, but in a more proximal
and F2. (shoreward) and shallower setting (
Beukes and Gutzmer, 2008; Smith
et al., 2013).
A3 14 and C1 with occurrences of I1, ~ Shallow-water environment (photic

13 and rare occurrence of F1. zone) shown by the presence of
photosynthetic organisms in C1 facies (
Rego et al.,, 2021) and
microbially-induced sedimentary
structures (Hagadorn and Bottjer, 1997;
Noffke et al., 2001). Intermittent
reworking of poorly lithified material
suggesting a rather high-eneregy
environment (Simonson and Goode,
1989).

Igarapé Bahia Group

A4 G2, S1, S2, F1 and F2. Offshore environment (Myrow et al.,
2004), important terrigenous influx.
Similar to A4, but with lower
terrigenous input allowing for the
development of iron-rich facies.

A5 C2, S1 and F1.

4.3.1. Facies association 4

4.3.1.1. Description. The main facies consists of clast-to matrix-sup-
ported flat-pebble conglomerate made up of tens of cm to m-thick beds
(facies G2; Table 3). The matrix comprises fine sand, silt or clay. The
clasts are intraformational (Fig. 11A, B, C) and some preserves lami-
nated structures (Fig. 11D). Most of the clasts are elongate (a few cm to
tens of cm long), flattened parallel to the bedding (Fig. 11E) and with
rounded ends, although a few clasts are sub-angular. Conglomeratic
beds have a non-erosive base (Fig. 11E) and are generally ungraded,
although some of them display a normal, inverse or inverse to normal
grading. Facies G2 is interbedded with finer lithologies composed of
sand (S1 and S2; Table 3) and silt to clay (F1 and F2; Table 3). Sand
facies are coarse-to fine-grained (Fig. 12A, B, C), commonly comprise
intraformational muddy rip up clasts (Fig. 12B), contorted sandy to
muddy rafts (Fig. 12D), and consists of tens of cm to m-thick beds. Beds
of S1 facies are either ungraded or normally graded and sometimes
exhibit horizontal laminations. Horizons of S2 facies are characterized
by chaotic stratification. Some horizons display anastomosed elutriation
bands resulting from escaping water and elutriation of fine particles
along vertical conduits (Fig. 12E), while others are made up of strongly
folded horizons (Fig. 12F). Sand facies grades or alternate with greyish
to dark fine sand and silt to clay that are generally finely laminated
(Fig. 12A, C), except a few massive beds. F1 and F2 facies exhibit syn-
sedimentary deformation shown by small syn-sedimentary faults and
contorted beds.

4.3.1.2. Interpretation. Flat-pebble conglomerate results from the fail-
ure and subsequent ductile and brittle deformation of compacted to
early cemented deposits (Myrow et al., 2004). Flat pebbles preserving
angular shapes and laminated structure support limited transport, sug-
gesting relatively proximal environments (Table 4). Failure of early
cemented deposits can have been induced either by storm or seismic
activity. The occurrence of disordered and chaotic horizons, rafted
packages of sandstone and rip up mud clasts support the interpretation
of flat-pebble conglomerate originating from the failure of loosely
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consolidated sediments along slide scars (Martinsen, 1994; Myrow et al.,
2004). Such depositional process is also consistent with elutriation
bands that are indicative of water escape from rapidly deposited sand
(Lowe and LoPiccolo, 1974; Ravier et al., 2015). The interbedding of
flat-pebble conglomerates and sandstone with fine-grained sediments
indicates a deposition below the fair-weather wave base.

4.3.2. Facies association 5

4.3.2.1. Description. This association consists of tens of cm-to m-thick
thinly laminated beds (Fig. 12G and H). These layers are made up of
alternations of mm-thick magnetite layers with greyish to greenish
layers made up of carbonates with minor clay and silt (C2, Table 3).
From place to place, beds of facies C2 are faulted or folded and crosscut
by calcite veins (Fig. 12G and H). Carbonate layers grade or alternate
with siliciclastic layers corresponding either to S1 or F1 facies. S1 facies
is made up of fine sand and is generally massive and sometimes comprise
rip-up mud clasts. F1 facies is made up of silt to clay and exhibits hor-
izontal laminations.

4.3.2.2. Interpretation. Facies association 5 is mainly made up of iron
and carbonate-rich facies and occurs only toward the base of the drill
core FD52. This association indicates periods of limited terrigenous
input that allowed for the precipitation of carbonates and iron oxides
(Table 4).

5. Geochronological constraints

Cathodoluminescence images of representative grains and analytical
results are available in Appendices 2 and 3, respectively.

5.1. Carajas Formation

Although being collected in different lithologies (volcaniclastic
basaltic sandstone, GIF), detrital zircon grains extracted from three
different samples in drill-cores FD110 (FD110 359.00-359.35) and
FD353 (FD353 188.10-188.30 and FD353 191.70-191.90) exhibit similar
characteristics. Most of the grains have euhedral shape and are pinkish,
slightly to very elongated (length to width ratio of 2:1 to 10:1), and some
contain small inclusions. Very few grains are sub-rounded. After TACA
treatment, most of the grains were translucent and spotless, while a few
remained pinkish with an etched surface. Most of the zircon crystals
display a well-defined oscillatory zoning typical of magmatic zircon
(Corfu et al., 2003), but some grains are not zoned or display a core-rim
structure. The Th/U ratios of all concordant grains range between 0.32
and 3.44., also supporting a magmatic origin (Rubatto, 2002).

Most of the grains from the volcaniclastic sample FD110 359.00-
359.35 form a cluster giving a concordia date of 2719.6 + 5.6 Ma
(MSWD = 0.47, n = 35; Fig. 13; Table 5). In the sample FD353 188.10-
188.30, the youngest cluster gives a concordia date of 2732.4 + 5.2 Ma
(MSWD = 0.53, n = 37; Fig. 13; Table 5). In the GIF sample FD353
191.70-191.90, concordant analyses give a date of 2728.5 + 5.2 Ma
(MSWD = 0.57, n = 38). These dates are interpreted as MDAs for these
samples (Fig. 13; Table 5). Older concordant grains correspond to xen-
ocrysts or epicrysts.

5.2. Igarapé Bahia Group

The detrital zircon grains collected in the Igarapé Bahia Group have
diverse size, shapes (euhedral to rounded), and colors. Euhedral grains
are translucent to pinkish and elongated. Rounded to sub-angular grains
are reddish, yellowish, pinkish, or brownish, without apparent rela-
tionship between color and shape. Internal structures as well as Th/U
ratios support a magmatic origin for all grains.

In the conglomerate FD52 651.30-651.80, the youngest cluster gives
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(A

a concordia date of 2788 + 12 Ma (n = 6, MSWD = 1.10), interpreted as
a MDA (Fig. 13; Table 5). The youngest cluster of the sandstone FD52
637.26-637.65 gives a concordia date of 2829 + 17 Ma (n = 3, MSWD =
0.48). In samples FD52 602.40-603.00 and FD52 393.35-393.90, the
youngest clusters give concordia dates of 2753 + 18 Ma (n = 3, MSWD
= 0.44) and 2785 + 16 Ma (n = 3, MSWD = 1.8), respectively, inter-
preted as MDAs (Fig. 13; Table 5). Other concordant dates spread from
the MDAs up to the mid Mesoarchean. In samples FD52 651.30-651.80
and FD52 637.26-637.65 two grains yielded dates of 2666 + 29 Ma and
2663 + 27 Ma, respectively, the significance which is further discussed
in the next section.

6. Discussion
6.1. Age of deposition and link with the parauapebas LIP

6.1.1. Carajas Formation

Volcaniclastic rocks of the Carajas Formation gave MDAs ranging
from ca. 2732 to 2720 Ma (Fig. 13). This indicates that the Carajas
Formation was deposited from 2751 + 4 Ma (Krymsky et al., 2007) to at
least 2720 + 6 Ma (this work). This results in a range of age longer than
the previously estimated stratigraphic range by ca. 20 Ma (Fig. 2;

10
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Fig. 7. Syn-to post-depositional deformations,
diagenetic and metamorphic features in the Carajas
Formation. Arrows point to the stratigraphic top.
Facies codes: Table 3. A. Sample FD55 351.90. Jas-
pilitic BIF comprising a late diagenetic inflated bed
composed of magnetite with small veins rooted in the
inflated bed (white triangles) crosscutting the un-
derlying BIF. B. Sample FD354 242.20. Large sec-
ondary minerals in a jaspilitic BIF. C. Sample
S11D214 449.00. Chert displaying folded layers and a
few clasts, attesting for a ductile to brittle deforma-
tion attributed to slumping processes. D. Sample
FD365 340.80. Highly contorted lamination in car-
bonate BIF resulting from the loading of dense Fe-rich
layers onto carbonate beds. E. Sample FD365 262.20.
Carbonate BIF showing intraformational angular
clasts along a slip surface. Syn-sedimentary faults
crosscut both intraformational clasts and carbonate
BIF. Two erosion surfaces are present above the
intraformational angular clasts. F. Sample S11D214
323.10. Injectite in black shales.

Table 1), indicating that BIFs were deposited during a long period of
time (>ca. 40 Myrs) in the Carajas Basin. Considering an average
thickness of 250 m (Beisiegel et al., 1973; Lindenmayer et al., 2001) and
a deposition period of 40 Myrs (that is a minimum estimate given that
the results obtained in this study are maximum depositional ages), an
accumulation rate of ca. 6 m.Ma ! can be estimated. This value is in
agreement with those already documented for IFs elsewhere (Arndt
et al., 1991; Barton et al., 1994; Beukes and Gutzmer, 2008; Lantink
et al., 2019; Simonson and Hassler, 1996).

The similarity between MDAs from the Carajas Formation and the
age of emplacement of dolerite sills intruding it (e.g., Trendall et al.,
1998) supports the contemporaneity of volcanism and sedimentation.
The volcanic activity associated with the Parauapebas LIP thus lasted
until ca. 2.72 Ga, while the earliest volcanic activity occurred at ca. 2.76
Ga (e.g., Machado et al., 1991) and the main peak in magmatic activity
occurred at ca. 2.75 Ga (Fig. 3; Table 2). This suggests that the Para-
uapebas LIP had a total lifespan of ca. 40 Myrs, which is consistent with
the duration of magmatism commonly observed for other LIPs elsewhere
(Bryan and Ernst, 2008). The Parauapebas LIP comprises mainly mafic
rocks (Lacasse et al., 2020), but also felsic units including rhyolites
(Table 1). Thus, zircon grains from the Carajds Formation probably
derived from such felsic volcanic rocks, although alkaline basalts from
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Fig. 8. Granular iron facies and conglomerates of the Carajds Formation. Arrows point to the stratigraphic top. A. Sample FD55 475.10. Granular Iron Formation
(GIF) comprising very elongated, sub-angular to rounded chips with rounded ends and slight bending. The clasts are made up of chert and are flattened parallel to the
bedding. B. Sample FD55 475.05. Thin section in reflected light showing interlayered GIFs and BIFs. C. Sample FD55 475.15. Thin section in reflected light showing
chert clasts with rounded to very elongated shapes. The chert clasts are embedded within a cherty matrix comprising oxide minerals. Elongated clasts are flattened
parallel to the bedding. D. Sample FD354 91.60. Monomictic matrix-supported conglomerate with elongated clasts. Most of the clasts are slightly bended. Fine-
grained ferruginous matrix. Long axes of clasts show a preferred orientation. E. Sample S11D214 494.00. Matrix-supported conglomerate with elongated chert
clasts in a very fine ferruginous matrix. The clasts exhibit a preferred orientation and rounded to sub-rounded ends. F. Sample S11D214 339.50. Clast made up of
coarse sandstone. G. Sample S11D214 487.30. Conglomerate displaying rounded to sub-rounded clasts as well as bended and elongated chert clast.

the Parauapebas LIP are also zircon-rich (Martins et al., 2017) and may
also have represented a source for the volcaniclastic rocks of the Carajas
Formation.

6.1.2. Igarapé Bahia Group

In contrast with the Carajas Formation, no volcaniclasts have been
identified in the Igarapé Bahia Group (drill-core FD52; cf. section 4.3),
and MDAs are not getting younger upward (Fig. 13), suggesting that
there was no active volcanism during the deposition of the Igarapé Bahia
Group. The two youngest grains from the Igarapé Bahia Group (2666 +
29 Ma and 2663 + 27 Ma) exhibit well-defined oscillatory zoning,
suggesting a magmatic origin for these grains (cf. Appendix 2). If no lead
loss occurred, the concordia date of this youngest cluster (2664 + 32
Ma, n = 2, MSWD = 0.03) may thus represents the MDA of the Igarapé
Bahia Group. Although this age should be considered as provisional as
ancient lead loss cannot be ruled out, it suggests that Igarapé Bahia
Group was deposited between ca. 2.7 and 2.6 Ga (Perell¢ et al., 2023;
Requia et al., 2003; Tallarico et al., 2005).

11

6.2. Evolution of depositional environments associated with the
emplacement of the parauapebas LIP

The typical amygdaloidal texture of the Parauapebas basalts in-
dicates a low confining pressure (Fig. 4A and B) and is commonly
observed in subaerial (Liebmann et al., 2022) and low-depth submarine
basalts (Dann, 2001; Merle et al., 2005). This is consistent with the
presence of microbially induced sedimentary structures (MISS) sug-
gesting shallow water depositional environments in the photic zone soon
after the emplacement of the Parauapebas Fm (Fig. 5). Carbonate
rich-BIFs could be an indirect evidence of high productivity in surface
waters (Heimann et al., 2010), echoing previous observations of bacte-
rial activity (Rego et al., 2021; Ribeiro da Luz and Crowley, 2012).
Together, these observations highlight environmental conditions
favorable for life development. Facies associations 1 and 2 correspond to
deeper environments, probably below wave base (Fig. 14A). The
occurrence of extreme positive europium anomalies in IFs from the
Carajas Fm. suggests that Fe mainly originates from hydrothermal fluids
(Rego et al.,, 2021). The mafic composition of the Parauapebas LIP
(Lacasse et al., 2020) and the contemporaneity between volcanism and
the deposition of IFs of the Carajas Formation further argue for a local
hydrothermally-derived Fe source linked with the emplacement of the
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Fig. 9. Carbonate facies of the Carajas Formation. Arrows point to the stratigraphic top. A. Sample FD55 521.60. Fine laminations of Fe-bearing minerals (mainly
magnetite) and carbonate layers. B. Sample FD55 521.12. Thin section in reflected light showing wavy laminations underlined by magnetite grains and carbonates.
C. Sample FD55 518.50. Carbonate with irregular, crinkled magnetite laminations and pinching out geometries. D. Sample FD55 522.56. Carbonate with very fine,
crinkled lamination underlined by very fine magnetite layers. E. Sample FD55 520.06. Thin section in reflected light showing a microbial mat (m) within carbonate
displaying a clotted micritic texture. Some areas show recrystallized (r) textures. F. Sample FD55 514.57. Electron backscattered image showing diagenetic fram-
boidal pyrite (bright white) minerals within a carbonate matrix. G. Sample FD55 514.57. EDS electron image showing Si, Ca and Fe-rich mineral phases. Calcite
appears in green, ankerite in orange, chert in dark blue, and magnetite in pink.

12
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Fig. 10. Sedimentological log of the drill core intersecting the Igarapé Bahia Group. Facies codes: Table 3. Facies association: Table 4. The upper part of the drill core

intercepts another formation (Appendix 1).
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Parauapebas LIP (Fig. 15A and B).

Facies associations of the Igarapé Bahia Group are indicative of
offshore settings (Fig. 14B). Regarding IFs at the base of the Igarapé
Bahia Group, an external iron source could be involved in their forma-
tion given their contemporaneity with a period of enhanced mafic
magmatic activity worldwide (Fig. 15C; Abbott and Isley, 2002; Isley
and Abbott, 1999). Nonetheless, the persistence of IFs deposition in the
Carajas Basin could also be indicative of sustained hydrothermal activity
by the Paraupebas LIP long after the end of magmatic activity.

The transition from a chemically-to a terrigenous-dominated sedi-
mentary system indicates that a significant environmental change
occurred during the deposition of the Carajas IFs and the Igarapé Bahia
Group. This transition may be related to a relative sea-level drop that
promoted inland erosion and generated an influx of terrigenous mate-
rials into the basin, as reported elsewhere (e.g., Simonson and Hassler,
1996). Deposits from the Igarapé Bahia Group are closely associated
with major faults (Fig. 1C), and comprise numerous soft sediment de-
formations structures potentially indicative of an active tectonic setting
(Rossignol et al., 2020) that could have triggered or enhanced the influx
of terrigenous material in the basin (Fig. 15D). This concurs with the
report of tectonic activity that reactivated Mesoarchean structures at ca.
2.75 to 2.73 Ga, either related to transpressional strike-slip shear zones
(Marangoanha et al., 2019a; Silva et al., 2020) or to the formation of an
active rift basin (Feio et al., 2012; Martins et al., 2017; Olszewski et al.,
1989; Tavares et al., 2018; Toledo et al., 2019). The influx of terrigenous
material can also have been promoted by the emergence of the Ama-
zonia Craton during a period of large-scale emersion of terrestrial areas
(Fig. 15E; e.g., Liebmann et al., 2022).

6.3. Relationships with neoarchean paleoenvironmental changes

The newly defined age range for the deposition of the Carajas IFs
show that they are contemporaneous with numerous other IFs that have
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Fig. 11. Conglomerate facies from the Igarapé Bahia
Group. Arrows point to the stratigraphic top. Facies
codes: Table 3. A. Sample FD52 546.50. Flat-pebble
conglomerate made up of elongated, sub-angular to
sub-rounded clasts embedded within a greenish ma-
trix. Most of the clasts are sandy, a few clasts are
muddy. B. Sample FD52 530.60. Flat-pebble
conglomerate comprising sandy clasts embedded
into a muddy to silty matrix. C. Sample FD52 392.65.
Flat-pebble conglomerate, comprising mainly muddy
clasts, sandy clasts and mixed clasts preserving orig-
inal sedimentary structure. D. Sample FD52 441.85.
Flat-pebble conglomerate, clasts supported. Some
clasts preserve a sedimentary bedding. Occurrence of
muddy clasts, sandy clasts and mixed clasts preser-
ving original sedimentary structure. E. Sample FD52
536.49. Flat-pebble conglomerate comprising sandy
clasts flattened parallel to the bedding. The contact
with the underlying fine sandstone to siltstone is
sharp and non-erosive.

been deposited in distinct paleogeographic locations between ca. 2.75
Ga to 2.70 Ga, in the Yilgarn, Tanzanian, Dharwar, Rae, Zimbabwe,
Karelia, Congo and Superior cratons (Fig. 15F). Similarly to the Carajas
IFs, most of these 2.75-2.70 Ga IFs are closely associated with mafic
magmatic rocks (although not always characterized as LIPs), pointing to
significantly high mantle input of hydrothermally-derived iron into
seawater at that time (Barley et al., 1997; Isley, 1995; Isley and Abbott,
1999; Viehmann et al., 2015).

Considering an average density of 3.48-10% g m~3 (Konhauser et al.,
2018), an accumulation rate of 6 m.Myr ! (compacted sediments), a
deposition period of ca. 40 Myrs and a basin dimension >1.8-10*° m?,
we calculated that more than 15,000 Gt (giga tons) of IFs were deposited
in the Carajas Basin. This quantification should be considered as pre-
liminary given that the accumulation rate and the size of the basin are
rough estimates. Despite these uncertainties, our quantification gives a
first order estimate of the quantity of IFs deposited in the Carajas Basin.
This agrees with previous studies, which estimated a total mass of IFs
between 10,000 and 50,000 Gt for the same location (e.g., Konhauser
et al., 2017). Moreover, the sediment accumulation rate derived from
our geochronological results allow to assess the rate of Fe accumulation
normalized per unit area and compare it with other IF deposits else-
where. Considering the average Fe,O3 content of Carajas IFs (56.2 wt%;
Rego et al., 2023) gives a Fe flux of 8 gm 2y~ ! (or 0.15mol m 2y 1) in
the Carajas Basin. In the Hamersley Basin, where IF deposition is also
assumed to be coeval with subaerial LIP emplacement (Barley et al.,
1997; Isley and Abbott, 1999), observed accumulation rates for chemi-
cal sediments range between 3 and 15 m.Myr_1 (Arndt et al., 1991;
Lantink, 2022) resulting in a net Fe flux comprised between 4 and 22 g
m~2.y~ L. This indicates that the Fe flux estimated for the Carajds Basin
compares well with those of other large IFs deposits related to LIP
emplacement.
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Fig. 12. Sandstone, siltstone and carbonate facies from the Igarapé Bahia Group. Arrows point to the stratigraphic top. Facies codes: Table 3. A. Sample FD52
471.20. F1 facies with planar lamination underlined by fine sandstone layers grading to S1 facies. B. Sample FD52 618.80. S1 facies containing mud clasts. C. Sample
FD52 320.30. F1 facies with fine horizontal laminations. D. Sample FD52 423.00. Fine sandstone to siltstone containing a “raft” made up of coarse sand embedded
within a muddy matrix. E. Sample FD52 515.80. Anastomosed elutriation bands. F. Sample FD52 355.40. Strongly folded sandstone to siltstone horizon, where initial
bedding planes are not recognizable. G. Sample FD52 636.60. Thinly laminated greenish carbonate alternating with millimetric magnetite layers. Post-depositional
micro-folding. H. Sample FD52 623.60. Greenish carbonate beds alternating with millimetric magnetite layers. Post-depositional folds and calcite veins.
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Fig. 13. Wetherill concordia diagrams. Error ellipses
are depicted at the 20 level. A. Analyses used to
calculate the Maximum Depositional Age (MDA) are
depicted in dark blue. Other concordant analyses are
depicted by pale blue. The weighted mean error el-
lipse (concordia date) of the youngest cluster of
concordant grains is depicted in pink. The number of
analyses, the mean square weighted deviate for
concordance and equivalence and the probability for
concordance and equivalence for each MDA are pro-
vided in Table 4. B. MDA calculated from the youn-
gest grains of four samples from the Igarapé Bahia
Group, assuming the grains are cogenetic in origin.
N,: number of analyses; N,,.: number of zircon grains;
MSWD: Mean Square Weighted Deviate for concor-

T FD52- 651.30-651.80
MO 278812

FD353 - 188.10-138.30

Mpna34+52 dance and equivalence; Prob.: probability for
e concordance and equivalence.
.
Wphs(
1 n ]gl
Table 5
Summary of maximum depositional ages.
Sample Nyr Probability of concordance >10%, decay constants errors included
Detection limits (%) Maximum depositional age
DLypL — 0.5) DLy pL — 0.95) DL3pL, — 0.5) DL3(pL, — 0.95) Concordia age + (20) n MSWD Probability
Carajas Formation
FD110-359.00-359.35 36 1.9 8.0 7.4 16.5 2719.6 5.6 35 0.47 1.00
FD353-188.10-188.30 41 1.7 7.0 6.5 14.6 2732.4 5.2 37 0.53 1.00
FD353-191.70-191.90 38 1.8 7.6 7.0 15.7 2728.5 5.2 38 0.57 1.00
Igarapé Bahia Group
FD52-393.35-393.90 11 6.3 23.8 23.6 47.1 2785 16 3 1.8 0.11
FD52-602.40-603.00 11 6.3 23.8 23.6 47.1 2753 18 3 0.44 0.82
FD52-637.26-637.65 25 2.7 11.3 10.6 23.2 2829 17 3 0.48 0.79
FD52-651.30-651.80 19 3.6 14.6 13.9 29.6 2788 12 6 1.10 0.36

N,;: number of concordant zircon grain analyzed per sample; n: number of analyses used to calculate the maximum deposition age; DL: detection limit, calculated after
Rossignol et al. (2019); DL;: detection limit for at least one grain; DL3: detection limit for at least three grains; ,.: probability level assigned to the detection limits;
MSWD: mean square of weighted deviates. The MSWD and the probability given for the concordia ages are for both concordance and equivalence; na: non applicable.

7. Conclusions

The deposition of IFs in the Carajas Basin is related to the emplace-
ment of the Parauapebas LIP, which exerted a strong influence on
depositional environments both in space and time. The Parauapebas LIP
controlled environments at the basin-scale by releasing a large amount
of iron in seawater through hydrothermal activity. This in turn favored
the deposition of IFs in a variety of depositional settings, ranging from
shallow to deep-water environments. Most of the IFs from the Carajas
Basin have been deposited during the waning volcanic activity of the
Parauapebas LIP, during a prolonged period of time that exceeded 30
Myrs. Although of lower intensity, the impact of the Paraupebas LIP on
nearby depositional environments could even have lasted longer, as
suggested by the occurrence of IFs in the overlying Igarapé Bahia Group.
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The long-lasting control on depositional environments exerted by the
Parauapebas LIP also suggests that the LIP could have impacted
biogeochemical cycles, at least at the basin-scale. The release of large
amounts of solutes and soluble Fe over a significant period of time likely
contributed to enhance photoferrotrophic microbial metabolism in
surface waters as recently documented by Rego et al. (2021).
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