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The Bambuí Group is a marine sedimentary record of an intracratonic foreland basin developed at the terminal
Ediacaran and early Cambrian during the assembly of West Gondwana. Here we present a basin-scale high-
resolution Sr isotope stratigraphy for the basal Bambuí Group, aiming to understand the spatial and temporal var-
iations of the 87Sr/86Sr ratios and to explore the controls over the Sr isotope system in intracontinental marine
environments. Assessment of the stratigraphic evolution of both Sr concentrations and Sr isotopes shows a
major increase in Sr/Ca ratios (up to 0.004) and a decrease in the 87Sr/86Sr ratios from 0.7086 to 0.7076 in the
high stand system tract of the basal 2nd-order sequence. These changes precede a large positive δ13C excursion
typically found across the basin in the middle Bambuí Group. The high variability of both 87Sr/86Sr and Sr/Ca ra-
tios was not caused by globally uniform changes in isotopic compositions of seawater, but rather likely reflect
marine restriction and paleogeographic changes of the depositional environments at basin scale. This would re-
sult from the tectonic uplift of Neoproterozoic orogenic belts around the São Francisco craton, which generated
an isolated forelandmarine basin. Compared to the global ocean, such a smaller intracontinental reservoir would
be more sensitive to the Sr isotope composition from the different rock sources. We suggest that changes on the
balance between carbonate production and accommodation associated with tectonically-related flexural subsi-
dence progressively modified the continental drainage patterns, sedimentary sources and the chemical
weathering regimes, altering the strontium influxes and isotopic compositions of the seawater in the early
Bambuí basin cycle. Similar anomalies in the strontium isotope record are also recorded in coeval marine basins
acrossWest Gondwana and suggest that tectonicsmight have played an important role on seawater chemistry at
the Neoproterozoic-Paleozoic transition.

© 2021 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The assumption that modern oceans are homogeneous with respect
to 87Sr/86Sr ratios is based on the residence time of Sr (106 years) in this
reservoir,which is far higher than itsmixing time (103 years) and also in
the efficient oceanic circulation patterns observed in themodern Earth's
tectonic configuration (Elderfield 1986; Hodell et al. 1990; Veizer et al.,
a Research. Published by Elsevier B.
1989; Veizer et al. 1999; Krabbenhoft et al. 2010; McArthur et al. 2012).
This fact has endorsed this isotopic proxy to be used to correlate marine
sedimentary successions worldwide, especially in Precambrian sections
where biostratigraphic data is scarce (Melezhik et al. 2001; Halverson
et al. 2007, 2010; Krabbenhoft et al. 2010; McArthur et al. 2012;
Kuznetsov et al. 2013). Moreover, considering the continental
weathering regime and hydrothermal fluxes related to oceanic crust
spreading as the main controls over this marine isotope system, the
87Sr/86Sr ratio is an essential tool for understanding the tectonic pro-
cesses of the past and their impacts on marine ecosystems, habitats,
V. All rights reserved.
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biological diversity, and geochemical cycles (DePaolo and Ingram 1985;
Chaudhuri and Clauer 1986; Palmer and Edmond 1989; Zaky et al.
2019).

In modern epicontinental basins, however, variations in climate and
sea-level changes can strongly influence the 87Sr/86Sr record, and conti-
nental water inputs can locally modify the Sr isotope compositions of
the basins (i.e., Ingram and Sloan 1992; Huang et al. 2011; Beck et al.
2013; Schildgen et al. 2014, Peucker-Ehrenbrink and Fiske 2019). For in-
stance, on longer time scales, low 87Sr/86Sr ratios in the Miocene record
of the Mediterranean Sea adjacent to the uplifting Alps and Apennines
mountains, are attributed to a high influx of Sr from non-radiogenic
87Sr/86Sr Mesozoic carbonates in the hinterland coupled with restricted
exchange ofwaterwith the global oceans (Schildgen et al. 2014). There-
fore, the continental flux of Sr into the oceans does not necessarily have
to be radiogenic but rather depends on changes in spatial distribution
and the age of the exoreic continental bedrock, climate and drainage
patterns through geological time (i.e., Peucker-Ehrenbrink and Fiske
2019).

The strontium isotope record of the Ediacaran-Cambrianmarine car-
bonates from the Bambuí Group, in the São Francisco Basin, shows a po-
tential link between major geochemical disturbances on the Sr budget
and episodic restriction of themarine basin duringGondwana assembly
(Paula-Santos et al. 2017). This sedimentary unit presents non-
radiogenic 87Sr/86Sr ratios, mismatching those expected for the late Edi-
acaran and early Cambrian record (Melezhik et al. 2001; Halverson et al.
2010; Kuznetsov et al. 2013; Zaky et al. 2019). Additionally, a regional
increase in Sr/Ca ratios is observed in the 2nd-order scale, preceding
an extremely coupled positive δ13C excursion (reaching values as high
as +16‰ and − 14‰, for δ13Ccarb and δ13Corg, respectively; Iyer et al.
1995; Caetano-Filho et al., 2021), suggesting that tectonics and/or cli-
mate induced changes in seawater chemistry, triggering biochemical re-
sponses (Caetano-Filho et al., 2019, 2021).

Here, we present a basin-scale high-resolution Sr isotope stratigra-
phy for the basal Bambuí Group, aiming to understand the spatial and
temporal variations of the 87Sr/86Sr ratios and explore the controls
over the Sr isotope system in ancient intracontinental marine
Fig. 1.A. Geologicalmap of the São Francisco Basin (east-central Brazil) with location of stratigra
of the late Neoproterozoic West Gondwana (modified from Alkmim et al. 2006).
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environments. We also aim to better understand how tectonic and cli-
mate changes may have impacted the biogeochemical cycles of the
basin. Major paleogeographic reconfigurations, orogeneses and strong
climatic oscillations had occurred at the Ediacaran-Cambrian transition,
which are apparently linked to geochemical disturbances and to pro-
found ecological innovations in the marine ecosystems (Knoll et al.
2006; Canfield et al. 2007; Hoffman et al. 1998; Hoffman and Schrag
2002; Campbell and Squire 2010; Young 2013; Reis and Suss 2016).

2. Geological setting

2.1. The São Francisco basin in West Gondwana

The São Francisco craton, togetherwith the Congo craton, inwestern
Africa, corresponds to the inner and most stable part of one of the con-
tinents involved in the assembly of West Gondwana supercontinent
(Fig. 1B), during Neoproterozoic-Paleozoic transition (e.g. Alkmim
et al. 2006; Heilbron et al. 2017). The craton is surrounded by diachronic
Neoproterozoic mobile belts, namely Brasília (west), Araçuaí (east), Rio
Preto, Riacho do Pontal and Sergipano (north) each one presenting a
singular tectonic and structural history (e.g. Alkmim et al. 2017;
Caxito et al. 2017; Valeriano 2017; and references therein).

As consolidated in the literature, the São Francisco basin (Fig. 1A)
encompasses the various sedimentary units that cover a large part of
the homonymous craton, representing in fact, a set of superposed sedi-
mentary basins (e.g. Alkmim and Martins-Neto, 2001, Reis et al. 2017).
These sedimentary units unconformably overly the Archean to
Paleoproterozoic cratonic basement, and occur within three major
structural domains: the Pirapora Aulacogen, a buried NW-trending gra-
ben at the central portion of the basin, and two basement highs, named
Sete Lagoas and Januária, which bound this aulacogen to south and
north, respectively (Fig. 1A).

At the end of the Neoproterozoic era, the São Francisco basin hosted
the sediments of a complex foreland system developed on the São
Francisco craton in response of themultiple loads exerted by the growth
of the surrounding orogens (e.g. Martins-Neto 2005, 2009; Alkmim
phic sections. (modified from Caetano-Filho et al. 2019) B. Paleogeographic reconstruction



C. Guacaneme, M. Babinski, C. Bedoya-Rueda et al. Gondwana Research 93 (2021) 275–290
et al. 2006; Alkmim and Martins-Neto 2012; Reis et al. 2016, 2017;
Pimentel et al. 1999; Santos et al. 2000; Alkmim and Martins-Neto
2001; Reis and Suss 2016; Kuchenbecker et al. 2020). The rocks
encompassed in the Bambuí Group are the remaining records of a late
stage of such foreland system (Kuchenbecker et al. 2020).

TheBambuíGroupconsists ofmixed carbonate-siliciclastic succession
that can reach up to 3 km-thick in its main depocenter (Alkmim and
Martins-Neto 2012; Martins-Neto 2009; Reis and Suss 2016; Reis et al.
2017; Caetano-Filho et al. 2019). The lithostratigraphic array of the
group (Costa and Branco, 1961, Dardenne 1978) includes six basinwide
formations (base to top): Carrancas (diamictite, pelite, dolomite), Sete
Lagoas (limestone, dolomite, pelite), Serra de Santa Helena (pelite, lime-
stone), Lagoado Jacaré (limestone, pelite), SerradaSaudade (pelite, lime-
stone) and TrêsMarias (sandstone, pelite). The Samburá (conglomerate)
and Lagoa Formosa (conglomerate, pelite, dolomite) formations are re-
stricted to the western border of the basin (Castro and Dardenne 2000;
Uhlein et al. 2011; Uhlein et al. 2017), while the Jaíba (limestone) and
Gorutuba (conglomerate, sandstone) formations occur only in its eastern
border (Chiavegatto et al. 2003; Kuchenbecker et al. 2016b).

The occurrences of the index fossil Cloudina sp. (Warren et al. 2014;
Perrella et al. 2017) and the presence of c. 550 Ma zircons (e.g.
Paula-Santos et al. 2015; Kuchenbecker et al. 2020) in the Sete Lagoas
Formation converge towards an Ediacaran-Early Cambrian age for the
deposition of the Bambuí Group. This was reinforced by the dating of a
tuff layer within Serra da Saudade Formation, which yielded the age of
520.2 ± 5.3 Ma (Moreira et al. 2020).

2.2. Sequence stratigraphy and chemostratigraphy of the basal
Bambuí Group

In the last decades,many studies about the stratigraphic architecture
and chemostratigraphic patterns of the Bambuí Group have been
Fig. 2. Lithostratigraphic chart of the 1st-order Bambuí Sequence and chemostratigraphic evolut
fossil defines a late Ediacaran age (lower Sete Lagoas Formation -Warren et al. 2014). Maximu
2012; upper Sete Lagoas Formation – Paula-Santos et al. 2015), depositional age of volcaniclas
2020). Chemostratigraphic Intervals (CI) from Paula-Santos et al. (2017).
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carried out to investigate the basin's evolution and paleoenvironmental
conditions (e.g. Santos et al. 2000, 2004; Martins and Lemos 2007, Misi
et al. 2007; Vieira et al., 2007a, b; Babinski et al. 2007; Caxito et al. 2012,
2018; Reis and Suss 2016; Alvarenga et al. 2014, Warren et al. 2014;
Paula-Santos et al. 2015, 2017; Kuchenbecker et al. 2016a; Perrella
et al. 2017; Guacaneme et al. 2017; Uhlein et al., 2017, 2019; Hippertt
et al. 2019; Caetano-Filho et al., 2019, 2021).

The Bambuí Group has been envisaged as an unconformity-bounded
1st-order sequence, which encompasses four retrogradational-
progradational 2nd order sequences (e.g. Martins and Lemos 2007,
Reis and Suss 2016, Caetano-Filho et al. 2019, Uhlein et al. 2019). The
focus of this paper is the basal 2nd order sequence, which has been
the most studied interval of the basin.

From a chemostratigraphic perspective, Paula-Santos et al. (2017)
divided the basal Bambuí Group in three Chemostratigraphic Intervals
(CIs) based on δ13C values and 87Sr/86Sr ratios (Fig. 2), which are associ-
ated with three different stages of the basin. Integrating the previous
contributions, Caetano-Filho et al. (2019) presented a basin-scale se-
quence stratigraphy framework for the basal 2nd-order sequence of
the Bambuí Group coupled to the chemostratigraphy patterns described
by Paula-Santos et al. (2017). This framework is briefly described below.

The lowermost Bambuí 2nd-order sequence is up to a few hundreds
of meters-thick, and comprises a basal transgressive system tract (TST)
and a highstand systems tract (HST). The TST is formed by the coarse-
grained siliciclastics of the Carrancas Formation grading upward into
the carbonates and pelites of Sete Lagoas Formation, in a retrogradational
stacking pattern (Vieira et al. 2007a; Kuchenbecker et al. 2013, 2016a;
Reis et al. 2016; Caetano-Filho et al. 2019). This interval is bounded in
the top by a maximum flooding surface and encompasses the CI-1 of
Paula-Santos et al. (2017), which records a sharp increase of the
87Sr/86Sr ratios from 0.7074 to 0.7082 (e.g., Babinski et al. 2007). The
TST cap carbonates commonly present aragonite pseudomorph fans
ion in the São Francisco Basin (modified from Caetano-Filho et al. 2019). Cloudina sp. index
m depositional ages are represented by the yellow stars (Macaúbas Group – Babinski et al.,
tic layer is represented by the red star (upper Serra da Saudade Formation - Moreira et al.
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and negative to positive δ13C excursions from −5 to c. 0‰ (Santos
et al. 2000; Babinski et al. 2007, Vieira et al. 2007b, 2015; Caxito
et al. 2012, 2018; Alvarenga et al. 2014, Kuchenbecker et al. 2016a,
Paula-Santos et al. 2015, 2017), which are typical features of
Neoproterozoic post-glacial deposits (Hoffman et al. 1998; Hoffman
and Schrag 2002). Sr contents of the TST carbonates are low
(< 500 ppm), resulting in low average Sr/Ca ratio of 0.001 (Caetano-
Filho et al. 2019).

The overlying highstand systems tract (HST) encompasses the
carbonate-dominated successions of the basal to middle Sete Lagoas
Formation (Reis and Suss 2016; Caetano-Filho et al. 2019). Defining a
progradational pattern, the HST evolves from outer to inner carbonate
ramp deposits (Reis and Suss 2016). This systems tract corresponds to
most of the CI-2, which shows δ13C values around 0‰ and 87Sr/86Sr ra-
tios of ~0.7084 (Paula-Santos et al. 2017; Fig. 2). Considering the occur-
rence of the index fossil Cloudina sp. within this interval (Warren et al.
2014; Perrella et al. 2017) and the overall tectono-stratigraphic archi-
tecture of the Ediacaran-Cambrian strata, it has been proposed that
the Bambuí inner sea was connected to the global ocean, allowing the
strontium isotope homogenization and animal migration. An important
basin-wide geochemical change in the Sr content and Sr/Ca ratios is ob-
served within this HST, allowing its subdivision into a basal early
highstand systems tract (EHST) and an upper late highstand systems
tract (LHST) (Caetano-Filho et al. 2019).

The EHST is represented by dark-gray calcimudstones to bindstones
with very low terrigenous contents, displaying slightly positive δ13C
values between 0 and + 1‰ right above the MFS, and a slight increase
in the Sr content. Average Sr/Ca ratio remains similar to the lower TST
around 0.001. This stratigraphic interval marks the stabilization of a ma-
rine carbonate ramp in the basal Bambuí sequence, with predominance
of carbonate sedimentation (Caetano-Filho et al. 2019). The LHST pre-
sents mainly bindstones and peloidal calcimudstones deposited in mid-
to inner ramp settings (Reis and Suss 2016; Caetano-Filho et al. 2019),
whose chemostratigraphic features record major paleoenvironmental
changes in the basin, probably enhanced seawater alkalinity (Paula-
Santos et al. 2020). In the LHST, a remarkable increase in Sr content is ob-
served, reaching up to 3500 ppm, and Sr/Ca ratios with an average value
of 0.004. Such increase is not followed by a change in the carbonate facies
through regressive systems tract, neither by any major increase in car-
bonate content. This interval is correlative to the Cloudina fossil interval
of Warren et al. (2014).

An erosional unconformity locally associated with dolomitic layers
and subaerial exposure features bounds the upper 2nd-order se-
quence boundary. This unconformity is overlain by the next
retrogradational-progradational 2nd-order sequence, represented by
the deposits of the uppermost Sete Lagoas Formation and the Serra
de Santa Helena and Lagoa do Jacaré formations (Reis and Suss
2016; Caetano-Filho et al. 2019). The carbonate rocks of this sequence
show an extreme positive δ13C excursion that reach values as high as
+16‰ (i.e., Iyer et al. 1995), with these unusual heavy carbon isotope
compositions persisting throughout the 2nd-order sequence (Middle
Bambuí Isotope Excursion; Uhlein et al. 2019; Caetano-Filho et al.,
2021; Fig. 2). This interval corresponds to the CI-3 from Paula-
Santos et al. (2017).

The 87Sr/86Sr ratios recorded in the CI-3 decrease to 0.7074–0.7076
(Caxito et al. 2012; Alvarenga et al. 2014; Paula-Santos et al. 2015,
2017) and deviate from the 87Sr/86Sr ratios around 0.7084 expected
for late Ediacaran to early Cambrian carbonate successions (Melezhik
et al. 2001; Halverson et al. 2010; Kuznetsov et al. 2013; Zaky et al.
2019). Thus, this interval might be interpreted as marking the increas-
ingly restricted conditions of the Bambuí foreland system, caused by
the continuous uplift of the surrounding orogenic belts. It would have
culminated with a restricted or absent connection with global water
reservoirs, limiting thewater circulation and isotope system homogeni-
zation (Kuchenbecker et al. 2016a; Paula-Santos et al. 2017; Uhlein et al.
2019; Hippertt et al. 2019; Caetano-Filho et al. 2019).
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3. Samples and methods

3.1. Studied sections

In this study, three stratigraphic sections of the basal Bambuí Group
were described and sampled from different portions the São Francisco
Basin, corresponding to the Arcos, Januária and Santa Maria da Vitória
sections (Fig. 1A). Description of sedimentary facies, sequence stratigra-
phy framework, chemostratigraphy and correlation of these sections
were previously presented by Kuchenbecker et al. (2016a) and
Caetano-Filho et al. (2019). They encompass the two lowermost 2nd-
order sequences from the Bambuí Group, recording the typical δ13C
and Sr/Ca ratios evolution presented in section 2.2. The stratigraphic
correlation was based on the identification of two major stratigraphic
surfaces (a maximum flooding surface and an unconformity) and strat-
igraphic stacking patterns (Figs. 3-5).

The Arcos section is a 175m-thick continuous section obtained from
drill-cores acquired at the southern portion of the basin (Figs. 1 and 3).
It records the lowermost 2nd-order sequence from the Bambuí Group,
represented by the Carrancas and Sete Lagoas formations unconform-
ably overlying the Archean cratonic basement within the Sete Lagoas
High. In this section, the TST ismarked by a fining-upward pattern com-
prising basal diamictites that grade upward into intraclastic calcarenites
and calcilutites, and then to marlstones and siltstones, whichmarks the
MFS. These limestones present aragonite pseudomorph crystal fans and
display negative δ13C values of CI-1 (Kuchenbecker et al. 2016a; Paula-
Santos et al. 2017; Caetano-Filho et al. 2019), which led to the interpre-
tation of post-glacial cap carbonates formed under the influence of
melted freshwaters (Kuchenbecker et al. 2016a). Upward, calcilutites
grade into marlstones and siltstones that mark the MFS (Fig. 3). The
EHST is defined by the transition of siltstones to intraclastic limestones
that grade into a thick package of calcilutites with microbial lamination
and interbedded shales, presenting a plateau of δ13C values close to
+1‰, matching the CI-2 (Kuchenbecker et al. 2016a; Paula-Santos
et al. 2017; Caetano-Filho et al. 2019).

Within themicrobial calcilutites interval, an abrupt increase in Sr/Ca
ratios defines the LHST, ending with thick beds of coarse-grained
dolostones and oolitic dolostones (Caetano-Filho et al. 2019).
Intraclastic carbonate breccia layersmark the upper sequence boundary
(SB1) Kuchenbecker et al. 2016a; Reis and Suss 2016; Caetano-Filho
et al. 2019; Fig. 3). The dolostones grade upward into dark stromatolitic
limestones with a large positive δ13C excursion up to +8‰ and low Sr/
Ca ratios in the overlying sequence (Kuchenbecker et al. 2016a;
Caetano-Filho et al. 2019).

The Januária section is a 140 m-thick composite section
encompassing themixed carbonate-siliciclastic strata of the Sete Lagoas,
Serra de Santa Helena and Lagoa do Jacaré formations exposed in the
Januária basement High (Figs. 1 and 4). The TST displays pinkish to red-
dish limestones with microbial lamination and aragonite pseudo-
morphs, which unconformably overlie Archean-Paleoproterozoic
basement assemblages and are marked by a negative to positive δ13C
excursion within their basal 5 m (CI-1; Paula-Santos et al. 2017;
Caetano-Filho et al. 2019). An interval of reddish to light gray peloidal
bindstones with more frequent pelite intercalations and δ13C values
around −1‰ marks the maximum flooding surface (Fig. 4).

Upward, the EHST comprises peloidal limestones with microbial
laminations, hummocky cross-stratification and wavy bedding,
displaying a slightly increase on δ13C values from −1 to +1‰. In the
LHST, peloidal calcilutites grade upward into intraclastic calcarenite
layers and intraclastic carbonate breccia beds that are overlain by a
intraclastic doloarenite marking the upper sequence boundary (Fig. 4).
The δ13C values remain stable and positive around +1‰ through the
highstand systems tract (CI-2; Paula-Santos et al. 2017). Although no
fossil remnants have been described, this interval is correlated to the
Cloudina-bearing interval described by Warren et al. (2014) and
Perrella et al. (2017). The overlying 2nd-order sequence is represented



Fig. 3. Arcos section− integrated sequence stratigraphy and chemostratigraphy of δ13C and Sr/Ca presented by Caetano-Filho et al. (2019), and new 87Sr/86Sr ratios. TST – Transgressive
System Tract; MFS –MaximumFlooding Surface; EHST – Early Highstand System Tract; LHST – Late Highstand System Tract; SB1 – Sequence Boundary. Red dots represent 87Sr/86Sr ratios
presented previously by Kuchenbecker et al. (2016a).
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by mudstones and siltstones with planar laminations of the Serra de
Santa Helena Formation and shallow water carbonate facies of the
Lagoa do Jacaré Formation (Caetano-Filho et al. 2019). Positive δ13C
values ranging between +8 and + 12‰ support the correlation with
the CI-3 of Paula-Santos et al. (2017).

The SantaMaria da Vitória section (SMV) is a composite section that
comprises around a 150m-thick carbonate-siliciclastic succession of the
Sete Lagoas, Serra de Santa Helena and Lagoa do Jacaré formations
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overlying the cratonic basement on the northern Januária High (Figs. 1
and 5). In this section, the basal Bambuí transgressive systems tract is
represented by 3 m-thick strata of white dolostones overlain by a
thick succession of pinkish limestones with microbial lamination and
sporadic occurrences of aragonite pseudomorphs. This interval displays
in its basal 15 m the negative δ13C excursion typical of the CI-1 (Paula-
Santos et al. 2017). Pelitic layers interbeddedwithmicrobial limestones
mark the maximum flooding surface (Fig. 5).



Fig. 4. Januária section − integrated sequence stratigraphy and chemostratigraphy of δ13C values and Sr/Ca presented by Caetano-Filho et al. (2019), and new 87Sr/86Sr ratios- TST –
Transgressive System Tract; MFS – Maximum Flooding Surface; EHST – Early Highstand System Tract; LHST – Late Highstand System Tract; SB1 – Sequence Boundary.
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The overlying EHST is composed of microbial pinkish limestones
with slightly negative δ13C values (−1 to 0‰) that grade into gray lime-
stones with hummocky cross-stratification, wavy bedding and re-
stricted carbonate breccias, presenting slightly positive δ13C values
around +1‰. Sr/Ca ratios notably increase within the gray limestone
interval marking the LHST interval (Fig. 5). A possible paleosol layer
marks the sequence boundary (SB1) accompanied by a discontinuity
in the δ13C profile. The overlaying 2nd-order sequence starts with
dolostones presenting microbial laminations and tepee-like structures
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of the uppermost Sete Lagoas Formation succeeded by siltstones and
interbedded oolitic limestone layers of the Serra de Santa Helena For-
mation (Fig. 5). A remarkable increase on δ13C values from +2 to
+14‰ is observed in these strata (CI-3, Paula-Santos et al. 2017).

3.2. Strontium isotope analyses

Sixty-three carbonate samples distributed along the three studied
sections were selected for Sr isotope analyses (Table 1), based on



Fig. 5. SantaMaria daVitória section− integrated sequence stratigraphy and chemostratigraphy of δ13C values and Sr/Capresented byCaetano-Filho et al. (2019), andnew 87Sr/86Sr ratios.
TST – Transgressive System Tract; MFS – Maximum Flooding Surface; EHST – Early Highstand System Tract; LHST – Late Highstand System Tract; SB1 – Sequence Boundary.
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previously bulk rock samples analyzed for Sr and Ca usingX-ray fluores-
cence, as well as stratigraphic-chemostratigraphic framework and sed-
imentology (Caetano-Filho et al. 2019). Petrographic analyses were
carried out to identify depositional fabrics and sedimentary structures,
and select the more preserved areas to obtain carbonate powder. A
sequential leaching method was applied to systematically isolate
least-altered carbonate phases from detrital siliciclastic Sr
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contamination (e.g., Li et al. 2011; Paula-Santos et al. 2017; Bellefroid
et al. 2018), increasing the reliability of the results as a representative
proxy of seawater.

Strontium isotope compositionswere analyzed through the reaction
of 100 mg of carbonate powder with 2.0 mL of HCl 0.1 N for one hour.
The supernatant was discarded, and the sample was centrifuged and
washed three times with Milli-Q water, also discarding the supernatant



Table 1
Sr contents, geochemical ratios and 87Sr/86Sr ratios of carbonates from the basal Bambuí Group at the Arcos, Januária and Santa Maria da Vitória sections.

Section Sample (m) Tract Lithology Sr (μg/g) Rb/Sr Mn/Sr Fe/Sr Mg/Ca Sr/Ca 87Sr/86Sr erro (2σ)

Arcos M-4 592.0 TST Calcarenite 402 0.00158 1.235 24.978 0.367 0.0018 0.717756 0.000020
M-12 599.3 TST Calcarenite 890 0.00078 0.559 0.874 0.012 0.0028 0.711227 0.000016
M-18* 604.8 TST Calcarenite 174 0.06322 n.a. n.a. n.a. n.a. 0.715348 0.000048
M-20* 606.5 TST Calcilutite 292 0.04795 n.a. n.a. n.a. n.a. 0.709992 0.000008
k-24a 613.0 TST Calcilutite 760 0.00103 0.450 4.829 0.050 0.0021 0.710085 0.000017
M-28 631.2 EHST Calcisiltite 365 0.00050 0.087 0.464 0.033 0.0014 0.708663 0.000016
M-29* 636.0 EHST Calcisiltite 304 0.02303 0.329 2.531 0.013 0.0008 0.708271 0.000042
K-30c 644.0 EHST Calcilutite 308 0.00038 0.053 0.228 0.012 0.0010 0.708368 0.000020
K-32a 652.0 EHST Calcilutite 370 0.00025 0.035 0.661 0.025 0.0012 0.708326 0.000017
M-36* 671.4 EHST Calcilutite 598 0.00061 0.029 0.374 0.010 0.0012 0.708057 0.000020
M-37* 676.4 EHST Calcilutite 414 0.00725 0.242 0.725 0.014 0.0011 0.707804 0.000022
M-39 686.7 LHST Calcilutite 3950 0.00005 0.001 0.030 0.005 0.0108 0.707551 0.000019
M-40* 690.9 LHST Calcilutite 2538 0.00012 0.002 0.037 0.003 0.0051 0.707683 0.000072
K-41b 698.7 LHST Calcilutite 816 0.00014 0.005 0.060 0.005 0.0025 0.707872 0.000018
K-42b 703.4 LHST Calcilutite 1132 0.00007 0.002 0.050 0.003 0.0032 0.707799 0.000019
M-45* 716.4 LHST Calcilutite 1817 0.00055 0.055 0.154 0.003 0.0046 0.707622 0.000040
M-46* 721.4 LHST Calcilutite 1957 0.00051 0.051 0.358 0.003 0.0050 0.707648 0.000023
K-43b 708.4 LHST Calcilutite 863 0.00008 0.006 0.059 0.003 0.0030 0.708055 0.000018
K-47b 728.4 LHST Calcarenite 2643 0.00003 0.006 0.011 0.003 0.0089 0.707628 0.000017
M-48* 731.4 LHST Calcarenite 3304 0.00009 0.030 0.085 0.002 0.0083 0.707493 0.000020
K-49c 738.9 LHST Doloarenite 97 0.00050 1.436 6.235 0.524 0.0006 0.712481 0.000016
K-52b 754.2 LHST Doloarenite 268 0.00125 0.149 0.825 0.372 0.0016 0.712144 0.000020
M-54 762.2 LHST Doloarenite 188 0.00219 0.488 2.876 0.467 0.0008 0.713115 0.000019
M-D6 764.2 2nd-S Calcilutite 2094 0.00022 0.019 0.090 0.042 0.0078 0.708507 0.000018
M-55* 767.2 2nd-S Calcilutite 678 0.03687 n.a. n.a. n.a. n.a. 0.708009 0.000022

Januária CM-02 1.2 TST Calcilutite 361 0.00186 1.097 1.770 0.008 0.0010 0.709710 0.000020
CM-03 2.2 TST Calcilutite 234 0.00383 4.088 2.656 0.007 0.0005 0.711768 0.000018
CM-03f 3.2 TST Calcilutite 3917 0.00011 0.162 0.072 0.006 0.0104 0.707740 0.000018
CM-03 h 3.9 TST Calcilutite 380 0.00203 0.409 1.081 0.016 0.0010 0.709170 0.000021
CM-06a 6.3 TST Calcisiltite 353 0.00196 0.497 2.312 0.047 0.0009 0.710316 0.000019
CM-09 18.5 TST Calcisiltite 450 0.00119 0.182 1.482 0.031 0.0011 n.a. n.a.
CM-10 19.5 TST Calcisiltite 467 0.00139 0.149 1.653 0.027 0.0014 0.709797 0.000019
CM-14 23.5 EHST Calcisiltite 562 0.00074 0.137 1.236 0.042 0.0017 n.a. n.a.
CM-18 27.5 EHST Calcisiltite 822 0.00011 0.009 0.125 0.017 0.0027 0.708020 0.000016
CM-22 31.9 EHST Calcisiltite 1092 0.00018 0.008 0.154 0.019 0.0029 n.a. n.a.
CM-24 34.7 EHST Calcisiltite 952 0.00013 0.006 0.131 0.029 0.0032 0.708055 0.000019
CM-27 38.1 LHST Calcisiltite 2878 0.00002 0.002 0.016 0.004 0.0068 0.707644 0.000020
CM-32 43.1 LHST Calcisiltite 1056 0.00010 0.008 0.100 0.010 0.0027 0.707855 0.000021
CM-35 46.8 LHST Calcisiltite 2558 0.00003 0.002 0.027 0.005 0.0077 0.707622 0.000020
CM-42 54.5 LHST Calcisiltite 1446 0.00003 0.004 0.039 0.005 0.0040 0.707741 0.000018
BAR-12 61.7 LHST Calcisiltite 1724 0.00016 0.015 0.103 0.003 0.0031 0.707740 0.000019
BAR-18 67.5 LHST Calcarenite 1832 0.00006 0.012 0.075 0.005 0.0039 0.707845 0.000017
BAR-19 68.5 LHST Calcarenite 2637 0.00008 0.006 0.059 0.004 0.0070 0.707701 0.000017
BAR-28 77.3 LHST Calcarenite 2224 0.00010 0.015 0.050 0.004 0.0046 0.707742 0.000018
BAR-29 79.1 LHST Calcarenite 778 0.00011 0.028 0.115 0.013 0.0018 0.707814 0.000018
BAR-32 81.7 LHST Calcarenite 872 0.00004 0.019 0.049 0.013 0.0022 0.707883 0.000017
BAR-35 85.7 LHST Calcarenite 1080 0.00009 0.023 0.095 0.018 0.0029 0.707851 0.000017
BAR-38 89.9 LHST Calcarenite 438 0.00003 0.049 0.112 0.014 0.0012 0.708538 0.000018
BAR-42 95.9 LHST Calcarenite n.a. n.a. n.a. n.a. n.a. n.a. 0.709604 0.000016

Santa Maria da Vitória COR-02 1.5 TST Dolostone 103 0.00322 2.827 23.143 0.508 0.0005 0.710511 0,000020
COR-05 4.5 TST Calcilutite 234 0.00366 1.669 2.652 0.027 0.0006 0.713400 0,000018
COR-07 6.5 TST Calcilutite 181 0.00228 1.168 0.721 0.009 0.0005 0.709219 0.000021
COR-11 11.3 TST Calcilutite 252 0.00197 1.716 0.779 0.009 0.0007 0.709148 0.000019
COR-15 16.0 TST Calcilutite 282 0.00101 1.099 4.498 0.105 0.0011 0.709093 0.000016
COR-18 19.0 TST Calcilutite 456 0.00067 0.411 1.587 0.075 0.0011 0.708572 0.000016
COR-25 26.0 TST Calcilutite 293 0.00091 0.339 0.349 0.007 0.0008 0.708589 0.000018
ALD-06 39.0 EHST Calcilutite 408 0.00065 0.280 1.138 0.027 0.0009 0.708801 0.000019
ALD-10 43.0 EHST Calcilutite 446 0.00075 0.310 1.044 0.025 0.0009 0.708346 0.000017
ALD-17 50.6 EHST Calcilutite 552 0.00058 0.131 1.202 0.032 0.0012 0.708531 0.000018
ALD-22 55.6 EHST Calcilutite 396 0.00065 0.199 2.904 0.080 0.0013 0.708408 0.000016
ALD-25 58.6 EHST Calcilutite 469 0.00055 0.181 1.152 0.022 0.0012 0.708364 0.000016
ALD-28 70.6 EHST Calcilutite 1087 0.00007 0.013 0.059 0.008 0.0022 0.707816 0.000021
ALD-31 73.6 EHST Calcilutite 1209 0.00010 0.011 0.063 0.007 0.0027 0.707791 0.000019
ALD-34 76.6 EHST Calcilutite 1176 0.00010 0.016 0.076 0.005 0.0025 0.707687 0.000017
ALD-37 79.6 LHST Calcilutite 3947 0.00003 0.001 0.011 0.004 0.0081 0.707559 0.000016
ALD-39 81.6 LHST Calcilutite 2297 0.00003 0.005 0.022 0.005 0.0048 0.707576 0.000018
ALD-43 86.3 LHST Calcilutite 4099 0.00004 0.001 0.018 0.003 0.0084 0.707465 0.000019
ALD-48 92.3 LHST Calcilutite 1997 0.00002 0.005 0.019 0.005 0.0041 0.707640 0.000016
BA-16 113.3 LHST Calcilutite 2070 0.00002 0.001 0.010 0.004 0.0040 0.707539 0.000018
BA-21 118.8 LHST Calcilutite 2835 0.00001 0.001 0.002 0.003 0.0059 0.707486 0.000019
BA-22 119.8 2nd-S Dolostone 199 0.00039 0.236 1.229 0.528 0.0008 0.710041 0.000019
BA-27 124.8 2nd-S Dolostone 87 0.00018 2.541 3.827 0.527 0.0004 0.709446 0.000017
BA-30 128.8 2nd-S Dolostone 311 0.00068 0.513 6.288 0.409 0.0011 0.711044 0.000016
BA-32 130.8 2nd-S Dolostone 164 0.00230 1.414 19.577 0.548 0.0007 0.710846 0.000017
BA-33 144.3 2nd-S Calcisiltite 701 0.00098 1.290 1.139 0.267 0.0024 0.708736 0.000017
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Table 1 (continued)

Section Sample (m) Tract Lithology Sr (μg/g) Rb/Sr Mn/Sr Fe/Sr Mg/Ca Sr/Ca 87Sr/86Sr erro (2σ)

BA-34 148.3 2nd-S Calcisiltite 1367 0.00005 0.010 0.038 0.005 0.0024 0.707465 0.000019
BA-35 149.8 2nd-S Calcisiltite 705 0.00013 0.025 0.047 0.004 0.0017 0.708225 0.000018

Notes: *Sample data from Kuchenbecker et al. (2016a).
n.a. − not analyzed.
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from each wash. Subsequently, ~3.0 mL of HCl 0.1 N was added into the
dried sample for reaction through one hour. Again, the sample was cen-
trifuged for 15 min, the supernatant transferred to Savillex and washed
three times withMilli-Q water. This solution is the second leachate (L2)
that underwent Sr purification process by the ion exchange chromatog-
raphy technique, using a Sr-spec resin andHNO3 as eluant. The 87Sr/86Sr
ratios weremeasured in the TRITON thermal ionizationmass spectrom-
eter (TIMS, Thermo Fisher, Germany) at the Geochronological Research
Center (CPGeo) of the University of São Paulo, Brazil. The ratios were
normalized to 86Sr/88Sr= 0.1194 in order to correct variable mass frac-
tionation. The average value of the NBS-987 standard measured during
analyseswas 0.710250±0.000018, (n=6), and the Sr analytical blanks
were generally below 28 pg.

3.3. Elemental geochemistry

For major and trace element mass fraction measurements, small
pieces of carbonate samples devoid of terrigenous laminae and post-
depositional features were carefully powdered in an agate mortar. The
same leaching procedure used for Sr isotope analyses was performed
andonly the second leachate (L2)was analyzed. After drying L2 solution
on a hot plate, the residuewas converted into nitrates by adding 0.5 mL
of concentrated HNO3. This solution was evaporated and the residue
was dissolved in 1% (v/v) HNO3. Concentrations of Rb, Sr, Mn, Fe, Mg
and Ca of carbonate fractionsweremeasured by quadrupole inductively
coupled plasmamass spectrometry (Q-ICP-S) using a X-Series (Thermo
Fisher, Germany) mass spectrometer at the Laboratory of Isotope Geol-
ogy of the Institute of Geosciences of the University of Campinas, Brazil.

4. Results

Strontium isotope compositions, element mass fractions and geo-
chemical ratios of carbonates of the basal Bambuí Group are presented
in Table 1, and primary 87Sr/86Sr ratios (selected in the item5.1) are pre-
sented in Figs. 3, 4 and 5.

Carbonate samples from the Arcos section display very radiogenic
87Sr/86Sr ratios within the lowermost TST, between 0.7100 and 0.7177,
and presents Sr content from 400 to 900 μg/g and Sr/Ca between
0.0018 and 0.0028 (Table 1). The 87Sr/86Sr ratios decrease progressively
from 0.7087 to 0.7078 towards the top of EHST (Fig. 3), with Sr content
varying from 300 to 600 μg/g and Sr/Ca ratios from 0.0008 to 0.0014
(Table 1). At the lower to middle LHST, 87Sr/86Sr ratios increase from
0.7075 to 0.7080, then decreasing to values around 0.7076 at the upper-
most highstand systems tract (Fig. 3), accompanied by high strontium
contents between 800 and 4000 μg/g, and high Sr/Ca ratios from
0.0025 to 0.001 (Table 1). Dolomites from the top this interval show
very radiogenic 87Sr/86Sr ratios (> 0.7121), with low Sr contents and
Sr/Ca ratios below 270 μg/g and 0.0016, respectively (Table 1). Carbon-
ates from the basal portion of the overlying 2nd-order sequence show
87Sr/86Sr ratios between 0.7080 and 0.7085 (Fig. 3), with Sr contents
varying from 600 to 2000 μg/g and Sr/Ca ratios of 0.0078 (Table 1). Geo-
chemical contents recorded in this section show Rb/Sr ratios between
0.00005 and 0.00100, Mn/Sr between 0.001 and 1.500, Fe/Sr ranging
from0.01 to 24.98, andMg/Ca ratios between 0.003 and 0.500 (Table 1).

In the Januária section, the 87Sr/86Sr ratios are also very radiogenic at
the lowermost TST, with values up to 0.7117, and Sr contents and Sr/Ca
ratios varying from 360 to 500 μg/g and 0.0005 to 0.0014, respectively
(Table 1). However, one sample at the base of the Januária section
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(CM-03f) shows very low 87Sr/86Sr ratio of 0.7077, which is associated
with high Sr mass fraction (~3920 μg/g) and aragonite pseudomorph
crystal fans (Table 1, Fig. 4). Carbonate rocks of the EHST show
87Sr/86Sr ratios around 0.7080 (Fig. 4), and an upward progressive in-
crease in Sr contents and Sr/Ca ratios from 500 to 1100, and from
0.0017 to 0.0032, respectively (Table 1). 87Sr/86Sr ratios from the LHST
vary between 0.7076 and 0.7078, and increase to 0.7085 at the topmost
portion (Fig. 4), presenting Sr contents from 430 to 2800 μg/g, and Sr/Ca
ratios between 0.0012 and 0.0077 (Table 1). The carbonate successions
of the Januária section show Rb/Sr ratios ranging from 0.00002 to
0.00300, Mn/Sr between 0.002 and 4.100, Fe/Sr varying from 0.02 to
2.66, and Mg/Ca ratios between 0.003 and 0.470 (Table 1).

Limestones of the Santa Maria da Vitória section display very radio-
genic 87Sr/86Sr ratios at the lower TST between 0.7091 and 0.7134
(Fig. 5), associated to low Sr contents between 100 and 500 μg/g, and
low Sr/Ca ratios from 0.0005 to 0.0010 (Table 1). Also, two samples
from this interval (COR-18 and COR-25) show 87Sr/86Sr ratios around
0.7086 and present aragonite pseudomorphs (Table 1, Fig. 5). In the
EHST, the 87Sr/86Sr ratios decrease upward, from 0.7088 to 0.7077
(Fig. 5), coupled to an increase in the Sr content from 400 to 1200 μg/g,
and Sr/Ca ratios from 0.0009 to 0.0027 (Table 1). At the LHST, 87Sr/86Sr
ratios are dominantly around 0.7075 (Fig. 5), and associated with high
Sr contents between 2000 and 4000 μg/g, and high Sr/Ca ratios from
0.0040 to 0.0090 (Table 1). At the basal portion of the LHST, the
87Sr/86Sr and Sr/Ca ratios seem to define-untithetical trends, with non-
radiogenic ratios associated with high Sr/Ca ratios (Fig. 5). Carbonates
from the second 2nd-order sequence show 87Sr/86Sr ratios between
0.7074 and 0.7087 (Fig. 5), with Sr contents from 700 to 1400 μg/g, and
Sr/Ca ratios from0.0017 to 0.0024 (Table 1). Dolomites from this interval
exhibit very radiogenic 87Sr/86Sr ratios between 0.7094 and 0.7121, with
low Sr contents and Sr/Ca ratios less 300 μg/g and 0.0011, respectively
(Table 1). This section shows Rb/Sr ratios between 0.00003 and
0.00360, Mn/Sr between 0.001 and 2.800, Fe/Sr ranging from 0.002 to
23.100, and Mg/Ca ratios between 0.003 and 0.550 (Table 1).

5. Discussion

5.1. Assessing post-depositional alteration and carbonate diagenesis

During post-depositional rock/fluid interaction such as meteoric-
water diagenesis and dolomitization, carbonate minerals usually incor-
porate more Mn and Fe, accompanied by a decrease in the δ18O values
and in Sr concentrations, as well as an increase in 87Sr/86Sr ratios
(Brand and Veizer 1980, 1981; Veizer et al. 1983; Banner and Hanson
1990; Jacobsen and Kaufman 1999; Melezhik et al. 2001; Brand 2004;
Halverson et al. 2007; Derry 2010). Based on these observations, several
studies have proposed systematic geochemical screenings based on ele-
mental and isotope proxies to evaluate the original seawater signature
and the post-depositional alteration on 87Sr/86Sr ratios of marine car-
bonates (i.e., Banner and Hanson 1990; Derry et al. 1992; Montañez
et al. 1996, 2000; Jacobsen and Kaufman 1999; Melezhik et al. 2001;
Fölling and Frimmel 2002; Halverson et al. 2007, 2010; Kuznetsov
et al. 2013; Zaky et al. 2019). 87Sr/86Sr vs. Mn/Sr and Fe/Sr diagrams,
as well as Mg/Ca ratios are often deployed to such task.

These works attempted to define “cut-off” values for these elements
and geochemical ratios in order to determine the reliability of a given
isotope dataset to record a primarymarine signal of the Neoproterozoic
seawater (i.e., Asmeron et al. 1991; Kaufman et al. 1993; Kaufman and
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Knoll 1995; Kuznetsov et al. 1997; Jacobsen and Kaufman 1999; Fölling
and Frimmel, 2002; Kuznetsov et al. 2013). However, suchworks relied
on limited number of samples, usually from a single stratigraphic unit or
from sedimentary units that share similar geologic histories. This re-
sulted in very discrepant cut-off values, which means they may not be
suitable for all ancient carbonate successions deposited under different
environmental conditions (i.e., Paula-Santos et al. 2017; Zaky et al.
2019).

Additionally, the identification of stratigraphic levels with high Sr
concentrations on the Bambuí Group can introduce a bias in the geo-
chemical analysis of post-depositional processes. Paula-Santos et al.
(2017) show that most of the considered pristine 87Sr/86Sr ratios were
selected from these Sr-rich carbonates, with the more radiogenic ratios
from the EHST and TST being discarded, though some of them were in
accordance with ratios expected for the late Ediacaran. Caetano-Filho
et al. (2019) argued the basin-wide increase in Sr mass fractions and
Sr/Ca ratios are non-facies dependent feature, which might indicate a
paleoenvironmental change in the basin resulting in increased incorpo-
ration of Sr in the carbonate lattice. This shows that the difference in Sr
mass fractions across the basal 2nd-order sequence of the Bambuí
Group are probably environmental driven, rather than a post-
depositional artifact.
Fig. 6. Cross-plot diagrams of 87Sr/86Sr ratios vs. geochemical ratios of Rb/Sr, Fe/Sr, Mn/Sr, Mg/
Sequence. Primary 87Sr/86Sr ratios are inside the gray square.
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To avoidmisuse of pre-established cut-off values and introduction of
such bias, instead of fixed numerical values,we carefully evaluate Sr iso-
tope ratios from each stratigraphic interval from the Bambuí Group, we
follow Paula-Santos et al. (2017) who suggest that these values should
be dynamic and determined according to regional chemostratigraphy.

For the lowermost TST, the dominant very radiogenic 87Sr/86Sr ratios
from 0.7090 to 0.7177 are associated with high geochemical ratios of
Rb/Sr, Mn/Sr, Fe/Sr and Mg/Ca for most of carbonate samples of this in-
terval. In contrast, some carbonate samples display lower Sr ratios be-
tween 0.7075 and 0.7077, which are associated to lower geochemical
ratios, as well as to aragonite pseudomorphs and higher Sr contents
(Fig. 6). Sample COR-25 from SMV section also has a lower 87Sr/86Sr
ratio of 0.7086 coupled to lower elemental ratios (Table 1). These ratios
between 0.7075 and 0.7086 are consistent with those reported by
Paula-Santos et al. (2017) for the basal cap carbonates andwe also con-
sidered them as the most representative of seawater composition for
the TST. The more radiogenic ratios are considered altered.

Carbonates with 87Sr/86Sr ratios >0.7090 from the TST could record
a mixing between less radiogenic seawater and radiogenic freshwater,
which diminished as transgression progressed increasing the relative
proportion of the geochemical marine patterns. This is supported by
flat rare earth element patterns that suggest a large input of
Ca and Sr contents for the systems tracts (TST, EHST, LHST and 2nd-S) of the basal Bambuí
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freshwater/meltwater mixed to seawater during transgression, and is
consistent with a post-glacial scenario for the TST (i. e., Shields 2005,
Liu et al. 2014, Kuchenbecker et al. 2016a; Wei et al. 2019, Paula-
Santos et al., 2018, 2020). In any case, they are not considered in our
geological discussion.

Strontiumisotope ratios for theEHST range from0.7077 to0.7088and
showapositive correlationwith geochemical ratios of Rb/Sr,Mn/Sr, Fe/Sr
andMg/Ca (Fig. 6), whichwould suggest a diagenetic trend towards the
higher 87Sr/86Sr ratios (Banner and Hanson 1990; Jacobsen and
Kaufman 1999; Fölling and Frimmel 2002; Halverson et al. 2007;
Alvarenga et al. 2014; Kuchenbecker et al. 2016a; Paula-Santos et al.
2017). However, we note that an upward decreasing trend of the ratios
is observed in all studied sections, preceding the increase in the Sr/Ca at
the LHST. If such recurrent feature basin-wide were to be a post-
depositional feature it would require a diagenetic overprint of basinal
scale that we find unlikely due the lack of petrographical evidence.
Also, since this drop down in the Sr isotope ratios precedes a very well
describe major environmental change in the basin, we find it more rea-
sonable that they are the record of a progressive change in seawater
chemistry, rather than any diagenetic overprint. In addition, geochemi-
cal ratios are extremely low (Rb/Sr < 0.008, Mn/Sr < 0.3 and Fe/Sr < 3)
for this interval in all the sections (Table 1) and there is no significant
variation in Rb, Mn, and Fe mass fractions of the EHST samples. At the
light of these evidenceswe argue that these Sr isotope ratios are pristine
and that the decrease in these isotope ratios reflects basin-scale
paleoenvironmental changes, rather than pointing to basin wide diage-
netic processes restricted to the EHST strata.

For the LHST, the 87Sr/86Sr ratios vary between 0.7074 and 0.7131
(Fig. 6) and, in dolomites, presents a systematic correlation with
Rb/Sr, Mn/Sr, Fe/Sr andMg/Ca ratios, indicating post-depositional alter-
ation of the more radiogenic isotope ratios higher than 0.7085
(i.e., Banner and Hanson 1990; Jacobsen and Kaufman 1999; Fölling
and Frimmel 2002; Halverson et al. 2007; Alvarenga et al. 2014;
Kuchenbecker et al. 2016a; Paula-Santos et al. 2017). The 87Sr/86Sr ratios
range between 0.7074 and 0.7085 display no correlations with the ele-
mental ratios and are considered pristine and to record seawater chem-
istry. These samples are Sr-rich carbonates, with very low Rb/Sr ratios
<0.00014, Fe/Sr ratios <0.1, Mn/Sr ratios <0.05, Mg/Ca ratios <0.018,
high Sr contents (Fig. 6), and a high consistency between neighboring
samples within each studied section.

Geochemical cross-plot diagrams for the upper 2nd-order sequence
display 87Sr/86Sr between 0.7074 and 0.7110, showing positive correla-
tionswith Rb/Sr,Mn/Sr, Fe/Sr andMg/Ca ratios (Fig. 6). It indicates post-
depositional alteration of the more radiogenic ratios (> 0.7087; Banner
and Hanson 1990; Jacobsen and Kaufman 1999; Fölling and Frimmel
2002; Halverson et al. 2007, Alvarenga et al. 2014; Kuchenbecker
et al. 2016a; Paula-Santos et al. 2017). Samples with low ratios of
Rb/Sr < 0.0002, Mn/Sr < 0.1, Fe/Sr < 1.0 and Mg/Ca < 0.1 coupled
with Sr contents higher than 700 μg/g exhibit 87Sr/86Sr radiogenic ratios
between 0.7074 and 0.7085, which are considered records of the pri-
marymarine geochemistry during the deposition of the lowermost por-
tion of the upper 2nd-order sequence (Fig. 6).

The regional assessment of post-depositional alteration and diagen-
esis for each stratigraphic interval demonstrates that fixed valuesMn/Sr
and Fe/Sr ratios may not be suitable screeners for detecting or deciding
between alteration/preservation in carbonates given heterogeneous
geochemical signatures that characterize each stage in the basin evolu-
tion. Instead flexible ratios and trends are more useful to assess the de-
gree of preservation of carbonates in order to provide a representative
Sr isotope chemostratigraphy (Brand et al. 2011; Paula-Santos et al.
2017; Zaky et al. 2019).

5.2. Implications for the marine Sr isotope budget in West Gondwana

Non-radiogenic 87Sr/86Sr ratios between 0.7074 and 0.7077 have
been interpreted as the representative of the basal Bambuí Group
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(Misi et al. 2007; Babinski et al. 2007; Kuchenbecker 2011,
Kuchenbecker et al., 2016a; Alvarenga et al. 2012, 2014; Caxito et al.
2012, 2018; Paula-Santos et al. 2015). Some authors considered these
unradiogenic ratios for global correlation, assigning them to early Edia-
caran seawater composition (e.g. Caxito et al. 2012, 2018), while others
interpreted them as indicative of restrict marine conditions during the
late Ediacaran (Paula-Santos et al. 2017). On the other hand, 87Sr/86Sr
ratios of 0.7080–0.7084 were initially discarded due to a bias on the
post-depositional assessment caused by Sr-enriched carbonates and
the lack of basin wide studies to investigate the spatio-temporal signif-
icance of these ratios. However, this study attests that primary ratios be-
tween 0.7080 and 0.7088 are common in the lower Sete Lagoas
Formation (EHST; Fig. 7), succeeding deposition of cap carbonates and
preceding the basin wide increase in Sr/Ca ratios. This is in accordance
with late Ediacaran fossils and global Sr isotope seawater curves (CI-2
from Paula-Santos et al. 2017). The primary 87Sr/86Sr ratios presented
here, as well as previous Sr-isotope data reassessed from Arcos section
(Kuchenbecker et al. 2016a; Bedoya-Rueda 2019), together with δ13C
values and Sr/Ca ratios, allow a further step in the interpretation of
the paleoenvironmental and sedimentary evolution of the Ediacaran-
Cambrian Bambuí foreland basin system.

A new feature for the Sr isotope stratigraphy of the Bambuí Group
revealed by this study is the relatively rapid fall on the 87Sr/86Sr ratios
from 0.7086 to 0.7076 through the progradational stage of the lower-
most Bambuí 2nd-order sequence (i.e., lower tomiddle Sete Lagoas For-
mation) (Fig. 7). This decreasing trend is well observed in Arcos and
SMV sections (Figs. 3 and 5). In the Januária section, only two samples
showed 87Sr/86Sr ratios around 0.7080, and are recorded at the end of
the EHST (Fig. 4). This 87Sr/86Sr drawdown precedes the δ13C positive
excursion of the basal Bambuí sequence and occurs stratigraphically
below than previously suggested by Paula-Santos et al. (2017), which
associated this isotope feature with the CI-2/CI-3 boundary (i. e., close
to the sequence boundary and associated with the δ13C positive excur-
sion). This Sr isotope signal canbe explained in twohypotheses: 1) strat-
ified water column for 87Sr/86Sr ratios and 2) temporal variation of Sr
isotopes at basin scale.

The progressive decrease of 87Sr/86Sr ratios from 0.7086 to 0.7076
could be a reflect of stratified seawater, according to the facies bathym-
etry, leading to Sr isotopic gradients with depth (i.e., Shields et al. 1997;
Shields 2005; Liu et al. 2014), and the 87Sr/86Sr ratios ought to be signif-
icantly lower in the shallower environments and higher at greater
depths. However, this hypothesis does not seemplausible due to several
reasons; a) Sr isotopic heterogeneities produced in stratified oceans
have not been well constrained (i.e., Banner 2004); b) stratified seawa-
ter models are proposed to explain the formation of cap dolostones in a
Snowball Earth context (i.e., Liu et al. 2014); c) are global oceanic
models, and d) are short-term duration models (~8 Ky) with rapid car-
bonate deposition.

The second hypothesis seems to bemore consistent, considering the
high residence time of Sr (~106 years) in the oceans, and the long-term
geological history of the Bambuí foreland basin system during several
million years at the Ediacaran and Cambrian times (i.e., Kuchenbecker
et al. 2020), and therefore, the mechanisms for the progressive fall of
87Sr/86Sr ratios in the basal Bambuí Group are better explained by tem-
poral changes of the seawater composition due to paleogeographic
chances.

Another implication is that the 87Sr/86Sr ratios of ca. 0.7076 seem to
match the interval of rare Cloudina fossil occurrences in the basin, based
on stratigraphic-chemostratigraphic correlations in the Januária city
area (in the LHST; Caetano-Filho et al. 2019). This means that late Edia-
caran strata in the Bambuí Group present 87Sr/86Sr ratios that mismatch
the expected ones for coeval openmarine basins, if considered global Sr
isotope curves (i.e., Halverson et al. 2007; Zaky et al. 2019). Such fall in
87Sr/86Sr ratios through EHST to LHST does not seem to be associated
with global changes in the oceanic Sr reservoir at the late Ediacaran
and early Cambrian, as they are far below than the expected ratios for



Fig. 7. Stratigraphic-chemostratigraphic correlations for the basal Bambuí Sequence betweenArcos, Januária and SantaMaria daVitória sections. δ13C and Sr/Ca data presented byCaetano-
Filho et al. (2019). TST: Transgressive System Tract; MFS:Maximum Flooding Surface; EHST: Early Highstand System Tract; LHST: Late Highstand System Tract; SB1: Sequence Boundary.
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this time period (> 0.7080; i.e., Montañez et al. 1996, 2000; Zaky et al.
2019), and it is associated with other geochemical anomalies, such as
basin wide increases in Sr/Ca ratios and succeeded by coupled positive
δ13C excursions reaching superheavy values (Caetano-Filho et al.,
2019, 2021). Furthermore, some occurrences of more radiogenic
87Sr/86Sr ratios as high as ~0.7085 within Sr-rich interval (LHST of the
lowermost 2nd-order sequence and in the overlying 2nd-order se-
quence; Fig. 7) demonstrates large and sharp 87Sr/86Sr variations in
the Bambuí sea, which challenge the assumptions based on modern
oceanographic Sr system (residence time >> > mixing of ocean wa-
ters). Depending on the depositional rates, this sharp transition would
represent a rapid geochemical change on seawater, as expected for re-
stricted seas and smaller reservoirs. Therefore, local processes control-
ling Bambuí Sr isotope chemostratigraphy might have prevailed over
global ones.

Similar Sr isotope disturbance is also observed in other late Edia-
caran West Gondwana basins bearing Cloudina occurrences
(i.e., Kawashita 1998; Gaucher et al. 2005; Goméz-Peral et al. 2007).
Non-radiogenic 87Sr/86Sr ratios are reported in the Rio de la Plata Craton
(Arroyo del Soldado Group, Uruguay), with ratios as low as 0.7073
(Gaucher et al. 2005, 2009), and for the Sierras Bayas Group
(Argentina), 87Sr/86Sr ratios from 0.7070 to 0.7075 (Kawashita 1998,
Goméz-Peral et al., 2007), also mismatching the 87Sr/86Sr ratios pro-
posed for the Ediacaran and early Cambrian oceans (Paula-Santos
et al. 2017). Carbonates deposited in basins formed directly over the
basement cratons, such as Rio de la Plata and São Francisco cratons,
should record strontium isotope signatures reflecting regional inputs
(source areas, aquifers), deviating from the contemporary oceanic
water. If the drainage patterns of intracontinental basins were
composed of a significant volume of juvenile magmatic rocks or older
carbonate rocks, the Sr input on the restricted basins could have had
unradiogenic 87Sr/86Sr ratios, and thus the calcium carbonate forming
in these settings. Therefore, the amalgamation of West Gondwana and
related orogenies could have been one of the factors responsible by
this regional decrease in Sr ratios recorded in several intracontinental
marine basins.
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Thiswould not be a singular event in geological time, since other sig-
nificant temporal 87Sr/86Sr variations of seawater have been identified.
They were correlated with periods of glaciations, mountain building,
major volcanic eruptions or periods of enhanced submarine hydrother-
mal activity and ocean crust alteration, as well as changes in submarine
groundwater discharge and total land area on continents (Peucker-
Ehrenbrink and Fiske 2019). These authors argue that the temporal var-
iation in the 87Sr/86Sr of seawater is not primarily caused by variations
in the balance between radiogenic continental and hydrothermal-
related unradiogenic submarine Sr sources. Rather, 87Sr/86Sr temporal
variations primarily reflect the changing on composition of continental
exorheic runoff that is determined by the changing spatial distributions
and age of the continental masses, as well as climate and drainage pat-
terns through geological time. In a regional scale, variations in climate
and sea-level changes can influence the 87Sr/86Sr record of marginal
seas such as the Mediterranean, and continental freshwater inputs can
locally modify the 87Sr/86Sr of coastal waters (i.e., Huang et al. 2011;
Beck et al. 2013; Schildgen et al. 2014). In shorter time scales,
unradiogenic 87Sr/86Sr patterns in Miocene marine basins adjacent to
the uplifted Alps and Apennines were attributed to a high influx of Sr
from Mesozoic carbonates bearing low 87Sr/86Sr exposed in the hinter-
land, coupled to restricted exchange of water between these basins
and the global oceans (Schildgen et al. 2014).

The factors mentioned above could explain the upward decreasing
on Sr isotope contents of carbonates from the EHST to the LHST
throughout the basin. Changes on the balance between accommodation
and carbonate production/sedimentary supply could have changed the
spatial distribution of the exorheic continental rivers, increasing geo-
chemical input from dissolved carbonates exposed in catchment areas
along the regression, as recorded by the studied highstand systems
tract. The increasing tectonic uplift of source areas during the West
Gondwana assembly might have also increased the contribution of an-
cient carbonate rocks to runoff waters (Paula-Santos et al. 2017), as
well as the Bambuí carbonate ramp itself recycled by the orogenic activ-
ity surrounding the basin. Thus, mountain uplift and chemical
weathering of rocks with unradiogenic Sr isotope ratios at regional



Fig. 8. Sketch illustrating the Bambuí basin and the adjoining orogens at ca. 550 Ma (modified from Kuchenbecker et al. 2020). EHST: connected basin with high relative sea-level
associated to overall subsidence; LHST: restricted basin with low relative sea-level associated to flexural subsidence and uplift of marginal orogens.
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scale can reasonably explain the homogenization in second order suc-
cessions and the decrease in the 87Sr/86Sr ratios observed from EHST
to LHST in the basal Bambuí Group.

Based on this, we suggest that ca. 550 million years ago
(i.e., Kuchenbecker et al. 2020), changes on the balance between car-
bonate production and accommodation associated with tectonically-
related flexural subsidence marked by the LHST progressively modified
the continental drainage patterns, sedimentary sources and the chemi-
cal weathering regimes, altering the strontium influxes and isotopic
compositions of the seawater in the early Bambuí basin cycle (Fig. 8).
Variations on the contribution from the continents and changes on oce-
anic water connection due to the drop of the relative sea-level, com-
bined with increased dissolution of ancient hinterland carbonate rocks
may be responsible for the drastic decrease in 87Sr/86Sr ratios low to
~0.7076 (Fig. 8). This interpretation is supported by coupled basin-
wide stratigraphic cycles and geochemical patterns (87Sr/86Sr and
Sr/Ca ratios, carbonate REE/PAAS patterns), suggesting these geochem-
ical systems were controlled by the same forcing (e.g., Reis and Suss
2016; Reis et al. 2017; Caetano-Filho et al. 2019; Paula-Santos et al.
2020). It is possible that these mechanisms acted in other coeval West
Gondwana basins bearing similar Sr isotope disturbances.

Also, continental inputs into seawater are not restricted to river dis-
charge (Peucker-Ehrenbrink and Fiske 2019). Submarine groundwater
discharge (SGD) along the coasts and reactions in estuarine salinity gra-
dients have a potential impact on the marine 87Sr/86Sr record
(Chaudhuri and Clauer 1986; Basu et al. 2001; Allègre et al. 2010;
Beck et al. 2013; Trezzi et al. 2016; Guacaneme et al. 2017;
Chakrabarti et al. 2018). This also would have led to great lateral and
stratigraphic Sr isotope variability due to regional hydrologic controls
on epicontinental seas (McArthur et al. 2001; Doebert et al., 2014;
Pietzsch et al. 2018, Peucker-Ehrenbrink and Fiske 2019).

High Sr contents and Sr/Ca ratios, and pristine but variable radio-
genic 87Sr/86Sr ratios persist through the basal portion of the upper
2nd-order sequence addressed in this work (Fig. 7; except the
dolomite-rich intervals). These observations suggest that the Sr budget
on the Bambuí seawater was more sensitive to paleoenvironmental
changes, probably related to the progressive basin restriction driven
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by the forelandward advance of the marginal orogenic fronts (Paula-
Santos et al. 2017; Uhlein et al. 2019; Caetano-Filho et al. 2019;
Kuchenbecker et al. 2020). This is coherent with isotopic and elemental
geochemistry that suggest a connected to restricted evolution of the
Bambuí foreland basin system, leading tomajor changes in the seawater
patterns, recording an increase in alkalinity, driving fractionation be-
tween LREY and HREY, which might have played an important role for
biomineralization (Paula-Santos et al. 2020).

The new Sr isotope stratigraphy interpretation proposed here dem-
onstrates that the strontium isotope system recorded the first steps on
environmental restriction of the Bambuí foreland basin system, preced-
ing the well-known carbon isotope disturbances to extreme values
(δ13Ccarb and δ13Corg as high as +16‰ and − 14‰, respectively; Iyer
et al. 1995; Caetano-Filho et al., 2021),whichhave been often associated
with the plate reorganizations and environmental changes during the
Gondwana assembly (e.g., carbon burial, methanogenesis, increased in
δ13C inputs; Paula-Santos et al. 2017; Uhlein et al. 2019; Caetano-Filho
et al., 2021). The high Sr-content and unradiogenic Sr interval observed
in the LHST studied here was likely associated with more alkaline
and/or hypersaline conditions (Caetano-Filho et al. 2019; Paula-Santos
et al. 2020), marking the first tectonically-driven isotope disturbance
in the Ediacaran-Cambrian Bambuí basin cycle.

6. Conclusions

Temporal variations of 87Sr/86Sr ratios of marine carbonates of the
basal Bambuí Group suggest that the Bambuí foreland basin system
has evolved from a connected seaway to a restricted sea during the
late Ediacaran and early Cambrian, in the context ofWest Gondwana as-
sembly. A major decrease in the Sr isotope ratios from 0.7086 to 0.7076
is observed coupled to the sequence stratigraphic framework, preceding
the positive carbon isotope excursion observed upwards and extending
through the middle to upper Bambuí Sequence. Such large variations
were not caused by worldwide uniform changes in isotopic composi-
tions of the global Ediacaran-Cambrian seawater reservoir. Instead,
these anomaliesmay have resulted frommarine isolation andpaleogeo-
graphic changes induced by the evolving marginal orogenic systems.
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Changes in the chemical weathering regime within surrounding
uplifted source areas and variations on the balance between accommo-
dation and carbonate production/sedimentary supply might have been
associated with increasingly inputs of unradiogenic 87Sr/86Sr by conti-
nentalwaters such as riverine freshwater and groundwater, limitedma-
rine dissolution of carbonates, which constitute strong local controls
over the Sr isotope compositions of restricted seas. This culminated
with a significant change in seawater chemistry and Sr budget and
may have contributed to cause large 87Sr/86Sr variations coupled to
the studied 2nd-order cycles. Similar anomalies in the strontium budget
are also recorded in other marine basins of the West Gondwana, sug-
gesting that these mechanisms may have played an important role in
continental-scale throughout the late Ediacaran and early Cambrian
times.
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