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The Ediacaran-Cambrian transition is marked by the diversification of metazoans in the
marine realm. However, this is not recorded by the Ediacaran-Cambrian Bambuí Group of
the São Francisco basin, Brazil. Containing the sedimentary record of a partially confined
foreland basin system, the Bambuí strata bear rare metazoan remnants and a major
carbon isotope positive excursion decoupled from the global record. This has been
explained by changes in the paleogeography of the basin, which became a restricted
epicontinental sea in the core of the Gondwana supercontinent, promoting episodes of
shallow water anoxia. Here, we report new δ15Nbulk data from the two lowermost second-
order transgressive-regressive sequences of the Bambuí Group. The results show a rise of
δ15N values from +2 to +5‰ in the transgressive system tract of the basal sequence,
which was deposited when the basin was connected to other marginal seas. Such
excursion is interpreted as an oxygenation event in the Bambuí sea. Above, in the
regressive systems tract, δ15N values vary from +2 to +5‰, pointing to instabilities in
the N-cyle that are concomitant with the onset of basin restrictions, higher sedimentary
supply/accommodation ratios, and the episodic anoxia. In the transgressive systems tract,
the δ15N values stabilise at ∼+3.5‰, pointing to the establishment of an appreciable nitrate
pool in shallow waters in spite of the basin full restriction as marked by the onset of a
positive carbon isotope excursion. In sum, our data show that the N-cycle and its
fluctuations were associated with variations in sedimentary supply/accommodation
ratios induced by tectonically-related paleogeographic changes. The instability of the
N-cycle and redox conditions plus the scarcity of nitrate along regression episodes might
have hindered the development of early benthic metazoans within the Bambuí seawater
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and probably within other epicontinental seas during the late Ediacaran-Cambrian
transition.

Keywords: nitrogen isotopes, paleoenviroments, Bambuí Group, Ediacaran-Cambrian, epeiric sea,
chemostratigraphy

INTRODUCTION

Nitrogen (N) has two stable isotopes, 14N and 15N, and they occur
in a proportion of 99.633 and 0.337%, respectively (Meija et al.,
2016). Due to its abundance, ability to build chemical bonds with
carbon, and to join redox reactions when it is dissolved in liquid
water, nitrogen is an important component in Earth’s life system
(Stüeken et al., 2016). In seawater, N is found mostly as N2 (di-
nitrogen), NO2

− (nitrite), NO3
− (nitrate), NH4

+ (ammonium)
and Norg (dissolved or particulate organic nitrogen) (Thomazo
et al., 2011) depending on the redox structure of the water
column, which controls most of the reactions operating the
N-biogeochemical cycle. These reactions impart nitrogen
isotope fractionation, hence, they also control the nitrogen
isotope composition of these nitrogen species. Based on the
study of modern systems, it is commonly assumed that the
measured δ15N of a rock/sediment reflects the isotopic
signature of primary producers (i.e. superficial waters) which
itself reflects the δ15N of the N species they have assimilated (see
review in Ader et al., 2016). Hence, δ15N in past sedimentary
rocks enables to obtain valuable information about changes in
both redox structure of ancient water bodies (e.g., Godfrey and
Falkowski, 2009; Quan et al., 2013; Ader et al., 2014; Wang et al.,

2015; Chen et al., 2019) and past N-biogeochemical cycle paths
(e.g., Cremonese et al., 2013; Stüeken et al., 2015; Cox et al., 2019;
Sun et al., 2019; Xu et al., 2020).

To understand the biogeochemical cycle of nitrogen in the
past, it is important to understand how it operates now, since,
even if not accurate, our knowledge of the modern N cycle is used
as the basis of comparison to understand ancient systems. When
they are not completed, the reactions of this cycle produce
isotopic fractionation (ε � δ15Nproduct − δ15Nreactant) and the
modern biogeochemical cycle of N in the oceans operates as
follows (Figure 1):

i) Nitrogen enters the ocean when N2 is fixed by bacteria and
archaea, the diazotrophs (ε � −7 to +1‰, Zhang et al., 2014;
Sigman and Fripiat, 2019). Subsequently, N2 is converted to a
biologically available form of N, the NH3 gas, which is quickly
converted to the soluble NH4

+ (Glass et al., 2009). The
fractionation on this step depends strongly on which
cofactor is used by the nitrogenase enzyme. Mo-based
nitrogenase imparts a small fractionation (−2 to +1‰),
while Fe or V-based ones lead to a much larger isotopic
differentiation, reaching values as low as −7‰ (Zhang et al.,
2014).

FIGURE 1 | Schematic diagram of the modern marine nitrogen cycle. Oxidation state of nitrogen species is shown on the vertical axis going from −3 (NH4
+) to +5

(NO3
−). Nitrogen isotopic fractionation of the pathways of the N-cycle are detailed in the text and are expressed in ‰. Modified after Ader et al. (2016).
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ii) During organic matter mineralization, Norg is converted into
NH4

+ (ε � 0 to −2.3‰, Möbius, 2013). This NH4
+ can be

fixed into clays (ε � 0, Ader et al., 2016), since its ionic radius
is similar to the potassium one (Müller, 1977; Greenfield,
1992) or it can be assimilated by organisms (ε � 0 to −27‰,
Hoch et al., 1992; Pennock et al., 1996; Liu et al., 2013). NH4

+

can also be nitrified, i.e. NH4
+ is oxidized to NO2

− (ε � −14 to
−38‰, Casciotti, 2009) and NO2

− is rapidly oxidized to NO3
−

(ε � +12.8‰, Casciotti, 2009). Finally, NH4
+ can contribute

to the loss of fixed N in the ocean in a process called
anammox, in which NO2

− is used to oxidize NH4
+,

generating N2 (ε � −23.5 to −29.1‰ for εNH+
4 − N2 and ε �

−16.5‰ for εNO−
2− N2, Brunner et al., 2013).

iii) Denitrification (ε � −25 to −30‰ in the water column and 0 to
−3‰ in sediments, Granger et al., 2008; Casciotti, 2009;
Kessler et al., 2014), the conversion of NO3

− to N2/N2O, is
the major sink of fixed N in modern oceans. It occurs in the
sediments and in the water column where oxygen levels are
low. The remarkable difference in the fractionation of N in the
two environments where the process happens is explained by
the fact that in sediment pore waters nitrate is almost fully
consumed, leading to a small fractionation (Sigman and
Fripiat, 2019). NO3

− is an important nutrient, accounting
for most of the fixed N in marine ecosystems. When it is
assimilated by microorganisms (ε � 0 to −10‰, Casciotti,
2009; Granger et al., 2010) its fractionation depends on the
abundance of the species, the scarcer is the nutrient, the closer
to 0‰ the kinetic isotopic effect is (Fogel and Cifuentes, 1993).

iv) The direct conversion of NO3
− to NH4

+, known as
dissimilatory nitrate reduction to ammonium (DNRA).
Although the isotopic effect of this process is not very well
known, it can account for fractionations larger than −30‰
(McCready et al., 1983).

Many sedimentary basins worldwide record the transition
from the Ediacaran to Cambrian with a rich fossil assemblage,
however this does not happen in the Bambuí Group, east-central
Brazil, which is almost fossil-barren. This Neoproterozoic unit is
situated in the São Francisco Craton and was deposited in a
foreland basin, which was generated in response to the uplift of
the Brasília and Aracuaí belts (Reis et al., 2017). The Bambuí
Group encompasses carbonates and siliciclastic rocks that were
deposited above glaciogenic units (Alkmim and Martins-Neto,
2001, 2012; Martins-Neto and Hercos, 2002; Martins-Neto, 2009;
Reis and Alkmim, 2015) and lately, it has been a matter of intense
research regarding the conditions that could have prevented the
Ediacaran fauna to thrive at the core of West Gondwana (e.g.,
Paula-Santos et al., 2017, 2020; Uhlein et al., 2017, 2019; Okubo
et al., 2018, 2020; Paula-Santos and Babinski, 2018; Caetano-Filho
et al., 2019, 2021; Crockford et al., 2019). Geochronological and
chemostratigraphic data suggest that the Bambuí evolved from a
sea connected to the global ocean to a fully restricted
environment (Paula-Santos et al., 2015, 2017), which might
have influenced its paleoenvironmental conditions, leading to
very high δ13Ccarb values (Iyer et al., 1995; Martins and Lemos,
2007; Kuchenbecker et al., 2016b; Guacaneme et al., 2017;
Caetano-Filho et al., 2019; Uhlein et al., 2019) and anoxia

(Paula-Santos et al., 2017; Hippertt et al., 2019; Uhlein et al.,
2019). These in turn may have prevented complex life forms to
thrive (Hippertt et al., 2019). Further knowledge on the interplay
between the redox state of Bambuí seawater and the biological
metabolic paths could help understanding the limiting conditions for
life during the Ediacaran-Cambrian boundary, and thus on the
comprehension of how life may have progressed to more complex
forms at that period. Aiming to contribute to this debate, we present
a new redox proxy on the Bambuí Group sediments: nitrogen
isotopic composition (δ15N). The nature of δ15N data have the
potential to provide important information on the Bambuí seawater
chemistry, its redox state and prevailing metabolisms.

GEOLOGICAL SETTING

The São Francisco Basin and the Bambuí
Group
The São Francisco Basin (SFB) is a long-lasting sedimentary locus
in east-central Brazil, whose records cover a large area
(∼350.000 km2) of the São Francisco craton (Figure 2). This
intracratonic basin encompasses many first order sedimentary
cycles younger than 1.8 Ga, which record important tectonic and
climate events (Reis et al., 2017). The basement of SFB present
three main structural domains: two structural highs, named
Janu�aria (north) and Sete Lagoas (south) highs, separated by a
deep NW-trending aulacogen, called Pirapora aulacogen. During
the Neoproterozoic-Phanerozoic transition, the SFB hosted a
complex foreland system, which evolved in response to the
growth of the Brasília and Araçuaí orogens around the São
Francisco craton in the context of the Gondwana
supercontinent assembly (e.g. Alkmim and Martins Neto,
2001; Martins-Neto, 2009; Reis and Suss, 2016; Reis et al.,
2017; Uhlein et al., 2017; Kuchenbecker et al., 2020). The
records of such important foreland system are encompassed in
the Bambuí Group, which cover a large area of the São Francisco
basin, presenting mostly carbonates, pelites, sandstones and
conglomerates. Regarding the lithostratigraphy of the Bambuí
Group, Dardenne (1978), after Costa and Branco (1961), divided
the unit into six units: A diamictite at its base and the Sete Lagoas,
Serra de Santa Helena, Lagoa do Jacaré, Serra da Saudade and
Três Marias formations. Other units of the Bambuí Group are the
Sambur�a (Barbosa et al., 1970), Lagoa Formosa (Seer et al., 1989)
and Gorutuba formations (Kuchenbecker et al., 2016a). The
Bambuí has been interpreted as a first-order sequence
subdivided into four second-order progradational-
retrogradational sequences (Figure 3) (Martins and Lemos
2007; Martins-Neto, 2009; Reis and Alkmim, 2015; Caetano-
Filho et al., 2019). The basal second-order sequence comprises the
Carrancas Formation and the base of the Sete Lagoas Formation.
The Carrancas Formation is composed of conglomerates with a
sandy-calcareous matrix, whose glacial origin has been discussed
(e.g. Martins-Neto et al., 2001; Uhlein et al., 2016; Delpomdor
et al., 2020) and the overlying Sete Lagoas Formation consists
mainly of marine dolostones, limestones and organic-rich shales
(e.g. Iglesias and Uhlein, 2009; Reis and Suss, 2016). The basal
limestones of the Sete Lagoas Formation have been interpreted as
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a cap carbonate related to a Neoproterozoic glaciation (e.g.
Babinski et al., 2007; Vieira et al., 2007b; Caxito et al., 2012;
Kuchebecker et al., 2016a). The two-following second-order
sequences are the upper part of the Sete Lagoas, Serra de
Santa Helena, Lagoa do Jacaré, and the lower Serra da
Saudade formations, which also record marine environments.
The Serra de Santa Helena Formation is composed of siltites,
pelites, shales and minor limestones, whereas the Lagoa do Jacaré
Formation is characterized by pisolitic and oolitic limestones,
marbles, intraclastic breccias, shales and siltites and the Serra da
Saudade Formation is a succession of siltites and greenish shales,
with minor limestones and dolostones (Dardenne, 1978). The
uppermost second-order sequence encompasses the upper Serra
da Saudade and the shallow marine/continental deposits of the
Três Marias and Gorotuba formations (Kuchenbecker et al.,
2016a; Reis and Suss, 2016). At the western portion of the
basin, the Sambur�a and Lagoa Formosa formations are
interpreted as the deposits of fan-deltas and submarine-fans,
representing the gravitational flows associated to the
intermediate second-order sequences (Uhlein et al., 2011; Reis
et al., 2017).

Chemo and Sequence Stratigraphy of the
Bambuí Group
Many chemostratigraphic studies were done on the Bambuí
Group applying 13C isotopes on carbonate rocks (δ13Ccarb)
(Iyer et al., 1995; Santos et al., 2004; Martins and Lemos,
2007; Vieira et al., 2007a; Caxito et al., 2012; Kuchenbecker
et al., 2016b; Guacaneme et al., 2017; Paula-Santos et al., 2017;
Caetano-Filho et al., 2019; Uhlein et al., 2019). Considering
δ13Ccarb and also 87Sr/86Sr ratios, Paula-Santos et al. (2017)
divided the basal Bambuí into three chemostratigraphic
intervals (CIs) and interpreted the shifts in the measurements
in terms of oceanic connection and restriction of the basin
(Figure 3). The first interval (CI-1) comprises the Sete Lagoas
cap carbonates, in which δ13Ccarb values records a negative
excursion (−3 to −5‰) followed by a positive excursion (−5
to 0‰). Also, at CI-1, the 87Sr/86Sr ratio increases from 0.7074 to
0.7082. At CI-2, which corresponds to the middle of the Sete
Lagoas Formation, both δ13Ccarb and

87Sr/86Sr are stable, around
0‰ and 0.7082, respectively. At the CI-2 the marine late
Ediacaran index fossil Cloudina sp. (Grotzinger et al., 1995)
was reported by Warren et al. (2014), suggesting that the São
Francisco basin was connected to other Gondwana marine basins
through a sea pathway, allowing the migration of metazoans and
C-isotope homogenization with global seawater. Finally, the third
interval (CI-3), encompasses the upper Sete Lagoas, Serra de
Santa Helena, and Lagoa do Jacaré formations. At CI-3, δ13Ccarb

reaches very high values (up to +16‰) and 87Sr/86Sr ratios
decrease when compared to CI-2, being close to 0.7075. The
reported 87Sr/86Sr ratios are low for the late Ediacaran/early
Cambrian, suggesting restriction and lack of homogenization
with external seawaters, hence, its Sr signature was mostly
controlled by weathering of ancient carbonate platforms
(Paula-Santos et al., 2015, 2017). Such restriction was probably
caused by the progressive uplift of the marginal orogens of the São
Francisco Craton (Paula-Santos et al., 2017), which isolated the
basin. Uhlein et al. (2019) named these very high δ13Ccarb values
reported in CI-3 interval as MIBE (Middle Bambuí Excursion).
They were mostly interpreted as the result of enhanced burial of
organic matter and active methanogenesis coupled to methane
emissions to the atmosphere (Iyer et al., 1995; Paula-Santos et al.,
2017; Caetano-Filho et al., 2021) or the consequence of a change
in carbon input due to weathering of ancient sedimentary
carbonates and higher burial rates of authigenic carbonates
due to organic matter oxidation (Uhlein et al., 2019; Cui et al.,
2020). The chemostratigraphic division made by Paula-Santos
et al. (2017) was later corroborated by Paula-Santos et al. (2018)
since the Rare Earth Elements + Yttrium (REY) patterns that were
reported by the authors present secular trends that matches the
intervals CI-1, CI,-2 and CI-3. Using geochemical data and two
major stratigraphic surfaces, the maximum flooding surface
(MFS) and the first sequence boundary (SB1), which are
recognizable throughout the basin, Caetano-Filho et al. (2019)
established correlations between the sections used in this work,
classifying its basal units in terms of systems tracts identified both
at the Sete Lagoas and at the Janu�aria highs. The authors defined a
transgressive system tract (TST), an early highstand system tract

FIGURE 2 | The São Francisco Craton geological map and the São
Francisco Basin. Studied sections: A, Arcos; W, Well 1; J, Janu�aria. Modified
after Caetano-Filho et al. (2019).
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(EHST) and a late highstand system tract (LHST) and also a
second transgression at the base of the upper second-order
sequence. The TST corresponds to a retrogradational pattern
that marks a transgression over the forebulge of the Bambuí
domain and its connection to the global ocean, and it comprises
deposits of diamictites from Carrancas and carbonates from the
basal Sete Lagoas Formation. This sequence ends at MFS, which
in the Sete Lagoas High is marked by a succession of shale and
mudstones, whilst in Janu�aria bindstones lacking structures
related to flows were chosen as the limiting surface, this
interval is associated to the CI-1 of Paula-Santos et al. (2017).
Above it, a progradational pattern shows that a regression
occurred, marking the EHST. At this stage, the Bambuí was
still connected to the global ocean. Carbonates are the main
lithology of this stage and represent a stable marine ramp. The

boundary between EHST and LHST was defined by a sharp
increase in the Sr/Ca ratio since the latter present an average value
of 0.004, while the former the value of 0.001 and this increment
was interpreted as the beginning of the restriction of the Bambuí
seaway. LHST comprises very pure carbonates that become
coarser towards the top of the sequence. Despite the rise in
Sr/Ca ratios, Paula-Santos et al. (2017) defined that the CI-2
covers both EHST and LHST, which places the beginning of the
restriction later than it was suggested by Caetano-Filho et al.
(2019). The LHST ends with the surface identified as SB1
marking the beginning of the second second-order sequence,
which corresponds to the CI-3 of Paula-Santos et al. (2017). The
SB1 is defined by subaerial features in shallow environments,
whereas in deeper it is defined by an erosional surface at the base
of peritidal channels limestones.

FIGURE 3 | Litho-sequence and chemostratigraphy of the São Francisco Basin. Yellow Star represents maximum depositional age obtained in detrital zircons in
the upper Sete Lagoas Formation (Paula-Santos et al., 2015); The red star represents a Serra da Saudade Concordia Age obtained by Moreira et al. (2020).
Chemostratigraphic intervals (CIs) were defined by Paula-Santos et al. (2017). Cloudina occurrences are reported in Warren et al. (2014) and Perrella Júnior et al. (2017)
and Treptichnus pedum occurrences are reported in Sanchez et al. (2020). Modified after Caetano-Filho et al. (2019).
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Age of the Bambuí Group
A large set of data show that the deposition of the Bambuí Group
largely took place between the late Ediacaran and Cambrian.
Paula-Santos et al. (2015) determined U-Pb ages in detrital
zircons from pelites intercalated with carbonates from the
upper part of the Sete Lagoas Formation and obtained a
maximum depositional age around 560 Ma. The discovery of
fossils of Cloudina sp. and Corumbella Werneri (550–542 Ma)
(Grotzinger et al., 1995) in the middle Sete Lagoas Formation
(Warren et al., 2014; Perrella Júnior et al., 2017) corroborate
Paula-Santos et al. (2015) ages. Recently, Moreira et al. (2020)
reported that ten prismatic zircon grains extracted from a
K-bentonite volcanoclastic bed in the upper Serra da Saudade
Formation defined a U-Pb Concordia age of 520 Ma ± 5 Ma.
Finally, the fossil Treptichnus pedum was reported in the upper
Três Marias formation, which places the deposition age of this
unit in the early Paleozoic (Sanchez et al., 2020).

MATERIALS AND METHODS

Studied Sections
Three stratigraphic sections from the Bambuí Group were studied
in this work: Janu�aria (∼130 m-thick), an assemblage of three
minor sections in the central-east portion of the São Francisco
Basin in Janu�aria High domain, Arcos (180 m-thick) and Well 1
(430 m-thick), the latter two sections corresponding to drill cores,
at the South of the Basin, in the Sete Lagoas High domain
(Figure 2). Janu�aria and Arcos represent shelf environments
of the Bambuí, while Well 1 represents a forebulge graben
setting. For detailed lithostratigraphy and sedimentological
features of Janu�aria, Arcos and Well 1, see Caetano-Filho et al.
(2019), Kuchenbecker et al. (2011, 2013) and Reis and Suss
(2016), respectively. The samples analyzed here correspond to
the two lowermost second-order sequences of the Bambuí Group.

Janu�aria Section
The Janu�aria composite section (Figure 4) is composed of three
minor sections, Cônego Marinho (CM), Barreiro (BAR) and
Janu�aria-Lontra (JL), all located at the North of Minas Gerais
State, Brazil. Above the unconformity that separates the Bambuí
Group from the basement, grey calcilutites (0–4 m) presenting
aragonite pseudomorphs (cap carbonates) are overlapped by pink
carbonates (4–19 m) that transition to light grey fine-grained
carbonates (19–25 m) interleaved with pelitic siliciclastic layers.
The presence of such layers was interpreted as evidence for a deep
environment, therefore, at this interval, Caetano-Filho et al.
(2019) set the maximum flood surface for the section.
Overlying the light grey limestones, there are dark grey
calcisiltites (25–58 m) intercalated with thin beds of clay. From
58 to 98 m, carbonates become gradually coarser and flat pebble
breccias. At the top of the Sete Lagoas Formation, there are
dolostones (98–100 m) with intraclasts and vugular porosity,
which are interpreted as the result of a shallow to subaerial
conditions (Caetano-Filho et al., 2019). Above them, an
unconformity marks the end of the first second-order
sequence. Following a gap of unknown thickness, the Serra de

Santa Helena Fm. outcrops in a 20 m-thick succession of
laminated to massive siltstones and mudstones and it is
overlapped by the 20 m-thick package of limestones of the
Lagoa do Jacaré Formation, which shows features such as
oolites, intraclastic breccias and planar-parallel lamination.
This section is detailed described in Caetano-Filho et al. (2019).

Arcos Section
The Arcos section (Figure 5) consists of two drillcores of about
200 m that were obtained by mining companies within the area of
the city of Arcos, Minas Gerais, Brazil. Its detailed description can
be found in Kuchenbecker et al. (2011, 2013) and will be
summarized here. The basement comprises slightly deformed
dark-green to grey granodiorites, above it, in an irregular contact,
a 0.5 m-thick layer of the Carrancas diamictite occurs, containing
clasts from the basement, besides clasts of limestones, siltite and
quartz. The next 9 m of the section encompasses light-grey
impure limestone intercalated with calcilutites. Microbial
lamination is present so as fenestral porosity, commonly filled
with sparry calcite and more rarely with crysptocrystalline silica.
From 600 to 608 m, the terrigenous content diminishes and
calcilutites are the dominant lithology and, occasionally, there
is the occurrence of impure calcarenite. Stylolites and other
dissolution structures are present, and at the top of this
segment, there are aragonite pseudomorphs. Pyrite crystals,
euhedric or framboidal, are also a common feature. Between
608 and 627 m the detrital content increases remarkably and the
interval is marked by mudstones and siltstones, and, more rarely,
by calcilutites. Such enhance in the detrital content was used as a
guide to determine the maximum flood surface of the Arcos
section (Caetano-Filho et al., 2019). Again, from 627 to 668 m, the
terrigenous content is very low and limestones featuring
microbial laminations predominate. However, from time to
time, intraclastic calcarenites are also found. At the segment
that goes from 668 to 705 m, calcilutite exhibiting microbial
structures intercalates with black shaly rocks presenting a
crinkled lamination. Then, until 718 m, calcilutites are the
major lithology. From 718 to 738 m there are oolitic and
intraclastic calcarenites. The interval between 738 and 761 m is
heavily dolomitized, featuring oolitic and intraclastic
doloarenites, sometimes laminated. The dolomitization is
evidence of regression; therefore, at this interval, there is an
unconformity that marks the end of the first second-order
sequence and the beginning of the second second-order
sequence. Following the dolomitic rocks, the Arcos section
comprises, again, calcilutites with microbial structures, until
the end of the section.

Well 1 Section
The Well 1 section (Figure 6) is a continuous drill core that was
drilled in the southern São Francisco basin during hydrocarbon
exploration campaigns. The detailed stratigraphy and
depositional environment of Well 1 is present by Reis and
Suss (2016). Its base, which will be investigated in this work,
is approximately 430 m-thick, consisting of the thickest studied
section presented here. An erosional unconformity marks the
appearance of the Carrancas diamictite (muddymatrix sustaining
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clasts of metasedimentary rocks, granitoids and quartz veins)
above the basement. The conglomerate grades upward to
recrystallized dolomites ∼80 m-thick) cemented by sparry
dolomite and chert; wave ripples and hummocky stratification
are present as well. From 1100 to 1075 m-depth dark shales

intercalate with limestones, and from 1075 to 1045 m-depth a
thick layer of shale containing pyrite closes this portion of the drill
core. In the middle of this interval, the maximum flood surface
was set (Caetano-Filho et al., 2019), as it represents deeper facies.
Above the shaly interval, until approximately 880 m-depth,

FIGURE 4 | Janu�aria section: Depositional environments, lithologies, structures and sequence stratigraphy framework. δ15N data was obtained in this study and
δ13Corg was published by Caetano-Filho et al. (2021). The axis on the Corg/N column is fixed on the Redfield ratio (6.6). System tracts: TST, Transgressive System Tract;
MFS, Maximum Flooding Surface; EHST, Early Highstand System Tract; LHST, Late Highstand System Tract; SB1, Sequence Boundary. Granulometry scale: C, clay; S,
sand; G, gravel. Adapted after Caetano-Filho et al. (2019).
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greenish siltstones intercalate with calcilutites, calcarenites and
calcirudites. Structures such as wavy, lisen and flaser beddings,
wave ripples and hummocky stratification are reported. From 880
to 720 m-depth the section comprises dark-limestones of varied
granulometry, in which wavy ripples, gutter casts, hummocky
and horizontal planar lamination are described at the base of this
segment and ooids, trough cross-bedding, planar cross-
stratification and microbial lamination at the top. Also,
associated with these microbial laminations, there is the limit
of the first second-order sequence, an erosional surface at the base
of peritidal channels limestones (Caetano-Filho et al., 2019).This

is the only studied section in which there are no dolostones
associated with the end of the first second-order sequence. The
uppermost 30 m of Well 1 comprises shales with minor
intercalations of calcirudites and calcarenites, pyrite is a
common feature.

Preparation of the Samples for Analysis
In total, 177 samples were analysed, from these, 86 were from
Well 1, 46 from Janu�aria and 45 from Arcos. A stratigraphic
resolution of 1 m was deployed for the cap carbonate interval,
except Well 1, in which the resolution was 3 m. Also, for the

FIGURE 5 | Arcos section: Depositional environments, lithologies, structures and sequence stratigraphy framework. δ15N data was obtained in this study and δ13Corg

was published by Caetano-Filho et al. (2021). The axis on the Corg/N column is fixed on the Redfield ratio (6.6). Abbreviations here are the same as the ones used in Figure 4.
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second sequence of the Janu�aria section, the resolution of
sampling was 1 m. For the rest of the sections, the interval
was of 5 m, encompassing all the systems tract intervals

defined by Caetano-Filho et al. (2019). To acquire δ15Nbulk (N
bounded to clays + N bounded to kerogen) data, the rocks were
crushed into smaller pieces using mortar and pestle and were

FIGURE 6 |Well 1 section: Depositional environments, lithologies, structures and sequence stratigraphy framework. δ15N data was obtained in this study and δ13Corg

was published by Caetano-Filho et al. (2021). The axis on the Corg/N column is fixed on the Redfield ratio (6.6). Abbreviations here are the same as the ones used in Figure 4.
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subsequently pulverized using a tungsten carbide mill. The
carbonate fraction was removed by adding 25 ml of 5 N HCl
to 3–15 g of sample for 12 h at 25°C. The reaction proceeded after
that at 80°C for 2 h. Leachate was centrifuged and discarded and
the residue of this procedure was rinsed with distilled water until
its pH was neutral and was then dried in an oven at 50°C. This
allowed to concentrate N in the residue, a necessary step given the
high carbonate content and very low TOC of most samples.

δ15N, Total N and Total Carbon – Elemental
Analyzer
To obtain the δ15Nbulk data, samples were analyzed on an elemental
analyser Thermo Scientific EA Flash 2000 coupled to a Thermo
Scientific Delta V+, at Pôle de Spectométrie Océan, University of
Western Brittany, France. For this, 5–10mg of the insoluble residue of
each sample was weighted in tin capsules and dropped by an
autosampler into an oxidation furnace at 1020°C. An 8 s injection
time of dioxygen at a flux of 240ml/min was used to accomplish the
flash combustion. To avoid incomplete oxidation of the flash
combustion products, chromium(III) oxide and silver-plated cobalt
oxide were added to the oxidation reactor. The produced gas was
transported by continuous helium flow (100ml/min) to a reducing
column containing activated copper (heated at 650°C), which enabled
the removal of oxygen in excess and the conversion of NOx to N2.

Water vapor was removed from the gas using anhydrous magnesium
perchlorate. The rest of the gases were separated using gas
chromatography and were introduced into the mass spectrometer
via a Thermo Scientific ConFlo IV universal interface. Total nitrogen
(TN) was measured by the Thermal Conductivity Detector of the
Flash EA 2000 and in this work, we report TNdecarb as themeasuredN
concentration in the insoluble residue obtained after HCl leaching.
δ15Nbulk data is reported in per mil (‰) deviation from the
atmospheric N isotopic composition (δ15Nair � 0‰). The average
uncertainty was calculated based on repeated measurements of the
reference standard SED-IVA (sediment; + 4.42‰) and the in-house
standard LIPG (yeast; −0.16‰) and it was better than 0.15‰ (2σ) for
δ15Nbulk and better than 0.03% (2σ) for N total concentration. This
work also reports total nitrogen in samples (TNbulk), which was
calculated gravimetrically based on the amount of mass of sample
remaining after the HCl leaching. Most of the total carbon data used
here was published by Caetano-Filho et al. (2021), except for 11
samples from the second second-order sequence of Janu�aria and one
sample from Arcos that were measured at the Institut de Physique du
Globe de Paris using a Flash EA 1112 coupled to a Thermo-Fisher
Delta + XP isotope ratio mass spectrometer. The analytical procedure
is similar to the one already described in Caetano-Filho et al. (2021)
and the reproducibility of duplicate samples was better than
0.02% (2σ).

δ15Nbulk and Total N – Sealed Tube
Combustion + Dual Inlet Mass
Spectrometer
For some of the samples from Arcos, Well 1 and Janu�aria the
nitrogen content was too low to obtain accurate results using the
EA method. In these cases, when there was still enough material,

samples were measured using what is known as the classical
sealed tube method (Ader et al., 1998, 2016) at the Institut de
Physique du Globe de Paris. In this method, the N2 is extracted
and purified using a vacuum line (Ader et al., 1998, 2016). For this
purpose, quartz tubes were filled with previously purified CuO,
Cu wires and sample. Then, the tubes were attached to the
vacuum line and were degassed under 150°C until high
vacuum conditions were obtained. Subsequently, the tubes
were flame-sealed and proceeded to the combustion step, in
which the tubes were heated in a furnace at 950°C for 6 h to
allow the CuO to decompose into Cu and O, as the liberated O
causes the combustion of the sample, which generates water,
dinitrogen, carbon dioxide and nitrogen oxides as products.
Then, the tubes are cooled down until 600°C for 2 h, to allow
for the NOx to react with Cu to generate N2 and CuO. After the
combustion, the generated gas was extracted and purified using
the vacuum line. CO2 and H2O were separated from N2 using a
liquid nitrogen trap. After the purification step, the gas was
concentrated and pushed into a sample vessel using a Toepler
pump, which also allows the quantification of the extracted N2. To
assess possible contaminations coming from the vacuum line,
blanks were commonly done, yielding less than 0.02 μmol of gas
within the vacuum line system, which is negligible considering
the amount of N2 in Bambuí samples. The extracted gas was
analyzed using a Thermo-Fisher Delta + XP mass spectrometer
with a dual inlet introduction system to determine the nitrogen
isotope composition. Nitrogen isotopes are measured in masses
28, 29 and 30 and masses 12 (C), 32 (O2), 40 (Ar) and 44 (CO2)
are tracked to check for possible contaminations. The precision of
δ15Nbulk values was better than 0.5‰ (2σ), estimated from
multiple measurements of a batch of samples. Accuracy was
monitored by measuring certified materials IAEA-N1(+0.4 ±
0.2‰) and IAEA-N2 (+20.3 ± 0.2‰) and IPGP internal
standard MS#5 (+14.9 ± 0.5‰).

K and AI Contents
K and Al contents were measured using a portable XRF device
Thermo Scientific Niton XL3t provided by the Geological Survey
of Brazil (CPRM). Sample slabs were polished and veins or
terrigenous laminations were avoided during measurements. A
blank (SiO2) and a certified reference material (QC 180-673;
Thermo) were run after every batch of 30 samples. The blanks
present K content that was less than 0.01 ppm and the
reproducibility of the standard was better than 0.2% (1σ). The
Al blanks were lower than the detection limits and the
reproducibility of standards was better than 0.5% (1σ). K and
Al content are reported in percentage (%).

RESULTS

δ15N and Total N
From the initial batch of 177 samples, we obtained 152 results. 39
from Janu�aria section, 34 from Arcos section and 79 fromWell 1
section (Figures 4–6). The results of the isotopic compositions of
bulk nitrogen (δ15Nbulk), total nitrogen samples in residues
(TNdecarb) and total nitrogen in bulk rock (TNbulk) are shown
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in Supplementary Table S1. The results were paired with total
organic carbon in the insoluble residue (TOCdecarb), total carbon
in bulk rock (TOCbulk) and δ13Corg data published by Caetano-
Filho et al. (2021) except for 11 samples from the second sequence
of Janu�aria and one from Arcos, whose TOCdecarb and TOCbulk

were obtained in this work. Corg/N ratios were calculated from
measured TOCdecarb and TNdecarb on an atomic basis and are also
reported in Supplementary Table S1; Figures 4–6. δ15Nbulk

values are fairly constant on the three sections ranging from a
minimum of +1.3‰ in Janu�aria to a maximum of +5.0‰ in
Arcos, with an average value of +2.9‰ (n � 152). TNbulk (ppm)
values are low in all sections, with an average value of 119.3 ppm
(n � 152). In respect of Corg/N ratios, they range from 0.63, in
Janu�aria, to a maximum of 107.4, in Arcos, while the average
value for the three sections is 20.3 (n � 152), which is above the
Redfield Ratio (6.6) for Corg/N. Even if our average Corg/N value is
low for Precambrian rocks, similar Corg/N ratios have been
reported on the Ediacaran/Cambrian transition in China
(Kikumoto et al., 2014). In all sections, the lowermost samples
display a remarkable enrichment in N compared to the Redfield
value and this enrichment ends near the transition to the LHST,
except in Well 1, in which occasionally samples with low Corg/N
are reported in the upper segments of the section (Figures 4–6;
Supplementary Table S1).

Janu�aria Section
Janu�aria section samples average δ15Nbulk is +3.1‰ (n � 39),
ranging from +1.3 to +4.3‰ (Figure 4). In its TST interval, a
pronounced positive δ15Nbulk excursion from +1.2 to +3.8‰
occurs on the post-glacial carbonates of this section. In the
EHST interval, Janu�aria values form a plateau around +3.0‰,
however, in the LHST interval, the δ15Nbulk data of Janu�aria
oscillate between ∼+2 and ∼+4‰. Meanwhile, during the second
second-order sequence, the average δ15Nbulk of Janu�aria is +3.0‰
(n � 13). Janu�aria average TNbulk and Corg/N is 29 ppm and 20
(n � 39), respectively. In Janu�aria, the low Corg/N interval is
present in its 13 lowermost samples, with an average Corg/N of
2.7, which corresponds to the cap carbonates and the upper limit
of the EHST interval.

Arcos Section
Considering the three studied sections, Arcos has the heaviest N
mean isotopic composition, +3.4‰ (n � 34) with δ15Nbulk going
from +1.6 to +5.0‰ (Figure 5). Some excursions are present
along Arcos profile. The TST interval of this section presents a
shift in which δ15Nbulk values go from +3.2 to 5.0‰. In the EHST
interval, δ15Nbulk values are stable (∼+3.0‰), but in the LHST
interval they fall to a minimum of +1.6‰ near EHST/LHST
boundary and then they return to +3.4‰. During the second
second-order sequence, the δ15Nbulk values of Arcos section rise
and its mean value during this interval is +3.8‰ (n � 3). Arcos
section average TNbulk and Corg/N is 37 ppm and 31 (n � 34),
respectively. Here, the low Corg/N interval ends earlier than in the
other sections, in the middle of the EHST interval. One sample is
an exception in this segment, with a Corg/N ratio of 67, which
drives the mean value of this interval to 12. Without this sample,
the average value for Arcos low Corg/N interval would be 8.

Well 1 Section
Well 1 section has the lowest δ15Nbulk mean, +2.5‰ (n � 79), with
N signatures going from +1.4 to +4.0‰ (Figure 6). In the TST
interval, the cap carbonates from Well 1 present a little positive
δ15Nbulk shift going from +1.5 to +2.8‰ and during the EHST
and LHST intervals, the δ15Nbulk values of the Well 1 section are
around a plateau of +2.5‰. In the second second-order sequence,
δ15Nbulk values rise and the average N isotopic composition is
+3.2‰ (n � 6). Well 1 section is enriched in N when compared to
the other two sections, with a TNbulk of 198 ppm (n � 79). Also,
TNbulk concentrations increase as the amount of carbonate
minerals diminish (Supplementary Table S1). This feature
generated a remarkable zigzag pattern on the EHST interval of
Well 1 section, in which limestones more or less rich in insoluble
residue intercalates (Figure 6). In Well 1 the low Corg/N interval
extends from the bottom of the section until the EHST/LHST
boundary, except for values >6.6 that occurs near to the
Maximum Flood surface (Figure 5) and rise the mean value
of this interval to 7.

K and Al Contents
The average K content of samples is 0.4, 0.6 and 2.9%, whilst the
average Al content is 1.0, 1.3 and 2.1% in Janu�aria, Arcos and
Well 1, respectively. Higher K and Al contents are reported
during transgressive tracts, while the regressions show lower
values (Table 1).

DISCUSSION

Preservation of δ15N Primary Signals
Wemust evaluate the effects of diagenesis and metamorphism on
the rock samples to check if the measured δ15Nbulk values
represent primary signals. In sedimentary rocks, N occurs
mainly in two phases: within the organic fraction or present
as clay-bound NH4

+ substituting K+ in crystal lattices (Müller,
1977; Greenfield, 1992), together, they compose the Nbulk

reservoir. The clay-bound NH4
+ comes mainly from the in-

situ degradation of organic matter, although it can come from
external fluid circulations (e.g. Schimmelmann et al., 2009).
During the early diagenesis, as organic matter is degraded and
Norg is liberated as NH4

+ with minimum isotopic fractionation
(Möbius, 2013), a pool of ammonium within the pore waters is
generated. This NH4

+, depending on the mineralogy,
permeability and porosity of sediments (Stüeken et al., 2017),
can either be fixed into clay minerals substituting K (Müller,
1977; Greenfield, 1992) without fractionation (Ader et al., 2016)
or/and it can be oxidized into NO2

−, NO3
− and N2, which

depends on the O2 concentrations of the environment. Since
partial oxidation of NH4

+ leads to isotopic fractionation,
diagenetic effects on δ15Nbulk are enhanced under oxic
conditions, as it favors the instability of ammonium. Under
anoxic environments, studies have shown that diagenetic effects
increase primary δ15N signal of bulk sediments by less than
+1‰, while in oxic environments the increment can reach +4‰
(Altabet et al., 1999; Lehmann et al., 2002). Studies using Rare
Earth Elements and iron speciation indicate that the bottom
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waters of the Bambuí sea were anoxic in the intervals reported
on this paper (Paula-Santos et al., 2018; Hippertt et al., 2019),
which likely diminished the effects of diagenesis on the N
isotopic signatures of the samples. Well 1 and Arcos section
samples show a moderate and strong correlation (R2 � 0.57 and

0.89, respectively) between TNdecarb and TOCdecarb (Figures
7A,B), indicating that N came mainly from the primary organic
matter (Calvert, 2004). In Janu�aria, the correlation is weaker, R2

� 0.33 (Figure 7C), however, its coefficient of determination is
influenced by an outlier heavily enriched in N. When the outlier

TABLE 1 | Al and K content average values during the transgressions and regressions.

Section Average K content
– TST and

2nd-sequence (%)

Average K content -
HST (%)

Average Al content
– TST and

2nd-sequence (%)

Average Al content -
HST (%)

Janu�aria 0.4 0.3 1.1 0.6
Arcos 0.7 0.4 1.7 0.6
Well 1 4.6 0.7 2.9 1.9

FIGURE 7 | Analyses of total nitrogen (TN), total organic carbon (TOC), Al, K and δ15N in Well 1, Arcos and Janu�aria sections.
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is removed, R2 rises to 0.75. None of the trendlines of TNdecarb

and TOCdecarb plots pass through the origin, which shows that a
fraction of N in the samples is clay-bound. The presence of
NH4

+ linked to clay minerals is also notable when Albulk values
are plotted against Nbulk concentrations. InWell 1 (Figure 7D) a
correlation between these proxies is not seen during the HST
interval, which drives its R2 to 0.18, however, the correlation is
clear during the TST and second-sequence interval of this
section. In Arcos (Figure 7E) and Janu�aria (Figure 7F), the
correlation is also clear, with an R2 of 0.90 and 0.30, respectively.
The apparently low R2 of Janu�aria is caused by one Nbulk-rich
sample present in its second second-order sequence. One
remarkable feature in all sections is the Corg/N ratio at their
base. The ratios are low when compared to the modern redfield
ratio (6.6), which might indicate that the samples are enriched
in N compared to the organic matter from which they were
generated. This enrichment of N, when coupled to the fact that
some N may be linked to clays and not to organic matter, must
be investigated since the excess in N can be non-primary.
Alternatively, excess of N can be a result of N preservation at
the expense of C. If the first alternative is true, the samples
cannot be used for paleoenvironmental reconstruction.

Metasomatic alteration can add non-primary NH4
+ to the

rocks and this could have happened in the sections, especially
along intervals in which lithological heterogeneities facilitate fluid
percolation, such as in the EHST interval of the Well 1 section.
However, such external ammonium would have been preserved
in clay minerals substituting K, and the lack of correlation
between Kbulk and δ15N in all three sections (Figures 7G–I)
argues against such external N contamination. Therefore, the low
Corg/N observed in the base of the sections was likely caused by
exceptional preservation of N, which occurred due to the in-situ
degradation of organic matter and releasement of NH4

+ that was
later trapped by clay-rich sediments while C was lost. Another
evidence for this is that the Albulk/TOCbulk ratios are higher in the
low Corg/N intervals (Table 2). This ratio shows that clays are
abundant when compared to organic matter, which creates
favourable condition for the preservation of N in the form of
NH4

+. The conversion of Norg to mineralized NH4
+ that is

subsequently trapped into clays does not imply significant
changes on the original primary δ15Nbulk signal, especially
under anoxic conditions. This hypothesis also is corroborated
by the strong correlation observed between TOCdecarb and Corg/N
ratios of the sections (Figures 8A–C) (Calvert, 2004), pointing
that carbon loss is the major responsible for Corg/N variations.
Such scenario requires a process that oxidizes C and preserves N,
which can be achieved viamicrobial sulfate reduction, a plausible
process considering the visual abundance of pyrite in the base of
all sections decreasing towards the top of the basal sequence
(Caetano-Filho et al., 2019). As sulfate cannot oxidize NH4

+

under most conditions, NH4
+ tends to accumulate in anoxic

pore waters (Stüeken et al., 2016) and then it is trapped in clay
minerals. Metamorphism effects on δ15N signatures increase with
metamorphic grade, as 14N is preferentially volatilized (reviewed
by Thomazo and Papineau, 2013; Ader et al., 2016). Fortunately,
samples from the Bambuí Group are metamorphosed under
greenschist facies and their signature was unlikely altered by

more than 1‰ (Ader et al., 2016). A negative correlation between
δ15N and TNdecarb is also an indicator of metamorphic effects on
δ15N due to metamorphism, as during thermal alteration mainly
14N is lost from the system, lowering N content and enhancing
δ15N primary signatures. Except for Arcos, which presents a
moderate negative δ15N and TNdecarb correlation (R2 � 0.48;
Figure 8E), the other sections do not present such a negative
trend (Figures 8D,F). However, Arcos average δ15Nbulk values
(+3.4‰, n � 34) are similar to ones ofWell 1 (+2.5‰, n � 79) and
Janu�aria (+3.1‰, n � 39), which discredits the hypothesis of
heavy alteration of primary δ15N. Furthermore, the sections do
not show relevant δ15N and Corg/N correlations (Figures 8G–I),
which would be expected if metamorphic alteration of N signals
was relevant. Arcos shows a weak negative trend (R2 � 0.34), the
opposite expected for a metamorphism influence, as N is
preferentially lost in higher temperatures when compared to
C (Ader et al., 2006). Lastly, Corg/N ratios are mainly under 100,
which is consistent with Proterozoic data with little δ15Nbulk

alteration (e.g, Beaumont and Robert, 1999; Chen et al., 2019).
Hence, it is reasonable to consider that δ15Nbulk of the Bambuí
Group reflects mainly the primary signals of the organic matter
and the data can be used for paleoenvironmental
reconstructions.

The Nitrogen Biogeochemical Cycle in the
Bambuí Sea
Increasing Oxygenation During the Deposition of the
TST Interval
All the studied sections present a positive δ15Nbulk excursion,
from a minimum of +1‰ to a maximum +5‰, depending on the
section, during the first transgression registered in the Bambuí
Group (Figure 9). Two scenarios can generate δ15Nbulk values
comprehended between ∼−2 and ∼+1‰ (e.g., Casciotti, 2009;
Quan et al., 2013; Sigman and Fripiat, 2019).

(i) assimilation of NO3
− from an ocean where denitrification

occurs only in the sediments. This would require a fully
oxygenated water column to prevent the conversion of NO3

−

to N2 while the former is transported/sunk.
(ii) biological N2 fixation using Mo-based nitrogenase as a

dominant path of the N cycle;

In the Bambuí Group, the reported low values on the TST
interval (∼+1‰) cannot be explained by a fully oxygenated ocean
without denitrification on the water column. This scenario is not
only unrealistic for the Precambrian (Canfield et al., 2010; Ader
et al., 2016; Stüeken et al., 2016), it does not fit the published

TABLE 2 | Albulk/TOC ratios in low and high Corg/N ratios interval.

Section Albulk/TOCbulk in low
Corg/N segments

Albulk/TOCbulk in high
Corg/N segments

Janu�aria ∼112 ∼17
Arcos ∼46 ∼4
Well 1 ∼112 −17
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geochemical data available for the Bambuí which indicate bottom
water anoxia (e.g. Caxito et al., 2018; Paula-Santos et al., 2018;
Hippertt et al., 2019). Hence, the reported low δ15Nbulk signature
of Well 1 and Janu�aria sections was likely caused by N2 fixation
using Mo-based nitrogenase in a redox stratified water body. The
covalent bonds present in the N2 molecule makes the conversion
of N2 to NH3 energetically costly. Consequently, N2 fixation
requires more energy than NO3

−/NH4
+ direct assimilation to

be processed (Alexander, 1984) and can only happen when no
other form of N nutrient (NH4

+ or NO3
−) is available. As N2

fixers are sensitive to O2 (Gallon, 1981) anoxic conditions favours
diazotroph and the presence of nutrient phosphorous (Tyrrell,
1999) and Mo (Seefeldt et al., 2009) are also important for the
success of Mo-based N2 fixation. Hence, δ15Nbulk data points that
at the beginning of the deposition of the cap carbonates fromWell

1 and Janu�aria sections (both presenting δ15Nbulk values near
+1‰ at their base) the water column was mainly anoxic which
made N2 fixation a main path of N-assimilation. NH4

+ and NO3
−

would be near quantitatively consumed at the redoxcline by
anammox and denitrification respectively. Phosphorus would
also be in abundant supply as melting glaciers would deliver it
to the Bambuí sea, however this hypothesis must be tested using
other proxies. Besides that, as anoxic conditions enhance P
residence time in the water column, environmental conditions
prevented it from binding with Fe oxyhydroxides and being
sequestered into sediments (Van Cappellen and Ingall, 1994).
Finally, previous studies on the Bambuí Group show that Mo
availability was high enough to support N2 fixation (Hippertt
et al., 2019). In fact, despite microbiological culture studies
showing that low Mo-conditions might harm nitrogenase

FIGURE 8 | Analyses of total nitrogen (TN), total organic carbon (TOC), Corg/N and δ15Nbulk in Well 1, Arcos and Janu�aria sections.

Frontiers in Earth Science | www.frontiersin.org August 2021 | Volume 9 | Article 69289514

Fraga-Ferreira et al. N-cycle in an Epeiric Sea

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


enzyme operation (Zerkle, 2005), there is no evidence that Mo-
scarcity played a role in diazotrophy activity in geological time
(Stüeken et al., 2016).

As along the TST interval δ15Nbulk values increase, another
N-assimilation pathway must have competed with N2 direct
fixation. Two possibilities can be envisaged depending on
redox state of the euphotic zone. In an anoxic photic zone (i.e.
NH4

+ is the main dissolved N species) δ15Nbulk >+2‰ can be
interpreted as:

(i) assimilation of NH4
+ from a reservoir in which NH3

dissociated from NH4
+ and was volatilized (e.g. Stüeken

et al., 2015);
(ii) non-quantitative assimilation of upwelled NH4

+;
(iii) assimilation from an NH4

+ pool that faced non-quantitative
nitrification while the resultant nitrite and nitrate were
completely reduced (e.g. Thomazo et al., 2011).

NH4
+ can be dissociated to H+ and volatile NH3 and, as this

reaction proceeds, 14N-rich NH3 is lost to the atmosphere and the
remaining ammonium pool becomes strongly enriched in 15N (Li
et al., 2012). Thus, when this enriched NH4

+ is assimilated, the
sediments will yield very high δ15N values. However, this process
is observed only in highly alkaline lakes (pH > 9.25), which is not
the case of Bambuí Group rocks (Li et al., 2012; Stüeken et al.,
2015). The second alternative, non-quantitative assimilation of
upwelled NH4

+ is also unlikely. Microorganisms prefer to

assimilate 14N, which would generate more negative δ15N
values while enriching the residual NH4

+ pool in 15N. The
absence of negative δ15N values reported in any section is not
in favour of this hypothesis. Finally, partial ammonium oxidation
happens even when oxygen concentrations are in nanomolar
levels (Füssel et al., 2012) and it is usually a quantitative reaction.
Very few records of incomplete nitrification are reported on the
geological history (Thomazo et al., 2011; Morales et al., 2014) and
none of them for the Ediacaran/Cambrian, which discredit the
third alternative. Moreover, all these paths involving NH4

+ as the
main nutrient are associated with big fractionation factors and
should intuitively lead to significant stratigraphic δ15N variability,
which does not match the mild and consistent fractionation data
reported on the Bambuí rocks. Hence, we assume in the following
that samples from the TST interval which δ15Nbulk values are
higher than +2‰ do not reflect ammonium as a main nutrient.

In an oxidized photic zone (i.e. nitrate is stable), values of
δ15Nbulk >+2‰ is usually interpreted as:

(i) non-quantitative assimilation of NO3
− (e.g. Sigman et al.,

1999).
(ii) assimilation from a nitrate reservoir that experienced some

degree of denitrification (e.g. Godfrey and Falkowski, 2009;
Tesdal et al., 2013);

(iii) assimilation from a nitrate reservoir that experienced
dissimilatory nitrate reduction (DNRA) (e.g. An and
Gardner, 2002; Dong et al., 2011; Jensen et al., 2011);

FIGURE 9 | Arcos, Well 1 and Janu�aria stratigraphic correlation and their δ15Nbulk and δ13Corg data. δ13Corg was published by Caetano-Filho et al. (2021).
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In the Bambuí, non-quantitative assimilation of upwelled
NO3

− is improbable. This alternative would require a large
reservoir of nitrate to have built on deep oxygenated waters,
which is not the case. Therefore, it is likely that δ15Nbulk >+2‰
reported on TST interval is linked to the assimilation of a NO3

−

reservoir that faced dissimilatory nitrate reduction and/or
denitrification. However, in DNRA, differently from
denitrification, N does not escape from the water column, but
it is converted to light bioavailable NH4

+. Hence, if DNRA was a
main path, one would expect to find in other samples a
complementary light reservoir opposing the enriched δ15Nbulk

reported here. As the light reservoir was not found in any section,
the importance of DNRAwas likely minimal. Hence, discarded all
others possibilities, the positive δ15Nbulk excursion reported at the
basal Janu�aria and Well 1 section represents a shallow sea that
was initially dominated by Mo-based N2 fixation and later was
enough oxygenated to support nitrate accumulation and
assimilation from a pool that faced denitrification (Sigman
and Fripiat, 2019) (Figure 10A). The built-up of a nitrate
reservoir in the oxygenated surface waters during the
transgressive tract on the euphotic zone matches geochemical
data that suggests progressive oxygenation of the Bambuí
seawater associated with the input of oxygenated freshwater.
For instance, positively fractionated δ53Cr (Caxito et al., 2018),
punctual negative Ce anomalies (Caxito et al., 2018; Hippertt
et al., 2019; Paula-Santos et al., 2020) and iron speciation/redox-
sensitive elements data indicating locally oxygenated conditions
(Hippertt et al., 2019) are reported in this interval. Importantly, in
Janu�aria and Well 1, δ15Nbulk values associated with nitrate
assimilation are low (maximum value of +3.8‰ in Janu�aria)

when compared to the mean value of modern nitrate (∼+5‰,
Tesdal et al., 2013). This implies that N2 fixation was still playing
an important role in bioproduction and also that the nitrate
reservoir was small and denitrification occurred nearly
quantitatively, i.e., with a reduced isotope fractionation at a
shallow redoxcline. The lowermost sample from the Arcos
section presents a δ15Nbulk value of +3.2‰, which means that
at the beginning of the transgression there was already a nitrate
reservoir in this part of the basin. Moreover, Arcos’ values rise to
5‰, implying reduced N2 fixation and a large nitrate reservoir
compared to the other sites. This points to more oxygenated
surface waters in the South of the São Francisco basin paleohighs
(Arcos section), compared to the forebulge grabens area (Well 1
section). Oxygenation in Arcos TST interval was also observed by
Paula-Santos et al. (2020) using Ce anomalies.

Increasing Anoxia During the Highstand System Tract
Interval
In the EHST interval, the δ15Nbulk data point to a stable N-cycle,
as no significant shift is N isotopic signature is observed in any of
the sections (Figure 9). The δ15Nbulk average values for the EHST
are +2.9, +3.3 and +2.5‰ in Janu�aria, Arcos and Well 1,
respectively, suggesting the maintenance of the nitrate
reservoir established in surface waters during the TST interval.
Also, REY data shows that freshwater input was still happening
during the EHST (Paula-Santos et al., 2020) deposition, which
might have contributed to the maintenance of nitrate on surface
waters. However, oxygenation was not pervasive, as δ15Nbulk

values are still low when compared to the modern nitrate
reservoir, pointing to a shallow redoxcline and nitrate loss

FIGURE 10 | Possible scenario of the N-cycle on the Bambuí Basin during the deposition of its basal sequences. (A) During the TST, a stable nitrate pool was
established and the most dominant form of N available was nitrate that went through partial denitrification on zones of low oxygenation. (B) During the LHST, the high
input of nutrients coming from the continent and P recovery under anoxic bottom water conditions, caused the limitation of NO3

− in superficial waters, making N2 fixation
the main form of N acquisition by phytoplankton.
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compensated by N2 Mo-based fixation. The δ15Nbulk values from
Arcos and Janu�aria sections are slightly higher than in Well 1,
indicating that surface waters were more oxygenated in shallow
domains than in forebulge grabens.

In the LHST interval, the sections present different trends.
Many geochemical proxies mark significant paleoenvironmental
changes in this interval that are linked to the progressive restriction
of this unit (e.g. Paula-Santos and Babinski, 2018; Paula-Santos
et al., 2020). The LHST may also record a period of higher
bioproductivity, a hypothesis that is further corroborated by its
slightly higher TOC when compared to the other system tracts
(Figures 4–6; Caetano-Filho et al., 2021). This could have been
induced by a change to more congruent weathering regimes at the
surrounding orogenic fronts that led to higher total alkalinity of
seawater during the LHST (Paula-Santos et al., 2020), although
proxies to quantify weathering fluxes are still required. These
environmental changes are also tracked by N data. A negative
excursion is present at the lower Arcos LHST and sometimes its
δ15Nbulk values are within the N2 fixation range (<+2‰). As in the
TST interval, there is no evidence that ammonium incomplete
assimilation was a main path during the LHST, as the reported
fractionation values are mild and constant, differently from large
fractionations usually associated with NH4

+ assimilation (e.g.
Thomazo et al., 2011; Stüeken et al., 2015). Therefore the
negative shift at the transition from the EHST to the LHST in
Arcos section could be caused either by 1) excess of nitrate and its
incomplete assimilation or 2) exhaustion of the nitrate reservoir
forcing microorganisms to fix N. The first alternative is unlikely. In
modern oceans, excess of nitrate is only achieved in zones named
high-nutrient, low chlorophyll (HNLC) zones, where despite the
abundance of macronutrients, the phytoplankton biomass is low,
due to a shortage of iron, which seems not to occur in the Bambuí
(Hippertt et al., 2019). Also, HNLC conditions are usually met in
open oceans, a different scenario from the restricted Bambuí sea
during the LHST (Edwards et al., 2004). Then, the drop in the
δ15Nbulk values duringArcos EHST/LHST transition is probably an
effect of enhanced bioproductivity, as the nitrate reservoir that was
built during the EHST was not able to support the high
productivity related to high input of nutrients. In this scenario,
the input of P due to the enhanced weathering disturbed the
normal 16:1 ratio of [NO3

−]:[PO4
3−] on seawater. Consequently,

diazotrophic activity rose to restore this ratio (Tyrrell, 1999), which
is reflected by low δ15Nbulk values (Figure 10B). Also, at this stage,
not only the input of phosphorus via weathering was high, but
progressively anoxic conditions also favored the recycling of this
nutrient (Van Cappellen and Ingall, 1994; Ingall and Jahnke, 1997),
making it abundant when compared to nitrate. In addition to that,
the restriction likely disturbed the circulation patterns of the basin,
diminishing the amount of NH4

+ that is upwelled and nitrified,
making the supply of NO3

− even shorter. As the availability of
NO3

− diminished, the energetic costly N2 fixation became themain
path to acquire N. High productivity associated to high N2 fixation
rates was also observed in modern environments, such as the Black
Sea (Quan et al., 2013) and the Cariaco Basin (Haug et al., 1998).
Importantly, as the Bambuí, these two settings are also restricted.
Up section, in the LHST, the δ15Nbulk values from Arcos rises
from +1.6 to +3.4‰, implying that the nitrate reservoir was

re-established, but it does not reach the +5.0‰ values reported in
the TST interval. In Janu�aria, there is not an abrupt shift in δ15Nbulk

during the transition from the EHST to the LHST interval as in
Arcos. However, when one observes the δ15Nbulk profile of the
LHST interval in the Janu�aria section, the most striking feature are
the rapid changes of δ15Nbulk, as sometimes they interchange
between values around +2.5 and +4.0‰, which creates a zigzag
pattern (Figure 4). These increased variability indicate that in the
central part of the São Francisco Basin shallow domains also faced
instability of a limited superficial nitrate pool during regression,
which was compensated by N2 fixation. Also, the average δ15Nbulk

of the LHST from Janu�aria (+3.2‰, n � 12) andArcos (+3.3‰, n �
9) is low, which means that even when redox conditions permitted
the stability of NO3

−, the pool was not large and δ15Nbulk still
reflects a mix between N2 fixation and NO3

− assimilation. It is
important to access that the fossil Cloudina sp. was reported
(Warren et al., 2014) in this section and it is associated to the
LHST interval (Caetano-Filho et al., 2019). The δ15Nbulk values
show that even if deep waters were anoxic (Hippertt et al., 2019),
superficial waters could intermittently sustain a small nitrate
reservoir, which is important given the fact that major Cloudina
sp. reports are found in oxic contexts (Bowyer et al., 2017). The
record of the LHST fromWell 1 section differs from the other two,
as no shift in the δ15Nbulk values is observed in comparison to the
EHST interval. The values reported for Well 1 section in the entire
HST are low, nearly at the boundary of N2 fixation and NO3

−

assimilation. The stability of δ15Nbulk during the regression stages
points that progressive restriction and relative changes in
accommodation and sediment supply did not influence the N
cycle in the forebulge graben setting compared with shallower
domains. It also implies that during the regression stage, local
controls affected the nitrogen cycle in the forebulge grabens,
despite changes in sea level. One of those controls may have
been poor wind mixing effects inside the extensional
depocenters, which would have prevented the vertical mixing of
superficial waters and enhance stratification in deep environments
(Yang et al., 2018). Also, if the rates of sinking organic matter are
low, this can move the redoxcline to shallower depths (Meyer et al.,
2016). The TOCbulk content ofWell 1 during theHST is three times
higher than the ones from Janu�aria and Arcos section for the same
interval, which suggests that bioproduction could be one of the
local factors that caused consistent low values of δ15Nbulk. Finally, if
we consider that the chemocline was at the same level in all the
Bambuí sea, Well 1 would have a larger anoxic water column than
the other two sections (Figure 11), which might have contributed
to its consistent low values. In the LHST interval, the Bambuí was
physically restricted and circulation was very inefficient. Therefore,
the bioavailable NO3

− recharge of surface waters was limited to
diffusion from deeper waters or by induced water column mixing
caused by storms (Ader et al., 2016). There are evidences of storms
in Arcos and Well 1 LHST interval (Hummocky Cross-
stratification, Figures 5, 6), which explains why the δ15Nbulk

values are not entirely within the N2-fixation range. However,
such storms are occasional events and the NO3

− reservoir was
small. The scarcity of NO3

− during the LHST is also corroborated
by episodes of euxinia observed during this interval (Hippertt et al.,
2019). Nitrate and sustained euxinia can never coexist because
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denitrification produce more free energy per mole of carbon than
microbial sulfate reduction (MSR), being therefore a preferred
respiratory pathway when SO4

2− and NO3
− coexist. For that

reason, nitrate concentrations exert a primary role in the rates
of MSR and this mechanism is prohibited when NO3

− is available
(Canfield, 2006). However, a form of N acquisition is essential to
fuel the production of the organic matter that will be respired by
MSR and consequently generate an H2S pool. As this species
cannot be NO3

−, Boyle et al. (2013) argued that intermediate
euxinic waters must be coupled to superficial waters in which
the main path of the N-cycle is direct N2 fixation, which is a
plausible scenario in the Bambuí Group geological context.

Oxygenated Euphotic Zone During the Second
second-Order Sequence
The sedimentary rocks from the second second-order sequence
of the Bambuí Group are considered to be deposited under a
fully restricted sea and this interval is marked by very high
δ13Corg values interpreted to be caused by high methanogenic
activity under anoxic conditions (Caetano-Filho et al., 2021)
and/or recycling of ancient carbonate platforms, higher burial
rate of authigenic carbonate, and low-sulfate conditions (Uhlein
et al., 2019; Cui et al., 2020). When one compares the δ15Nbulk

and the δ13Corg data of the Bambuí during the second second-
order sequence it is clear that they are decoupled, which shows
that despite big changes in the carbon cycle, the nitrogen cycle
was not much affected (Figure 9). Still, minor changes
occurred. The δ15Nbulk data from this sequence suggests that
a nitrate pool was buildup, although smaller and not stable as
the one from the basal TST interval, which implies that at least
superficial waters were oxygenated. Furthermore, samples from
this interval do not present a consistent REY pattern, which
shows that freshwater input might have happened during its
deposition (Paula-Santos et al., 2020), influencing superficial
oxygenation. In all sections, in the second second-order
sequence δ15Nbulk values are around ∼+3‰. Even in Well 1
section, whose δ15Nbulk data were stable during the EHST/
LHST, δ15Nbulk values rise during the second transgression.

Since values of δ15Nbulk higher than +2.0‰ can be interpreted
as assimilation from a nitrate pool that went through partial
denitrification, δ15Nbulk values suggest that during the second
second-order sequence transgression there was more oxygen
dissolved in superficial waters of forebulge grabens than during
the EHST/LHST. As both transgressions recorded in the
Bambuí basal second-order sequences present a rise in
δ15Nbulk values, which contrast with the regressive tract data,
one must think if there is a relationship between transgression
and oxygenation. In fact, it was suggested that in the Ediacaran
Nama Group persistent oxygenation in mid-ramp settings was
controlled by basin hydrodynamics, as data from this unit
implies that ventilation was favored by highly energetical
flooding events (Wood et al., 2015). Although the tectonic
setting of the Bambuí (restricted epicontinental sea) and
Nama groups (open sea connected to global ocean) are
different, the data presented here show that sea-level changes
affected oxygenation and the N-cycle of the former. However,
the nitrate pool of the second transgression was not as stable or
large as the one from the first TST, which can be inferred by
their lower values and also δ15Nbulk oscillation, especially in
Arcos section. This is probably a response to a heavily stratified
water column, as proposed by other studies (Hippertt et al.,
2019; Caetano-Filho et al., 2021).

The Nitrogen Cycle and its Implications for
Life Systems
The metazoan fossil record of the Bambuí Group is scarce when
compared to other geological Ediacaran/Cambrian units (e.g.
Nama Group, Doushantuo Formation). It was hypothesized that
such scarcity could be related to anoxia, euxinia, hypersaline
and methane-rich conditions of the Bambuí seawater (Hippertt
et al., 2019; Caetano-Filho et al., 2021). In addition to this,
δ15Nbulk points out that as expected in such a situation, the
N-cycle (and hence redox conditions) functioned with a reduced
nitrate pool, which could have contributed to hinder the
sustainability of complex forms of life. The link between

FIGURE 11 | Schematic representation of the Sete Lagoas High Domain. Well 1 is located inside a forebulge graben and Arcos in a shallower part of the Sete
Lagoas Domain. Hence, if we consider that the chemocline was at the same level, Well 1 had a deeper anoxic water column than Arcos.
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oxygenation and the Cambrian explosion has been discussed for
more than 60 yr (e.g., Nursall, 1959; Wood et al., 2020).
Metazoans can indeed habit environments with low oxygen
concentrations and some studies even suggest that the amount
of O2 necessary for their metabolism was achieved much earlier
than the first appearance of animals on the fossil record (e.g.,
Mills et al., 2014). However, poorly oxygenated environments
cannot support complex life systems or large organisms
(Sperling et al., 2013), and concordantly, most of the
Ediacaran/Cambrian Fauna is recorded at oxygenated
habitats, even if oxygenation was transient (Bowyer et al.,
2017; Wood et al., 2019). Therefore, the fluctuations of the
generally shallow chemocline’s depth in the Bambuí basin may
have been one of the drivers of its low macrofauna diversity. In
fact, the metazoans reported at the Bambuí Group were found
on the Janu�aria’s LHST interval, which is, if δ15Nbulk values are
considered, the most nitrate rich and oxygenated site during this
stage, although with a strong variability, indicating that
conditions were unstable (see section 5.2.2). Redox
conditions control the availability of nitrate, which is the
form of nitrogen preferred by eukaryotes, as they cannot
process direct N2 fixation and other forms of fixed-N, such
as NH4

+, are mainly consumed by prokaryotes (Fawcett et al.,
2011). Complex and large-celled phytoplankton communities
generate food webs that are more effective to transfer nutrients
and energy to higher trophic levels (Irwin et al., 2006) and the
rise of eukaryotes is linked to the development of metazoans as
they have higher energetic demands (Brocks et al., 2017). As the
δ15Nbulk values from Bambuí Group suggest that nitrate pools
were not large or stable, especially during regressions, this could
have affected the large-celled plankton and consequently
metazoans. In addition, if a large eukaryote community do
not develop and the phytoplankton is dominated by prokaryotes,
due to their low mass, the sinking rate of the organic matter
particulates is low and remineralization of this organic matter is
faster and occurs within the water column, enhancing anoxia
(Lenton et al., 2014). The relation between nitrate and complex
life forms during the Ediacaran/Cambrian transition has been
studied mainly in South China (e.g., Wang et al., 2018; Xiang
et al., 2018; Liu et al., 2020; Xu et al., 2020) and although it is
not possible to link the Bambuí Group to global trends, due to its
marine isolation, this study brings more data to clarify how the
N-cycle operated at that time. These episodes of nitrate limitation
reported here are probably one of the many factors that might have
driven the inhospitality of the Bambuí sea, associated with phases of
methane or free H2S in the water column (Caetano-Filho et al.,
2021).

CONCLUSION

Relative sea-level variations seem to exert control in the Bambuí
N-Cycle. During the first transgression interval (TST), in all the
studied sections δ15Nbulk values rise from a minimum of ∼+1.0‰
to a maximum of ∼+5.0‰, which is parsimoniously explained as
a rise of the nitrate reservoir and hence oxygen levels in surface
waters. As the restriction of the Bambuí increases (LHST) the

NO3
− stability is disturbed, which is shown by a negative

excursion observed in the transition of Arcos EHST to LHST
and by increased variability in the δ15Nbulk values of Janu�aria. The
low δ15Nbulk observed in the LHST interval of both sections is
interpreted as the result of N2 fixation using Mo as cofactor,
indicating a small NO3

− reservoir. Finally, the slightly higher
δ15Nbulk values of the second second-order transgressions show
that the nitrate pool increased again, but not to the level that
prevailed during the first transgression. In this latter interval, N2

fixation still played a significant role, maybe due to the restriction
of the Bambuí seawater at this stage. Hence, the δ15Nbulk data
shows that the basin operated in periods in which N2 fixation and
NO3

− assimilation intercalated as the dominant path of nitrogen
assimilation by primary producers, which can be interpreted in
terms of more or less oxygen within superficial waters. Nitrate is a
very important nutrient for eukaryotes primary producers and
eukaryotes are necessary to fuel higher trophic levels, its depletion
in some intervals might be one of the factors that drove the hostile
conditions for metazoans in the Bambuí seawater.
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